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ABSTRACT: An ‘average’ approximation for calculating the zero-field splitting parameter,D, gives reasonable
results when used to calculateD values for non-disjoint delocalized organic biradicals. When used to calculate
disjoint localized organic biradicals theD values are approximately half the experimental values. 1998 John Wiley
& Sons, Ltd.
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Calculating zero-field splitting (ZFS) parameters,D and
E, as a function of molecular geometry is one of the few
methods available for elucidating the conformations of
organic molecules having more than one unpaired
electron.1,2 The ZFS parameterD gives an indication of
the dipolar interaction of unpaired electrons in molecules
in the absence of spin–orbit coupling and therefore is
related to interelectronic distance.

Rigorous theoretical determinations ofD using high-
quality ab initio wavefunctions have been performed for
the excited-triplet states of formaldehyde,3 benzene and
naphthalene4 and ground-triplets states of methylene5

and trimethylenemethane.6 Although it is theoretically
possible to determineD with ab initio basis sets and
electron correlation, it may not be computationally
practical—a fact which has led to the derivation of
approximate methods to simplify the task of evaluating
the large number of integrals involved for even moderate-
sized molecules.7 These various approximations used for
the theoretical determination ofD have been presented in
the literature over the last several decades.1,4,8–21

An approximation which is frequently used by Mukai
and co-workers1,19,20is
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whererij is the distance between atomsi andj, mij is the
distance vector along the axis which gives rise to the

largest dipole–dipole interaction andri andrj are the spin
densities on atomsi andj. This equation has been used to
give reasonableD value approximations for biradicals
with localized electron distributions that can be separated
into monoradical halves with atomsi and j belonging to
different halves (hereafter referred to as localized
biradicals.) The spin densities used are those of each
monoradical half. It has been noted that this equation
provides only crude approximations for delocalized
biradicals,21 which initiated an investigation in our
laboratory into finding asimpleapproximate method that
would provide more reasonableD values for delocalized
biradicals owing to our interest in moderate-sized non-
disjoint organic molecules withS> 1/2.22 The problem
we encountered in trying to use Eqn (1) for delocalized
radical systems was that the delocalized system could not
be separated into monoradical halves due to shared spin-
containing atoms (hereafter referred to as delocalized
biradicals). Since the dipole–dipole interaction, and thus
the D value, strongly depend on the average distance
between the two unpaired electrons (varying as 1/r3),23

the question is how one determines the ‘average’
distance. With this in mind, we found a phenomenolo-
gical method with which we have been able to calculate
reasonableD values for delocalized biradicals. The
method entails the use of averager2, r5 and m2 to
determine the ‘average’ interelectronic distance:
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where atomi is a spin-containing atom (spin density
�0.01) in one SOMO and atomj is a spin-containing
atom (also with spin density�0.01) in the other SOMO,
and rij refers to the distance between spin-containing
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atomsin the SOMOsinsteadof the monoradicalhalves
sincethebiradicalcannotbeseparatedinto monoradical
halvesowing to its non-disjointnature.Thespindensity
is determined by summing the squared coefficients
(obtainedfrom AM1–RHF–tripletcalculation24) of each
atomin theSOMO.Sincethesumof theproductrirj is
approximately unity, we found its inclusion in the
calculation unnecessary.Basedon the Pauli exclusion
principle we assigneda valueof zerofor the term when
i = j. Table1 givesanexampleof thecalculationmethod
for dinitroxide 1.

FromTable1, Dav is calculatedasfollows:
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g2�2 17:66ÿ 3� 15:99
3131:29
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�jDexpj � 0:0122cmÿ1�
In thisexample,thelargestdipole–dipoleinteractionis

along the x-axis, thereforekmij
2l is kxij

2l. The aspectof
this approximationneededto obtainreasonableD-values
is theuseof kr2l andkr5l, notkrl2 andkrl5 asdemonstrated
in the following example.

