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Accurate Calculation of the Phenyl Radical’'s Magnetic Inequivalency, Relative Orientations
of Its Spin Hamiltonian Tensors, and Its Electronic Spectrum
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The phenyl radical’s electronic structure, magnetic inequivalency, spin Hamiltonian tensor components, and
the relative orientation of their principal axes are computed by Neese’s coupled-perturbed3tam hybrid

density functional (CPKS-HDF) technique in a moderate amount of time without resorting to expensive post-
Hartree-Fock techniques. Theg tensor component values are in excellent agreement with those determined
experimentally and differ by less than 370 ppm. The computed hydrogen nuclear hyperfine tasdys,

are also found to be in very good agreement with their experimental counterparts. The correlation of the
radical’s electronic structure with itsandA numerical values corroborates that it ha%\a ground state. In
accordance with our previous studies on the equivalency of planar radicals that gossggssmetry, the
in-planeg andA (*H) principal axes should not be parallel to one another. Consequently, the spatially equivalent
ortho (*H,, *He¢) andmeta(*Hs, Hs) proton pairs should be magnetically inequivalent. This was confirmed

in both the present computations and the simulation of the EPR solid-state spectrum. To the best of our
knowledge, this is the first aromatic in-plawetype radical whose magnetic inequivalency is studied both
computationally and experimentally. To properly interpret the radical’'s electronic excitation spectra, the
spectroscopy-oriented dedicated difference configuration interaction (SORCI) procedure was employed. Aside
from a slight overestimation, the method seems to be capable of reproducitgHkeelectronic vertical
excitation energies in the range of-B0 000 cmi’. These vertical excitations, in conjunction with the
corresponding orbit and spin orbit matrix elements, were also used to compugetéhsor components,
employing the sum-over-states technique. Due to the limited number of computed roots and excited states,
the results were marginally inferior to those obtained using the CPKS-HDF method.

I. Introduction

Aromatic organic free radicals, such as the phenyl radical
(CeHse) shown in Figure 1, are of vital importance in a large
variety of chemical reactions. They are essential transient
intermediates in the processing of organic pollutants and in the
incineration of organic compounég.In addition, they also play
significant roles in oncogenesis and in tumor therapy by
photoirradiatior?

CsHse is of additional interest because it is believed to be a
precursor in the synthesis of polyaromatic hydrocarbons (PAHS).
PAHSs and their formation reaction mechanisms have lately been
the focus of attention of chemists, spectroscopists, and astro-
physicists as significant chemical compounds of interstellar
space! The formation of PAHs is believed to begin with ions E
and molecules containing two or three carbon atoms. It is figyre 1. Orientation and atomic numbering of the neutral phenyl
suggested that the first aromatic transient intermediate formedradical CsHse). The G,H2 and G,Hs pairs constitute thertho atoms,
along this reaction pathway {SgHse.> while Cs,H; and G,Hs are themetapairs. G and H, are theparacarbon

The phenyl radical has been studied by a variety of and hydrogen atoms, respectively. The figure also lists the relevant
spectroscopic techniques to probe its rotational, vibrational, and bond distances and the bond orders in brackets.
electronic structure in the gas phase and in the solid state when
isolated in rare gas matrices. In the gas ph&gise was rotational transitions between 9 and 40 GHz and over 50

generated by a direct current discharge from a mixture of argontransitions between 150 and 330 GHz, each split by spin
and benzene in a pulsed supersonic molecular beam. ltsqoypling®

microwave spectra at millimeter wavelengths displayed 14

The electronic absorption spectrum of matrix-isolafzt e
: . ; 1
* E-mail: mattar@unb.ca. Telephone: 1506 447 3091. Fax: 1506 453 Nas been determined in the entire 46@2 000 cm* region.
4981. It consists of three band systems corresponding to transitions
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from its proposed XA, ground state to three excited electronic  solid-state spectr. An initial guess for all the unique spin
states: 2B1(19 589 cm?t), 2A;(42 535 cmt) and ?B,(47 281 Hamiltonian tensor components must be made to begin the

