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Abstract. The spin-polarization mechanism in aromatic
systems is analyzed with reference to the prototypical
phenoxyl, cyclohexadienyl and benzyl radicals. In
particular, a decomposition into ““first-order” and ‘‘sec-
ond-order” contributions is proposed, which helps to
rationalize the different nature of the spin density for
atoms in o or in f§ positions with respect to the radical
center. The different weights of the two contributions are
discussed on the basis of Hartree—Fock and density
functional computations.
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Aromatic free radicals fulfill an essential role in several
biological processes [1, 2]. For instance, the tyrosyl
radical has been detected in a number of enzymes, such
as ribonucleotide reductase [1, 3], whereas radiation
damage of DNA bases produces, inter alia, radicals
arising from the addition or elimination of hydrogen [2,
4]. The most direct experimental tool for the investiga-
tion of these unstable species is provided by electron spin
resonance (ESR) spectroscopy, whose direct outcomes
are, in most cases, the isotropic hyperfine coupling
constants (hcc) of protons, either in model compounds
or in true biologically active systems. Well-known
empirical relationships [5, 6] are used to relate hydrogen
hces to the spin populations of adjacent carbon atoms,
which are, in turn, powerful structural probes. This
procedure is still widely applied in the interpretation
of ESR spectra [7, 8], although it leads in some cases
(e.g. meta hydrogens of aromatic radicals) to very
disappointing results [9].

The whole model is rooted in the concept of spin
polarization, which was proposed in the early publica-
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tions on ESR in order to explain the hccs in aromatic
free radicals [5, 6]. This concept was later extended to
aliphatic radicals [10] and has received more attention
recently, as well in the field of molecular magnetism [11]
as in polarized neutron diffraction (PND) experiments
[12]. A general relationship was proposed [6] between the
hce ay, due to an aromatic proton, and the “unpaired
electron density” (a gross atomic spin population in the
Mulliken sense [13]) n*(C) of carbon atom, C, directly
bonded to the proton

a(H) = On¢ (1)

The questions we wish to develop are the following.
Under what circumstances is it possible to correlate the
spin population on a carbon atom and the spin density
on the hydrogen directly bonded to it? Is it possible to
develop a qualitative model allowing a simple prediction
of the spin distribution in a radical, in sign and
magnitude? In the case of aromatic radicals, is it possible
to explain the different behavior between ortho and para
atoms, on the one hand, and meta atoms, on the other?

The spin density, p“(r), computed at each point, r, of
the space, can be decomposed into a direct or delocal-
ization contribution due to the nominally singly
occupied molecular orbital (SOMO), p“somo(¥), and a
spin-polarization or indirect contribution, p$p(r), com-
ing from correlation effects [3]. Only the first term is
present in restricted open-shell computations, whereas
spin polarization (together with other dynamic correla-
tion effects) is simply the difference between the total
spin density and the corresponding restricted open-shell
value. The integration of p“(r) over the whole space gives
the saturation magnetization, which is equal to /Np for
an organic radical. The molecular space is usually
divided in atomic regions and the integration of the spin
density over these regions gives the atomic spin popu-
lations, n"(N), around a given nucleus, N. PND studies
provide an experimental measurement of these popula-
tions [15] and offer an efficient tool for spin density
analysis. More precisely, they can be used to measure
microscopic distributions of spin densities and, in con-
trast to ESR techniques, which are restricted to atomic
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Table 1. Isotropic hyperfine coupling constants (a, in gauss) and
Mulliken atom spin populations (n") for the phenoxyl, benzyl and
cyclohexadienyl radicals obtained by different methods. The
restricted open shell (ROB3LYP) values are reported in parenth-

eses. All calculations were carried out using the UB3LYP/6-31G(d)
geometries and the EPR2 basis set (UB3LYP and ROB3LYP) or
the D95(d,p) basis set (UHF)

Phenoxyl Benzyl Cyclohexadienyl

UHF UB3LYP Exp* UHF UB3LYP Exp* UHF UB3LYP Exp*
a(H”) 55.5 53.3 47.7
a(H,) -28.2 -9.4 10.1 -26.2 —6.6 6.3 -32.8 -12.5 13.0
a(H,) -27.4 -7.3 6.7 -26.1 =57 5.1 -30.8 -9.5 9.0
a(Hyp,) 23.6 2.9 1.9 23.0 2.4 1.6 22.9 3.4 2.7
n"“(C") —-0.207 —0.062 (0.013)
n(Cp) 0.598 0.333 (0.235) 0.554 0.229 (0.061) 0.682 0.470 (0.401)
n"(C,) 0.579 0.263 (0.176) 0.549 0.196 (0.049) 0.635 0.358 (0.244)
n"(Cpn) —-0.504 —0.115 (0.0) —0.494 —0.093 (0.0) —0.508 —0.145 (0.0)

#Only absolute values are obtained from electron paramagnetic resonance spectra

sites, they are itinerant probes, giving information on
spin density in any given region of the space.

The hce ay can be obtained through ab initio calcu-
lations of the Fermi contact term, p“(ry) , which is a spin
density, at the hydrogen nucleus by

(2)

where f§, and [ are the electron and nuclear magneton,
respectively, g. and gn are the corresponding magneto-
gyric ratios and 4 is the Planck constant'.

We will consider the following aromatic radicals:
phenoxyl (CsHsO), cyclohexadienyl (C¢H7) and benzyl
(C¢HsCH>). The first radical can be considered as the
simplest model of the tyrosyl radical, whereas the other
two are representative of the products obtained from the
elimination and the addiction of a hydrogen atom to
DNA bases [4]. Density functional (B3LYP) and Har-
tree-Fock (HF) computations were carried out by both
restricted open-shell and unrestricted (U) formalisms, as
implemented in the Gaussian 98 code [16].

