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The electronic structure of bis-nitronyl nitroxide biradical has been investigated by using density functional

theory (DFT) and ab initio multireference (MCSCF and MCQDPT2) methods. The broken-symmetry DFT

approach has been applied to the open-shell singlet biradical at the BLYP, B3LYP, and BHandHLYP levels.

DFT and MCSCF calculations show that the singlet biradical state is slightly more stable than the triplet state,

which is refined at the MCQDPT2 level. The dependence of the singlet-triplet energy gap on the

conformational change between two monoradicals is discussed. The results indicate that the choice of the

theoretical model plays an important role in understanding the electronic nature of the organic biradicals.
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Introduction

Molecular organic magnets have attracted considerable

interest for the past few decades due to the advantages of

easy fabrication, mechanical flexibility, and low cost, possi-

bly leading to active elements in organic devices.1-4 The

magnetic properties of organic materials highly depend on

the intramolecular magnetic exchange coupling constants

and the intermolecular interaction governed by the structural

phase of a molecular crystal.1,4 Among them, some nitroxide

biradical species have been intensively investigated since

they generally show the exceptional stability, easy prepa-

ration method, flexibility in coordination, and ability to

produce and control cooperative magnetic properties.5-7

These biradicals can exist either in an open-shell singlet

state or in a triplet state, and their electronic structures play a

key role in determining molecular geometries and ener-

getics. A previous experimental study of bis-nitronyl nitro-

xide concluded that the open-shell singlet state with twisted

conformation (dihedral angle of two nitroxide units = 55o) is

0.89 kcal/mol lower in energy than the triplet state.8 Castell

et al. reported ab initio calculations of bis-nitronyl nitroxide

where methyl groups were substituted by hydrogen atoms,

showing that the open-shell singlet state is 1.04 kcal/mol

lower in energy than the triplet state.9 Recently, theoretical

calculations by Ali et al. showed that the dihedral angle

between two nitroxide units was calculated to be 78o, and the

singlet-triplet (S-T) energy gap was 0.188 kcal/mol at the

UB3LYP/6-311+G(d,p)//ROHF/6-31G(d,p) level.10 The S-T

energy gap was also calculated to be 0.818 kcal/mol at the

optimized geometry with the fixed dihedral angle of 55o in

order to compare with the crystal structure conformation.10

Nevertheless, more accurate calculations are still necessary

to examine their electronic structures and conformational

behavior in a systematic way. In general, the computations

of reliable geometries and physiochemical properties of

open-shell electronic structures require higher levels of

theory with a significant amount of electron correlation.

Since the S-T energy gap is directly related to the spin-spin

interaction in the two nitroxide units, accurate calculations

of energetics for open-shell singlet and triplet states should

be critical to understand the magnetism of the bis-nitronyl

nitroxide species.

It is the aim of present study to investigate the structural

features, electronic structures, and S-T gaps of bis-nitronyl

nitroxide biradical by using high level ab initio multirefer-

ence methods as well as density functional theory (DFT)11,12

with various basis sets. The effects of basis set size and the

levels of theory on the nature of biradical electronic struc-

tures have been thoroughly considered.

Computational Details

The Gaussian 98 program13 was used for DFT calculations,

and all multireference calculations were done using the

GAMESS program.14 For computational simplicity, the

methyl groups in bis-nitronyl nitroxide biradical were repla-

ced by hydrogen atoms. DFT calculations were performed at

the level of BLYP, B3LYP, and BHandHLYP functionals,15

where the Hartree-Fock (HF) exchange is varied from 0%

(BLYP), 20% (B3LYP), and 50% (BHandHLYP) to probe

the role by the HF exchange and draw conclusions of

general applicability. It has been known that molecular geo-

metries, energetics, and spectroscopic properties are highly

dependent on the inclusion of some HF exchange in gra-

dient-corrected functionals.16-19 Using the DFT functionals

mentioned above, molecular geometries of the biradical

singlet and triplet states of bis-nitronyl nitroxide were

optimized within the constraint of C2 symmetry using Pople-

type basis sets from 6-31G(d) up to 6-311+G(3df). All geo-

metries were analyzed by computing vibrational frequencies

and characterized as minima with no imaginary frequencies

for open-shell singlet and triplet species. 