cm )7 simulation. SinceC¢Hse hasC,, symmetry, it can be shown,
The infrared® and Ramat spectra ofCgHse, isolated in based purely on symmetry arguments, that none of its eleven

argon matrices at~10 K, have also been determined. Five nuclei are magnetically equivaletitAs a result, each of its

deuterated isotopomer§gDss, para-CgH4De, para-CgHD ge, five proton Cartesiai\ tensors have different components. It

ortho-CgH4De, and metaCeHD4e, were used to assign the is an overwhelming task to guess that many components in

infrared active vibrational modésThe Raman active modes advance. A practical alternative is to compute thasand g

were assigned with the help of the isotopic shifts caused by tensor components and then use them as an a priori initial guess

13C substitution'© in the simulations. These parameters are then iteratively refined
Electron paramagnetic resonance (EPR) and electranlear until the simulated and experimental spectra match. Therefore,

double resonance (ENDOR) spectroscopies are two of the mostit is very helpful to predict beforehand the numerical values of

powerful tools for studying the net spin density distributions the g and differentA tensors.

and structure-function relationships of radicals. Even after more Spatially equivalent atoms in a radical may be magnetically

than five decades, they still remain the most accurate methodsinequivalent because the principal axes of their individual

to experimentally determine the nuclear hyperfir) (@nd nuclear hyperfine tensors are not aligned with one another. Since

gyromagneticg) tensors of paramagnetic specté$?The first  these axes represent the interaction between the net electronic

EPR spectrum o€Hse, trapped in various matrices, displayed  spin density and théocal nuclear spin, they have different

a triplet of triplets assigned to the hyperfine splittings from its - grientations for every nucleus. Thus, unlike thensor, which

two ortho protons, which were further split by the twoeta reflects the overall symmetry of the radical, each hyperfine

protons. I;Iowever, no _splittinAgs due to tpara proton were  tensor reflects the unique local site symmetry around its nucleus.
observed?’ Later, Kasai et at! generated the phenyl radical 1 noncoincidence of the principal axes of the spin Hamilto-
by photolysis of phenyl iodide trapped in an argon matrix at 4 nian tensors, relative to each other, leads to different resonance

K. From the resulting EPR spectrum, the diagogalensor g4 hositions of the otherwise spatially equivalent atGf.

eletmer;tsdan_lt_jhsome of the flvelprrc])t%ngnsc_)r c?n:_pontehnts WEre - This adversely affects their EPR and ENDOR spectra. Thus it
estimated.” 1s was accomplished by simulating the expen- g important to know the relative orientation of the principal

mental spectrum as an ensemble of randomly oriented phenylaxeS of all theg andA tensors with respect to one another.

radicals. The simulations also suggested that the principal axes } . )
Although there has been considerable effort in computing the

of theortho andmetaproton hyperfine tensors did not coincide | ; .
with those of they tensori4 isotropic components of tensors? less attention has been

n given to their anisotropic components and the relative orientation
of their principal axes with respect to each other and those of
the electronigy tensor. Recently, accurate computations of the
g tensors, using ab initi&®>~26 density functiona®’=3! hybrid
density functionald?-4° and spectroscopy-oriented configuration
interaction?! have also become possible. Consequently, one is
now in a position to compute, in a reasonable amount of time,
the magnitudes adll the spin Hamiltonian tensor components
dand the relative orientations of their principal axes. In turn, the
effects of magnetic inequivalency on the EPR and ENDOR
spectra may be fully computed and assessed. In this paper, we

For the sake of completeness, it is worth mentioning that, i
addition to the photolysis of phenyl iodid€sHse may also be
generated by the photodissociation of nitrosobenzehenzoy!
peroxide, and benzoic anhydride in cryogenic matrfc&he
resulting EPR spectra were found to be identical to those
originally generated by Kasai et H.