The direct contribution, p“somo(r), is always positive
or zero, as can be easily seen from the computed hces of
the H* in the C¢H5 radical (Table 1). Since this contri-
bution depends only on the SOMO, it is not surprising
that very close results are obtained at the UHF and at
the UB3LYP level.

The indirect term, p“sp(r), takes into account the fact
that the unpaired electron interacts differently with the
two electrons of a ¢ spin-paired bond or inner shell,
since the exchange interaction (which reduces the Cou-
lomb repulsion) is operative only for electrons with
parallel spins. This induces a shorter average distance
between electrons with parallel spins than between
electrons with antiparallel spins, leading to the spin-
polarization pattern sketched in Fig. 1. As the molecular
plane of a = radical is the nodal plane of the SOMO, the
spin density (Fermi contact term) is obviously zero on
any atom of the molecular plane. The observed hccs

a(H) = i_zgeﬁegNﬁN [ngMO(rH) + ng("H)] )

'In the present work, all the values are given in gauss (1G=0.1
mT), assuming that the free-electron g, value is also appropriate for
the radicals. To convert data to megahertz, one has to multiply
them by 2.8025

Fig. 1. Schematic drawing of the first-order (continuous line) and
second-order (dashed line) spin-polarization mechanism. The upper
drawing refers to the phenoxyl (X=O) and benzyl (X=CH,)
radicals, whereas the lower drawing illustrates the polarization
mechanism in the cyclohexadienyl radical

(Table 1) are thus induced by spin polarization of the
inner shells or ¢ bond orbitals [14]. The symmetry of the
radicals implies that the unpaired electron is mainly
delocalized on ortho and para carbon atoms, leading to
large positive 7 spin densities around these atoms, the
largest fraction of unpaired electrons being at the para
carbon. This effect is well underlined by the atomic
populations obtained by restricted open-shell computa-
tions (Table 1).

Here we propose a further decomposition of spin
polarization into “first-order”” and “‘second-order” con-
tributions. The first-order contribution can be either the
positive spin density induced at each non-hydrogen at-
om by its own 7 spin density or the negative spin density
induced at atoms in an o position (whatever their
chemical nature). The second-order contribution is the
positive spin density induced at atoms in a f position



(Fig. 1). An important point to be stressed is that the
spin density due to second-order terms will be generally
smaller than the first-order one.

On these grounds, it can be predicted that the spin
densities at ortho and para carbon atoms will be posi-
tive, inducing large negative first-order spin densities at
the ortho and para hydrogens, the latter bearing the
largest one. Taking the analysis further, the positive spin
density at the ortho carbon induces a weak positive
second-order spin density at the meta hydrogen (Fig. 1).
The same mechanism is operative for the para carbon
atom leading to a weak positive contribution to the meta
hydrogen. As a consequence, this explains the occur-
rence of a small positive hcc at the meta hydrogens and
could be predicted by simple inspection of the shape of
the SOMO and application of the mechanism presented:
the meta hydrogens show a non negligible positive spin
density (Table 1) resulting from cumulative second-
order effects.

The same analysis holds for spin populations. This
explains the success of the McConnell relationship [6],
which can be strictly applied to first-order spin-polar-
ization effects and predicts a(Hp)/a(H,) ratios in good
agreement with Fermi contact computations and with
experiment. By contrast, such a relationship cannot be
applied directly to spin densities and populations at
hydrogen atoms either in o or in meta positions. In
particular, this explains the difference between the ex-
perimental or computed hcc ratios, a(Hp)/a(Hy,), and the
corresponding carbon spin population ratios, namely
1(Cp)/n"(Cr).

Strictly speaking, in the unrestricted formalism there
is not such a thing as the SOMO. The « electron on the
highest occupied orbital does not interact with the o
electron of a given “doubly” occupied orbital in the
same way as with the f electron of the corresponding
“doubly” occupied orbital. Some part of the spin
polarization is taken into account in the computation,
together with delocalization. As a consequence, both
positive and negative atomic spin populations are pos-
sible (Table 1). Although unrestricted spin calculations
generally overestimate spin polarization, due to con-
tamination by higher spin states, they lead directly to
negative spin populations at meta carbon atoms. The
unrestricted Kohn—Sham approach is much less prone to
spin contamination than UHF, but some residual over-
estimation of second-order effects could explain why the
computed hccs at meta hydrogens are slightly larger
than their experimental counterparts.

From a more computational point of view, a detailed
analysis of the results reported in Table 1 shows that
direct and first-order polarization effects are almost
quantitatively reproduced in the framework of the
UB3LYP approach. In contrast, second-order effects are
modeled only partially. Finally, the proposed spin-
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polarization mechanism is general and an inspection of
Table 1 shows the same trends for the series cyclohexa-
dienyl, benzyl and phenoxyl. The presence and the
electronegativity of the substituent atom (C, O) modifies
the shape of the SOMO and provides an explanation for
the trend of the hces along the series for atoms in ortho,
meta and para positions.

The whole spin-polarization mechanism is depicted in
Fig. 1 and illustrates the correlation between spin den-
sity (or spin population) at the given carbon atom and
spin density at the hydrogen directly bonded to it. The
same mechanism applies obviously to spin populations,
n"(N), obtained by a simple integration of spin density
over a given region of the space and can be useful in
interpreting experimental results in molecular magne-
tism and/or in PND studies.
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