Open-shell singlet biradicals can have a multideterminant
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(multireference) character, indicating that single determinant

methods such as HF theory or correlated methods based on a

HF single determinant wavefunction can not describe ap-

propriately these molecules. Since both nondynamic and

dynamic electron correlations are not easy to apply for larger

systems by using high level multireference methods with a

large active space, DFT methods may be a good alternative.

A general approach is to optimize open-shell singlet geo-

metries with unrestricted DFT method (UDFT) where α and

β spins are allowed to be mixed in order to destroy spatial

and spin symmetries. UDFT solutions for singlet biradical

structures (broken-symmetry open-shell solution) can be

found with the aid of “guess=mix” option in Gaussian 98

where the spin-squared value (<S2>) may approach 1.0 for a

strong singlet biradical rather than the correct value of 0.0. It

has been known that while geometries from DFT methods

closely match experiment and those from more sophisticated

levels,19-22 relative energies are somewhat sensitive to the

proportion of HF exchange in density functionals.18,19 In

addition, some previous studies23,24 indicate that DFT

methods still suffer from difficulties in obtaining accurate

open-shell singlet energies.

The mutireference wavefunction calculations were applied

to optimize the geometries of the lowest open-shell singlet

and triplet states by using fully optimized reaction space

(FORS) multi-configurational self-consistent field (MCSCF)

level with 6-31+G(d) basis set. The active space in our

MCSCF calculations can be denoted as (10,10) which

includes all ten p orbitals and their electrons in this system.

The MCSCF method can provide a reliable evaluation of

spin exchange effects, but completely neglects dynamic

electron correlation. Therefore, based on the MCSCF geo-

metries, the multi-configurational quasi-degenerate second-

order perturbation theory (MCQDPT2) single-point energy

calculations using a (10,10) active space with 6-31+G(d)

basis set were carried out to consider the dynamic corre-

lation effects.

Results and Discussion

The molecular structure of bis-nitronyl nitroxide (denoted

as BNN) is shown in Figure 1. In BNN, two monoradicals

are directly connected without any coupler, which results in

either triplet or open-shell singlet state. Table 1 collects

calculated relative energies and dihedral angles between two

NCN planes (N1C5N2 and N3C6N4) of open-shell singlet and

triplet states of BNN at the various levels of theory. All

levels of theory show that the open-shell singlet state is

computed to be slightly more stable than the triplet state. It is

likely that the ground state spin is significantly governed by

the conformation of the molecule, particularly the amount of

twist between two five-membered rings.25,26 Nachtigall and

Jordan performed CI and MCSCF calculations of the S-T

energy gap dependence on the torsional angle of tetra-

methyleneethane (TME) which is similar to BNN, and the

calculated S-T gap was quite small and very sensitive to the

molecular symmetry and levels of theory.27 Thus, it will be

important to discuss the dihedral angle between two NCN

planes in BNN.