High-level ab initio and hybrid density functional calculations
of the CgHse electronic structure and properties were carried
out. They were then compared to some of the experimental an
computed spectral parameters. For example, the rotational
constants predicted from molecular structure calculations, at the | .. ]
post-Hartree-Fock CCSD(T)/cc-pVTZ level, were found to be  Investigate the magnetic inequivalency@Hss, based on the
in excellent agreement with the experimental measurenients, COMPuted values and principal axes ofgtandA tensors.

In the case of the infrared spectra, the absorption frequencies In Section Il, the computational details are described. Section
were compared with the harmonic frequencies calculated by thelllA discusses the€SeHse electronic structurebonding relation-
UB3LYP hybrid density functional using the cc-pVDZ basis ships. The electronic absorption and vertical excitation spectra,
sets. They were found to be within 1% of the gas-phase using the spectroscopy-oriented dedicated difference configu-
vibrational frequencie%.Similar agreement was obtained for ration interaction (SORCI) method, are calculated and discussed
the Raman frequencies when computed by the UB3LYP hybrid in Section IlIB. The computed tensor components, by both
density functional and the cc-pVTZ basis skts. the coupled-perturbed KohtSham hybrid density functional

Unlike the infrared and Raman cases, no high-level computa- (CPKS-HDF) and SORCI methods, are discussed in Section
tions of theg and nuclear hyperfiné tensor components have IlIC. In addition, its components are broken down into their
been performed. All attempts to calculate the spin Hamiltonian first- and second-order contributions. They are then analyzed
parameters have been limited to the isotropic components,and related to the electronic structure. In the same section, the
aso(*H), of the proton hyperfine tensors using semiempirical effects of the hybrid density functional used, the matrix, and
methods'®-18 It was found that the compute#%H) coupling the choice of gauge are also investigated. In Section IlID, the
constants for thertho andmetaprotons are in fair agreement experimental and calculated nuclear hyperfine tensors are
with the experimental values, while the values calculated for compared. It is shown thatoneof the in-plane principal axes
the para proton are in complete disagreeméhfThis is not of the five proton nuclear hyperfine tensor components are the
surprising, since theés§*H) value is still one of the most difficult ~ same and are all magnetically inequivalent. The corresponding
molecular properties to compute. resonance field positions for the five protons are given, and

The experimentay and A tensor components of doublet- their magnitudes are estimated from the compujeand A
state radicals, such as matrix-isolat€gdHse, can only be tensor components. Finally, Section IV summarizes the conclu-
accurately determined by simulating their EPR and ENDOR sions of the work performed.
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Il. Computational Details 3b,

TheA andg tensor components were computed by the CPKS-
HDF method® The unrestricted forms of the BILYP and PBEO
hybrid density functionals were used. The calculations were
carried out using Neese’'s ORCA suite of progréfhos a cluster
of eight Linux computers, using the message passing interface
protocol (MPICH). In order to make the comparison between
the experimental and computed spin Hamiltonian tensors easier,
the molecule was oriented in the same way as that of Kasai et
all*In a separate set of calculations, the orbiaéeman spir
orbit terms of theg tensor were also computed by employing
the Breit-Pauli spin orbit coupling operaté?.

There are no structural X-ray data regarding the radical's
angles and bond lengths. It was thus imperative to geometry 1b,
optimize theCgHse structure. The resulting geometry did not
possess any imaginary vibrational frequencies, confirming that e 2 10a,
it has a global energy minimum. S—

Barone’'s EPR-II basis sé&were used, and solvent effects 6b,
were taken into account by surrounding the molecules with a
solvent cavity of the appropriate dielectric constaat,in
accordance with the COSMO methtdt

To interpret the experimental ultraviotetisible (UV—vis)
electronic absorption spectrum, determine the vertical excitation
energies, and calculate thgensor components using the sum-
over-states (SOS) technique, the SORCI method of Neese was
employed®> The next two paragraphs briefly describe the
computational details of this new and powerful method. It is a
multireference dedicated difference configuration interaction

techniqué® used to calculate the energy differences between
the states of relatively large moleculs. Figure 2. Qualitative one-electron KokrSham molecular orbital
diagram ofCgHse in the upper valence region.