D � 3
4
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Theequationis thecalculationfor 1 wherekr2l andkr5l

havebeensubstitutedby krl2 andkrl5 (krl = 3.79).
The jDj valueobtainedfrom Eqn (2) of 0.0126cmÿ1

(Table 1) is much closer to the experimentalresult
(0.012cmÿ1) thanthejDj valueobtainedfrom Eqn(3) of
0.056cmÿ1. The jDj valueobtainedfor 1 usingEqn(1),
0.22cmÿ1, where ij representsall the possible atom
combinations(no separationof atomsinto SOMOs or
radicalhalves)andrirj is theproductof spindensitieson

Table 1. Example of Dav calculationa

Atom (SOMO) (xi ÿ xj) (yi ÿ yj) (zi ÿ zj) xij
2 yij

2 zij
2 rij

2 rij
5

C1(50)—C4(51) ÿ1.21 2.12 0.00 1.47 4.51 0.00 5.98 87.59
C1(50)—C5(51) 1.21 2.12 0.00 1.47 4.51 0.00 5.98 87.59
C1(50)—N7(51) ÿ2.50 0.05 0.00 6.24 0.00 0.00 6.25 97.53
C1(50)—N8(51) 2.50 0.05 0.00 6.24 0.00 0.00 6.25 97.53
C1(50)—O9(51) ÿ3.46 0.63 ÿ0.47 11.98 0.40 0.22 12.60 563.91
C1(50)—O10(51) 3.46 0.63 0.47 11.98 0.40 0.22 12.60 563.91
C4(51)—N7(50) ÿ1.28 ÿ2.08 0.00 1.65 4.31 0.00 5.96 86.60
C4(51)—N8(50) 3.71 ÿ2.08 0.00 13.79 4.31 0.00 18.09 1392.10
C4(51)—O9(50) ÿ2.25 ÿ1.49 ÿ0.47 5.05 2.22 0.22 7.49 153.79
C4(51)—O10(50) 4.68 ÿ1.49 0.47 21.86 2.22 0.22 24.30 2911.45
C5(51)—N7(50) ÿ3.71 ÿ2.08 0.00 13.79 4.31 0.00 18.09 1392.10
C5(51)—N8(50) 1.28 ÿ2.08 0.00 1.65 4.31 0.00 5.96 86.60
C5(51)—O9(50) ÿ4.68 ÿ1.49 ÿ0.47 21.86 2.22 0.22 24.30 2911.45
C5(51)—O10(50) 2.25 ÿ1.49 0.47 5.05 2.22 0.22 7.49 153.79
N7(50)—N8(51) 5.00 0.00 0.00 24.98 0.00 0.00 24.98 3118.13
N7(50)—O9(51) ÿ0.96 0.58 ÿ0.47 0.93 0.34 0.22 1.49 2.71
N7(50)—O10(51) 5.96 0.58 0.47 35.52 0.34 0.22 36.09 7822.72
N7(51)—N8(50) 5.00 0.00 0.00 24.98 0.00 0.00 24.98 3118.13
N7(51)—O9(50) ÿ0.96 0.58 ÿ0.47 0.93 0.34 0.22 1.49 2.71
N7(51)—O10(50) 5.96 0.58 0.47 35.52 0.34 0.22 36.09 7822.72
N8(50)—O9(51) ÿ5.96 0.58 ÿ0.47 35.52 0.34 0.22 36.09 7822.72
N8(50)—O10(51) 0.96 0.58 0.47 0.93 0.34 0.22 1.49 2.71
N8(51)—O9(50) ÿ5.96 0.58 ÿ0.47 35.52 0.34 0.22 36.09 7822.72
N8(51)—O10(50) 0.96 0.58 0.47 0.93 0.34 0.22 1.49 2.71
O9(50)—O10(51) 6.92 0.00 0.95 47.92 0.00 0.89 48.81 16644.77
O9(51)—O10(50) 6.92 0.00 0.95 47.92 0.00 0.89 48.81 16644.77
Average 15.99 1.49 0.19 17.66 3131.29

a Lengthsin Å.
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atoms i and j obtained from an AM1 RHF-CI TRIP
calculation (including negative spin densities).Using
Eqn (1) where i representsatoms in SOMO i and j
representsatomsin SOMO j andri is the spin density

obtainedfrom the sum of the coefficientssquaredon
atomi in SOMO i (andlikewisefor j), we obtaineda jDj
value of 0.0974cmÿ1. Comparisonof the resultsfrom
thesecalculationsdemonstratesthat Eqn (2) is the only

Scheme 1
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approximatemethodexaminedthat gives a reasonable
jDj value.We are not claiming a theoreticallyrigorous
connectionbetweenEqns (1) and (2). What we have
found is a seemingly successful phenomenological
approachfor calculating the D value for non-disjoint
nitroxy andphenoxyradicals.