At the DFT levels with 6-311+G(3df) basis set, the di-

hedral angle of open-shell singlet species is calculated to be

64.8o (BLYP), 61.5o (B3LYP), and 53.9o (BHandHLYP),

whereas that of triplet species is 90o at the same levels of

theory. The results indicate that adding diffuse functions

increases the dihedral angle of open-shell singlet species

considerably. The dihedral angle also increases with chang-

ing from double- to triplet-zeta basis set. It is likely that

BLYP level is more sensitive to the size of the basis set com-

pared to B3LYP and BHandHLYP. The optimized dihedral

angle increases as the amount of HF exchange in DFT

functionals decreases. At the MCSCF level, the dihedral

angles of open-shell singlet and triplet species are calculated

to be 77.9o and 90.0o, respectively. Since the triplet species is

dominated by a single electronic configuration, there is a

good agreement of the calculated dihedral angle between

DFT and MCSCF results. However, the calculated dihedral

angles for open-shell singlet state show some discrepancy

between DFT and MCSCF. It might be because the MCSCF

wavefunction is free from spin-contamination and it can

control spin-polarization effectively. On the other hand, DFT

geometries of open-shell singlet state by using the broken-

symmetry approach are optimized for the 50:50 mixed sing-

let/triplet state, which may still suffer from spin-contami-

nation. The optimized dihedral angle of the open-shell

singlet at the BLYP/6-311+G(3df) level is the closest to that

of MCSCF, and the <S2> value of BLYP is 1.027, which is

compared to that of B3LYP (<S2> = 1.122) and BHand-

HLYP (<S2> = 1.371) levels. It is noted that there is a regular

increase of <S2> value as the percentage of HF exchange is

increased from 0 to 50%, which means that the pure func-

tionals tends to show less spin symmetry breaking. In the

crystal structure of BNN, the dihedral angle is measured to

be 55o.8 The difference of dihedral angle between experi-

ment and theory may be due to the interaction of nitroxide

units of neighboring BNN molecules giving rise to a crystal

packing effect, which favors a smaller dihedral angle in the

solid state. This is confirmed by the experimental measure-

ment of the singlet-triplet separation, where the energy

difference between open-shell singlet and triplet states (S-T

Figure 1. Molecular structure of bis-nitronyl nitroxide with atomic
numbering.
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energy gap) was estimated to be 311 and 292 cm−1 in the

solid state and solution phase, respectively.8 It means that the

S-T energy gap of the solid state is larger than that of the

solution. Calculations of S-T energy gaps with respect to the

dihedral angle between two NCN planes (See Figure 2)

indicate that the S-T energy gap becomes smaller as the

dihedral angle increases from 0o to 90o, which is in good

agreement with the previous experimental data.8 

Table 2 lists calculated geometrical parameters at the three

DFT/6-311+G(3df) levels and the MCSCF/6-31+G(d) level.

In general, the calculated bond distances and angles are in

good agreement with the available solid state data.8 The

optimized bond distances deviate slightly from the experi-

ment which may be due to the disorder of the NO groups in

the solid state. The calculated bond distances at BLYP and

B3LYP levels are very close to the experimental ones. The

bond distances of the open-shell singlet state are very similar

to those of the triplet state at all the theoretical levels. All the

calculated angles are also in good agreement with the

experimental ones except for O1N1C5 bond angle which is

again due to the known fact of the disorder of the oxygen

atoms of BNN in the solid state. 

As can be seen in Table 1, the relative energy differences

between two minima corresponding to open-shell singlet

and triplet states are sensitive to the choice of DFT func-

tionals as well as the size of basis set. DFT calculations

clearly show that considering diffuse functions is quite

important to estimate the energy difference between open-

Table 1. Calculated Relative Energies (kcal/mol) of Singlet and Triplet States of BNN at the Various Theoretical Levels