a4

981

5b,

The initial one-electron molecular orbitals were obtained from
a regular HF/EPR-[I SCF calculation. The virtual (unoccupied) | Results and Discussion
orbitals were then improved to properly sense an N-1 electron ) ) )
potential® These were then used in an 11-electrd®-orbital A. Electronic Structure. Cg¢Hse is essentially a benzene
complete active space (CAS(11,10)-SCF) calculation to generateMolecule that has lost a hydrogen atohie). As a result of
an initial CI reference space consisting of 8350 configurations. this 10s, its symmetry drops froBen to Cy,. Its restricted one-
To reduce this space to a manageable dimension, only the€!€ctron Koha-Sham molecular orbital (MO) diagram, in the
configurations that contribute a weight greater than the value UPPEr valence region, is given in Figure 2. _
Tore = 0.0001 for each root were selected. This produced 165 In(tjhe E?S%Of benzetne, thg r;ghe:;t occ?pleqrgwolectjlaﬁr orbitals
selected configurations or 336 configuration state functions argl IOU y egeneraef aln ig C arag.er.. ese dW 1o
(CFSs). Single and double excitations from the selected refer- O]Ef 't? S dreg)retshentt:)ut-g-p am?t%petcom g\_aﬂogs ag Sre not
ences generated 60 231 210 CFSs. Of these, excitations with ected by the breaking o 6-type ond. Upon

N . : tion of CgHse, they become the taand 2 orbitals in
Moller-Plesset second-order perturbaterergy differencéess orma 6v7S . .
thanTse = 107® were discarded, reducing the number of CFSs Figure 2. The benzerig, orbitals just below the HOMOs are

to 595 789. The Hamiltonian, on the basis of this reference depicted in Figure 3a,b and represent in-plarype interac-

. : : . tions. The orbital shown in Figure 3b has a nonbonding pair of
fggt(;e, was formed and diagonalized to give the required 12 CIC—H bonds. Therefore, it is not largely affected or destabilized

) ) by the breaking of one of these two bonds. It becomes the
The approximate average natural orbitals (AANOs) were then ragical's 7k orbital in Figure 2. In contrast, the orbital of Figure

obtained by diagonalization of a new density matrix formed by 35 is due to the bonding combinationsatifthe six G-H o-type

averaging the density matrices over all 12 states. To limit the ponds. As one of these-€H bonds is broken, it will destabilize.

AANOs to a reasonable value, those with a fractional occupation This will cause it to become the highest singly occupied

(FO) of less thaTya;= 0.00001 were not included in later steps. molecular orbital (SOMO), shown as the 1abital in Figure

In addition, those with an FO greater than [&4) were frozen. 2.

The AANOSs are a much improved set compared to the original  Thus the HDF calculations strongly suggest tBakise has

HF orbitals. Consequently, the procedure used in the previousan X2A; ground state with an 2A22 182 11al electronic

paragraph was repeated again using the AANOs as the startingzonfiguration.

orbitals. In both iterative steps, the effects of higher excitations  The CgHse SOMO is depicted in Figure 4. Its “halin

on the energies were included using Davidson’s correctivffs.  populations, obtained from a restricted B1LYP/EPR-II calcula-

Once completed, the ground-state and transition electron densition, are listed in Table 1. The last column indicates that the

ties were calculated, which, in turn, were used to calculate the unpaired electron is largely;@ character (70.5%). It also has

electronic excitation energies, transition electric dipole moments, a significant amount obrtho carbon (16.6%) and hydrogen

andg tensors. atoms (3.4%). Thenetaandpara atoms only constitute a total
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TABLE 2: Computed Electronic Excitation Spectra and
Transition Dipole Moments Using the SORCI Methodt