The interestin stablebiradicalsandthusthe focuson
nitroxy and phenoxyradicalsis amply reflectedin the
literature. Our calculation results, comprisedof only
delocalizedbisphenoxyandbisnitroxy biradicals1–8 in
Scheme1 are very promising.Figure 1 is a plot of the
calculatedD valuesusingEqn(1) (Dnonav) (where,again,
i and j refer to the non-disjointSOMOs),and Eqn (2)
(Dav) versustheexperimentalD valuesfor biradicals1–8.
Weincludedlessstablecarbon-basedbiradicalsandother
biradicalsthat are not bisphenoxy-or bisnitroxy-based
(hereafterreferredto asnon-bisoxybiradicals)(9–14) in
this investigationto seehow applicablethe approxima-
tion method was for other delocalized non-disjoint
biradicals.Figure 2 is a plot of all of the compounds
given in Scheme1. The non-bisoxy biradicals 9–14
deviatefrom thelinearity of thebisoxybiradicals1–8 as
seenin Fig. 2, but arecloserto the experimentalresults
than the calculatedresults obtained by various other
approximationsreportedin the literature.We limited the
compoundsreported to those non-disjoint biradicals
which have the fewest torsionsdue to the geometrical
sensitivityof thecalculation.

The geometriesof compounds1–4 and 6–14 were
obtained from optimized AM1–triplet UHF calcula-
tions.24 Coordinatesfrom thex-raycrystalstructurewere
usedfor compound5.31

For localized disjoint biradicals,Eqn (2) gives a D
valuethat is approximatelyhalf the experimentalvalue,
as seenin Fig. 3 for the localized biradicalsgiven in
Scheme2. The needfor an empirical factor to makethe

calculatedvaluesagreewith experimentalvaluesis not
uniqueto our approximatemethod.7,32

The geometriesof compounds15–23 were obtained
from optimized AM1–triplet UHF calculations.24 Co-
ordinatesfrom the x-ray crystal structurewereusedfor
compound24.34

An important point is that many of the calculated
literaturevalueswereobtainedfrom calculationswhich
were performedat various twist anglesbetweenrings.
Thedihedralanglewhich resultedin theD valueclosest
to the experimentalvalue is cited as the calculated
value.1,2,17,19,20Our calculations,on the otherhand,are
basedon just one geometry—theoptimized dihedral.
Obtaining a correlation coefficient of 0.99 for the
localized biradicalswith just one shot at the target is
impressive.

Equation (2) can be used not only for non-disjoint
biradicalsto predicttheD values,but alsoto predictthe

Figure 1. ZFS parameter D: jDcalcj vs jDexpj for delocalized
non-disjoint phenoxy and nitroxy biradicals. (&) D values
obtained from Eqn (10) (Dnonav); (*) D values obtained from
Eqn (11) (Dav)

Figure 2. ZFS parameter D: jDcalcj vs jDexpj for delocalized
non-disjoint biradicals. (&) Calculated D values cited in the
literature (Dlit.calc.); (*) D values obtained from Eqn (11) (Dav)

Figure 3. ZFS parameter D: jDcalcj vs jDexpj for localized
biradicals. (*) D values obtained from Eqn (11) (Dav)
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Scheme 2
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geometriesof the biradicals.ExperimentalD valuesfor
conformations1 and 2 show that D is dependenton
geometry, and our calculation results reflect this
dependencewell.

The Dav valuesfor two of the smallestnon-disjoint
delocalizedbiradicals,m-xylylene (MPH) andtrimethy-
lenemethane(TMM), are approximatelytwo and four
times the experimentalvalues,7,35 respectively(MPH,
Dav = 0.026cmÿ1, Dexp= 0.012cmÿ1; TMM,
Dav = 0.09cmÿ1, Dexp= 0.024cmÿ1). Wecannotexplain
why the calculatedD valuesfor MPH, TMM and the
localized biradicals deviate from the experimental
values. It should be noted that this approximationis
basedstrictly on distanceand positive spin densities;
spin–orbitcouplingandnegativespindensitieshavenot
beentaken into account.The neglectof negativespin
densities,10 whicharesignificantin bothMPH andTMM,
might accountfor the large deviation observedin the
calculatedD values. Although this method is strictly
empiricalandlimited in its scopefor predictingreason-
able D values to non-disjoint biradicals (without an
empirical factor) and disjoint biradicals (with an
empirical factor), it doesrepresentan improvementfor
calculatingD valuesfor the biradicalsthat do fall into
thesecategories.

Resultsfor all the biradicalsstudiedare providedas
supplementarymaterial on the epoc website at http://
www.wiley.com/epoc.
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