Theoretical Level Basis Set
Open-Shell Singlet State Triplet State

Rel. Energy <S2>a
ϕ

b Rel. Energy <S2>a
ϕ

b

BLYP 6-31G(d) 0.0 1.025 51.3 0.9 2.026 56.9

6-31+G(d) 0.0 1.027 74.0 0.1 2.025 90.0

6-311G(d) 0.0 1.026 56.9 0.001 2.026 90.0

6-311+G(d) 0.0 1.027 70.4 0.2 2.025 90.0

6-311+G(2d) 0.0 1.027 71.4 0.1 2.024 90.0

6-311+G(df) 0.0 1.028 68.5 0.2 2.025 90.0

6-311+G(2df) 0.0 1.027 66.7 0.2 2.025 90.0

6-311+G(3df) 0.0 1.027 64.8 0.2 2.025 90.0

B3LYP 6-31G(d) 0.0 1.149 50.1 1.3 2.105 65.4

6-31+G(d) 0.0 1.123 63.9 0.4 2.103 90.0

6-311G(d) 0.0 1.139 54.9 0.9 2.105 74.8

6-311+G(d) 0.0 1.125 63.3 0.001 2.104 90.0

6-311+G(2d) 0.0 1.120 63.3 0.001 2.101 90.0

6-311+G(df) 0.0 1.125 62.8 0.4 2.103 90.0

6-311+G(2df) 0.0 1.122 62.2 0.5 2.101 90.0

6-311+G(3df) 0.0 1.122 61.5 0.5 2.101 90.0

BHandHLYP 6-31G(d) 0.0 1.432 45.2 2.7 2.329 90.0

6-31+G(d) 0.0 1.385 53.8 1.3 2.310 90.0

6-311G(d) 0.0 1.420 48.0 0.004 2.323 90.0

6-311+G(d) 0.0 1.391 53.6 1.4 2.313 90.0

6-311+G(2d) 0.0 1.369 54.6 1.3 2.299 90.0

6-311+G(df) 0.0 1.388 53.2 1.5 2.309 90.0

6-311+G(2df) 0.0 1.372 53.8 1.4 2.299 90.0

6-311+G(3df) 0.0 1.371 53.9 1.5 2.298 90.0

MCSCF (10,10) 6-31+G(d) 0.0 77.9 0.2 90.0

MCQDPT2 (10,10)c 6-31+G(d) 0.0 0.4

aSpin-squared value at each DFT level before spin projection. bCalculated dihedral angle between two imidazole rings. The experimental value is 55
degree in the solid state [8]. cMCQDPT2 (10,10)/6-31+G(d)//MCSCF (10,10)/6-31+G(d) level.

Figure 2. Calculated S-T energy gaps (kcal/mol) as a function of
the dihedral angle between two NCN planes at the various
theoretical levels.
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shell singlet and triplet species. The triple-zeta basis sets

with diffuse functions and f-type polarization functions have

a large impact on this energy difference since spin-polari-

zation and delocalization play an important role in the

electronic structures of open-shell species. These energy

differences increase when a larger proportion of HF ex-

change in DFT functionals is included. For instance, this

energy difference is calculated to be 1.5, 0.5, and 0.2 kcal/

mol at the BHandHLYP (50% HF exchange), B3LYP (20%),

and BLYP (0%) levels with 6-311+G(3df) basis set, respec-

tively. It appears that the spin-contamination grows larger

with the introduction of HF exchange in both the open-shell

singlet and triplet species as shown in Table 1. Since the

considerable spin-contamination of the open-shell wave-

function results in an overestimation of the spin-polari-

zation, the BHandHLYP results show the largest energy

difference among the DFT functionals considered here.

Cramer and co-workers have previously reported that pure

density functionals are much more accurate for modeling

singlet biradicals than hybrid functionals.19 

The MCSCF energy difference is computed to be 0.2 kcal/

mol, which is refined as 0.4 kcal/mol when the dynamical

correlation effect is considered at the MCQDPT2 level. It

should be noted that the energy difference between open-

shell singlet and triplet states of multireference methods

cannot be directly compared with that of DFT methods since

the calculated dihedral angles of two methods are different

from each other (See Table 1). However, the energy differ-

ence dependence on the dihedral angle at the multireference

and DFT methods will be discussed in the next paragraph.

Figure 2 shows the changes of the S-T energy gap with

respect to the dihedral angle between two NCN planes in

BNN. The S-T energy gaps at several points of dihedral

angle are also listed in Table 3. It is clear that the open-shell

singlet state is slightly more stable than the triplet state at all

the levels of theory. The magnitude of S-T energy gap

significantly decreases as the dihedral angle increases. This

is because the planar conformation (dihedral angle = 0o)

leads to the maximum π-overlap between two nitroxide

units, while the perpendicular conformation (dihedral angle

= 90o) results in the minimum conjugation between two π-

systems. The unpaired electron in each nitroxide unit be-

comes strongly localized at the perpendicular conformation,

leading to a strong spin-polarization. 