wave-
transition  energy length T2 Tx Ty T,

1?B; — X?A; 23114 4326 0.120 0.000 0.000 —0.347
1?2A, — X?A; 29635 337.4 0.000 0.000 0.000 0.000
22A; — X2A; 34889 286.6 0.000 0.000 0.000 0.000
1°B, — X?A; 38689 258.5 0.098—0.314  0.000 0.000
22A, — X2A; 41895 238.7 0.000 0.000 0.000 0.000
2B, — X?A; 42660 234.4 0.158 0.397 0.000 0.000
22B; — X?A; 42697 2342 0.293 0.000 0.000 0.541
3%A; — X?A; 43358 230.6 0.015 0.000-0.120 0.000
3%B, — X?A; 48704 205.3 0.626 0.791 0.00000 0.000
3%B; — X?A; 50155 199.4 0.045 0.000 0.000 —0.211
42A1 — X?A; 52225 1915 0.176 0.000 0.419 0.000

aEnergies are in crt, wavelengths are in nm, and dipole moments
are in Debye.

Figure 4 also corroborates that thg &hd G atomic orbitals
are purely pin character and form bonding combinations with
the s, R, and g hybrids of the G and G pair respectively.
Finally, the large sp hybrid on the;@tom (9.1% s and 60.2%
p) bonds with respect to both,@nd G.

The computed bond lengths and bond orders are also given
Figure 3. Benzene highest occupied orbitals &, symmetry. in Figure 1. They show that the-€C bond lengths in ascending
'Cl'gr%p?ﬁgt?gﬁ'rate pair is obtained from a restricted B3LYP/EPR-II order are (G—Cy, Ci—Ce), (Cs—Cs, Co—C), and (G—Ca, Ca—

Cs). The bond orders also follow an opposite trend and are, as
expected, found to be inversely proportional to the bond lengths.
While all five CH bonds are of similar bond orders and lengths,
the C-H bonds of theortho protons are the longest, followed
by themetabonds, and thgara C—H bond is the shortest.

B. The Electronic Absorption Spectra.lt is inappropriate
to estimate the transition energies, transition probabilities, and
electronic excitation spectra from the one-electron MO diagram
of the HDF calculations. A proper assignment of the transition
energies is best accomplished by post-Hartifeeck techniques,
such as multireference configuration interaction computations.

The SORCI method was used to predict the electronic
excitation spectra in the-865 000 cn1! region. The leading
configuration of the XA; CI ground state (82.61%) is found to
be 7b?, 2?2 18?114t Thus the one-electron DFT picture in
Figure 2 and the CI calculations predict a similar electronic
structure for the ground state. The remaining minor CI contribu-
tions, obtained from the SORCI computations, arise from single
TABLE 1: Ld'wdin Reduced Orbital Populations for the and double excitations that lead to electronic configurations such

Figure 4. The CgHse three-dimensional isosurface contour plot of its
11la SOMO.

SOMO as 7h2.2bi%, 15", 11a%,2b%, 1! and 7h%2b2 180, 11al, 1a2

S B B P dery dy Oe 0z d7 towal Table 2 lists the computed transition symmetries, energies,
C 91 00 602 00 10 00 0.0 00 0.2 705 it i ; i
CoCs 06 15 28 00 25 09 00 00 00 166 an \I/vavelengths. In. addition, it includes itieelectric transition
CsCs 06 00 27 00 00 03 00 00 01 37 dpolecomponents:

Cy 01 00 00 00 02 00 00 00 00 03

HoHe 1.6 00 01 00 00 00 00 00 00 34 2 2 2 2 _
HaHe 07 00 01 00 00 00 00 00 00 16 Tx=XAeX(B)li" BT =XAley(B))li ‘B,LT,=

Ha 02 00 00 00 00 00 00 00 00 0.2 X2A |ez(A1)|i2AD
total 16.4 3.0 716 00 6.2 24 0.0 00 0.4 1 1

of 5.8%. The SOMO in Figure 4 has no carbon, 2paracter and theirco_rre_sponding transition probabiliti@%,z |CX2A|€r]i

and is formed by the in-plane linear combinations of the 2s(C), A% In principle, XA;—?A, transitions are not allowed for a
2p(C), 2p/(C), and 1s(H) atomic orbitals. The amounts af H molecule ofC,, symmetry. In the standard orientation (where
Hs, and H, s character are 1.4, 1.4, and 0.2%, respectively. They the G axis lies along the-axis and the vertical plane is the
are small enough that they are not apparent in Figure 4.Yzplane), thex, y, andz components of the transition electric
However, the pure s character of Eind H; is approximately ~ dipole moments transform as the,B,, and A irreducible
double that of H and H; and is sufficiently large to be seen. representations respectively. Their corresponding matrix element
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TABLE 3: Experimental and Computed Total g TensorsP

Oxx Oyy Ozz <g> Oxx Gy Ozz <g>
experimentat* 2.0014 2.0023 2.0034 2.00237
calculated UB1LP UBPEO
gas phase
CEC 2.001632 2.002172 2.003030 2.002278 2.001620 2.002169 2.003025 2.002271
CNC 2.001632 2.002172 2.003030 2.002278 2.001620 2.002169 2.003025 2.002271
CNM 2.001633 2.002172 2.003029 2.002278 2.001621 2.002169 2.003024 2.002271
Ar matrix
CEC 2.001631 2.002172 2.003039 2.002281 2.001619 2.002170 2.003034 2.002274
CNC 2.001631 2.002172 2.003039 2.002281 2.001619 2.002170 2.003034 2.002274
CNM 2.001632 2.002172 2.003039 2.002281 2.001620 2.002170 2.003033 2.002274
Ag(ppm) 231 128 361 89 219 130 360 96

2 CEC = center of electronic charge, CNM center of nuclear mass, and CN€ center of nuclear chargéThis article. Due to theCy,
symmetry of the?A; radical, the totaly tensor has no off-diagonal componerit&as-phase calculation. No solvent effects are included.

symmetries are the products of the following irreducible  C. The g Tensor ComponentsThe CgHse experimental

representations: tensor components were first determined by simulation of the
X-band EPR spectra at 10 K in an Ar mat#&The simulation
I'A)®I'(B) ®I'(A)) =T'(B,) program used by Kasai was written before the discovery that
field-swept EPR intensities have to be multiplied by theg
I'(A,) ® [(B,) ® ['(A,) = ['(B,) and 0:%/g correction factor rather than%f84° Therefore, it was

worthwhile to re-evaluate the simulated spectra. The new
simulations showed insignificant differences in their relative
[(AY) ®T(A) @ T(A) =T(A) spectral intensities when compared with those of Kasai. This is
due to the relatively smadj tensor anisotropies of this organic
Since they are not equal to the totally symmetrical irreducible (adical.
reprgsentationr(Alg, then all tglree tra2r15ition dipc;le moment The experimental and calculatgdensor components using
ggg'xeg'e/;negf% Aafex (Ba)l Aol) X Baley (Bo)"Aa1and e CPKS-HDF method at the UBLLYP/EPR-Il and UPBEO/
1€z (Ay)[*Azl] are zero. These forbidden transitions may gpg | jevels are listed in Table 3. Computations were carried
only be weakly allowed via V|bron|<_: coupling. . out onCgHse in the gas phase (GP) and with Ar as the solvent.
Lo o 500 T U e fets o auge vararce, Gensor corpo-
ot Previo,usl this weak band was assigned as the Iowestnents were also computed with the origin taken as the center of
o S 7 . electronic charge (CEC), center of nuclear charge (CNC), and
By n— transition: F“’.”.‘ Table 2 one observes that, |r_1deed, center of nuclear mass (CNM). These results are also listed in
Fh? lowest energy transition occurs afound 231 lA'.glcmh'Ch . Table 3. At the bottom of the table is a row label&d(ppm).
is in good agreement i th_e experiment. Examination of this It represents the difference between the experimental and
2B, state shows that its leading configuration (75.59%) i#,7b computedg tensor components, in parts per million. The

2k, 182, 11a? with a 4.65% contribution from the single A .
NN ' . m) computations used UB1LYP/EPR-Il and UPBEO/EPR-
excitation of the 1p MO to the 7a SOMO to give the 14, I ?r(]pgn ?Ar mzftrix and the CEC as the origin.