As mentioned above, previous study reported that the pure

functional approach promises us much better energy result

for singlet biradicals than the hybrid functionals.19 The

present DFT calculations is well consistent with the previous

study. At the planar conformation (dihedral angle = 0o), the

S-T energy gap is calculated to be the largest (11.5 kcal/mol)

at the BHandHLYP level, and the smallest value (1.3 kcal/

mol) at the BLYP level. This energy gap is predicted to be

3.9 kcal/mol at the MCSCF level. The inclusion of the

dynamical correlation at the MCQDPT2 level reduces this

value into 2.2 kcal/mol. From the comparison of S-T energy

gaps, BLYP level shows the best performance compared to

MCQDPT2 level. 

Conclusion

The electronic structures of open-shell singlet and triplet

states for bis-nitronyl nitroxide biradical have been investi-

Table 2. Calculated Bond Distances (Å) and Angles (degree) of BNN Along with Available Experimental Data

BLYPa B3LYPa BHandHLYPa MCSCFb

Exptl.c

singlet triplet singlet triplet singlet triplet singlet triplet

r(C1C2) 1.542 1.543 1.533 1.534 1.525 1.527 1.537 1.537

r(C1N1) 1.506 1.506 1.485 1.485 1.467 1.467 1.467 1.467 1.507(2)

r(N1C5) 1.363 1.360 1.350 1.346 1.342 1.335 1.341 1.340 1.343(2)

r(N1O1) 1.275 1.275 1.259 1.259 1.243 1.244 1.242 1.243 1.275(2)

r(C5C6) 1.448 1.455 1.440 1.449 1.427 1.444 1.451 1.453 1.444(4)

∠C1N1O1 122.2 122.1 122.2 122.2 122.3 122.3 122.1 122.1 123.0(2)

∠O1N1C5 127.5 127.6 127.3 127.4 127.0 127.0 126.8 126.8 97.4(1)

∠N1C5C6 124.1 124.0 124.2 124.0 124.5 124.1 124.5 124.4 125.3(2)

∠N1C5C6N4 64.8 90.0 61.5 83.7 53.9 90.0 77.9 90.0 55.0

a6-311+G(3df) basis set at each DFT level. b6-31+G(d) basis set at MCSCF level. cFrom solid structural parameters [8].

Table 3. Calculated Singlet-Triplet Energy Gaps (kcal/mol) of Conformers of BNN (Dihedral Angle = 0, 50, 60, 70o) at the Various Theore-
tical Levels

dihedral

angle

BLYP

/6-311+G(3df)

B3LYP

/6-311+G(3df)

BHandHLYP

/6-311+G(3df)

MCSCF(10,10)

/6-31+G(d)

MCQDPT2(10,10)

/6-31+G(d)a

0o 1.261 4.453 11.485 3.852 2.163

50o 0.578 1.544 3.794 1.769 1.275

60o 0.347 0.956 2.386 0.929 0.703

70 o 0.186 0.524 1.341 0.579 0.587

aMCQDPT2 (10,10)/6-31+G*//MCSCF (10,10)/6-31+G* level.
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gated by using multireference (MCSCF, MCQDPT2) methods

and DFT methods with the variable proportion of HF

exchange ranging from 0% to 50%. The dihedral angle bet-

ween two NCN planes of the open-shell singlet state is very

sensitive to the choice of level of theory as well as the size of

basis set. DFT methods show that the dihedral angle is

calculated to be smaller as the mixing of HF exchange be-

comes larger: BLYP (65o, 0% HF exchange), B3LYP (62o,

20%), BHandHLYP (54o, 50%) with 6-311+G(3df) basis set,

whereas the MCSCF geometry shows 78o of the dihedral

angle. At the same time, both DFT and MCSCF geometries

for the triplet state show 90 o of the dihedral angle. Both DFT

and multireference methods confirm that the open-shell

singlet state is slightly more stable than the triplet state. It is

noted that the mixing ratio of HF exchange in the DFT

functionals significantly affects the S-T energy gap in the

nitroxide biradicals: S-T energy gap increases when a larger

portion of HF exchange is introduced. Among the studied

DFT methods, the S-T energy gap of the BLYP level is the

closest to that of the MCQDPT2 level. The overall results

indicate that the choice of the theoretical model plays an

important role in understanding the electronic nature of

organic biradical systems.
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