7?2, 22, 18?2 11a? electronic configuration. It also has a Theat incinal ¢ dical wi ;

minor contribution (1.18%) from the single excitation of the €gtensor principal axes for a radica wmylsym.me ry

11a electron to the 3porbital. Therefore, one can conclude &€ expected to be ahgngd with the molecular inertial &%es.
Consequently, all the off-diagongtensor components are zero.

that, qualitatively, the lowesiB; transition is indeed—z in Indeed this is found to be th hether th lculati
nature where an electron has been excited from the ring 2b ndeed this Is found to be the case whether the caiculations were
performed forCgHse in the GP or in an Ar matrix. Thus only

m-type orbital, shown in Figure 2, to the Llfmrming a lone . .

pair on the G atom. The nexCgHse band is quite broad and is the gu, gyy andg;; values are listed in Table 3.

centered around 42 000 cth It is also relatively weak and has The comparison of thg tensor components in Table 3 shows
been assigned as the?Ab—X2A; m—x* transition? The that the Ar matrix has no effect on tlgg, andgy, components,
calculations in Table 2 show that there are four transitions in While the g;; component increases by approximately 3 ppm.
this region that may contribute to this broad band. As stated Therefore, one concludes that the effects of the Ar matrix are
above, the 20,—X?2A; transition is forbidden and has essentially Minimal and practically insignificant. Further computations that
zero intensity. It will not be considered further. The remaining Properly mimic the CgHse trapped in mono-, di- and tri-
three transitions, 2B,—X2A1, 22B;—X2A4, and 3A;—X2A4, are vacancies of the solid Ar face-centered-cubic lattice are expected
very close in energy. The8:—X2A, transition, although weak, to involve a very large number of Ar atoms. This is presently
has the same symmetry assigned by Radziszewski. impractical and beyond the scope of this article.

Finally, the third and strongest band occurs around 47 281 In general, the experimentay tensor components are
cm™! and has B symmetry. This is in very good agreement indirectly determined by the simulation of the EPR spectra of
with the ¥B,—X?2A; transition (48 703.6 cmt), which is also randomly oriented samples such as powders, glassy samples,
predicted, in Table 2, to have the strongest intensity. Thus the or matrix-isolated species at low temperatures. Even with these
SORCI method, aside from a slight overestimation of the sophisticated simulation programs, their accuracy is expected
transition energies, seems to be able to properly reproduce theto be approximately 1 part per thousand or 1000 gpr#ft The
trends in theCgHse electronic excitation energies. CeHse Ag(ppm) values range from 128 to 361 ppm. Thus the
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TABLE 4: Individual One- and Two-Electron Contributions to the Total g Tensor Diagonal Componentst

Oxx Oy U2z Oxx Gy U2z
UBILP UBPEO

AGRMCH,s —1.585x 104 —1.585x 104 —1.585x 104 —1.566x 104 —1.566x 104 —1.566x 104
AgEC
1—erlsec. 2.708< 104 7.93x 10°° 2.736x 104 2.725%x 104 7.85x 10°° 2.749x 104
2-elec. —1.048x x 1074 —3.15x 10°° —1.066x 1074 —1.054x 1074 —3.12x 10°° —1.070x 10
1+ 2 elec. 1.660< 10* 478x 10°° 1.670x 104 1.670x 104 4.73x 107°° 1.679x 104
AQOZSOC
1-erfec. —1.529x 103 —8.87x 10°° 1.087x 1073 —1.563x 103 —9.69x 10°° 1.066x 1073
2-elec. 8.333 10 5.24x 10°° —3.752x 107 8.524x 1074 5.66x 107 —3.631x 104
1+ 2elec. —6.953x 104 —3.64x 10°° 7.113x 104 —7.103x 104 —4.03x 10°° 7.034x 1074
Aggta' —6.878x 1074 —1.471x 104 7.198x 104 —6.998x 1074 —1.496x 104 7.147x 104
Qe+ Agﬁg‘a' 2.001631 2.002172 2.003039 2.001619 2.002170 2.003034

aThe molecular symmetry axes coincide with théensor principal axes.

calculatedy tensor is in excellent agreement with the experiment corresponding two-electron terms are approximately half the
and well within the limits of experimental accuracy. In addition, one-electron terms and negative. This produces poskf¢,
when comparing the UBILYP and UPBEO methods, the AQZ/C, and AgSC values that counteract the corresponding
maximum differences ithg(ppm) are only 12, 2, 1, and 7 ppm  AgRMC contributions.

for g Gy U2z and <g>, respectively. Therefore, both HDF The orbital-Zeeman spirrorbit termAg5?'*°Cis the largest

methods yield similar results and are quite accurate. This is contributing term to the deviation of thietensor from the free
are similar and mix 25% of the HF exchange with 75% of the gperator is expressed as an accurate mean-field approximation

density functionaf?22 ) o to the full Breit—Pauli spir-orbit coupling operator, it takes
One possible drawback of the calculatgténsor is thatitis  he forn$®

not gauge invariant. However, if moderate or large basis sets

are used, its effect is greatly reduced. The gauge dependency 1 peh
of theg tensor components when calculated with Barone’s EPR- AgOZ/soc: _ z il r’ mlel—soc1 o, [H z pleth)
Il basis sets have been tested. Inspection of Table 3 shows that, " 2s& B, |7 L
whether the origin is chosen as the CEC, CNC, or CNM, the 3 3
difference is at most:1 ppm. Thus the gauge invariance of @,,165°9 - 99 - —

’ uqav'gp ¢K¢1D_ @ﬂQDK'gp (p‘[(pVD
the g tensor does not pose a problem in this case. ‘ 2 2

The g tensor components are made up of four main terms S0
given by 99,105 9,00} (4)

Opq = 9e0pq T Agm"cépq + Agﬁf + Agl?fsoc 1) where B, is the pth component of the magnetic field. Here,
P“*Pis the total charge density matrix,
Their computed values using the UB1LYP/EPR-II and UPBEO/
EPR-Il methods in an Ar matrix are listed in Table 4, and all o2 ZA|iA;p

the symbols appearing in eqs—4 have been previously ﬁ;a—soc(—r»i) =— " 5)
defined36:32.33Both HDF techniques give very similar results. 2 T,
For the sake of brevity, we will concentrate on the UBLLYP/ .
EPR-II values. The first term is the free electron valge= is the one-electron spirorbit coupling operator;d, is thepth
2.002319, and theyq Kronecker delta function limits its ~ component of the angular momentum of electraelative to
contribution to the diagonal components of the tadénsor. nucleusA, and
The relativistic mass correction to the kinetic enerdy is 2|
~ 6505 7y = & Jiip
RMC o Ge a*ﬂ@/ v D &) = 273 ©
= | — - 1)

is the corresponding two-electron operator. Similé;jly,ii; the
where the spin i€ = 1/2, o is the fine structure constant, and  pth component of théth electron angular momentum relative
P fis the net spin density. ThAgRMC term decreases the to electron;.

diagonalg tensor values by 1.58% 1074, Only the coupling of theA; ground state with the excited
In contrast to the first two terms, the diamagnetic correction ?B: states contributes to thago”/5°¢ components. Positive
term, Aggqc, is a second-rank Cartesian tendbdr: contributions tagk arise from the excitation of the 1land 2h

electrons to the 12aSOMO shown in Figure 2. However a

cc 1 o o counteracting negative contribution gy, in the region of
AGpq = 2_52 P EJM; E(rAITAT — TapFqlly,O 0—50 000 cnt?, stems mainly from the excitation 8;&2% 1la
v =

©) electron to the 3pempty orbital. The net result isgg;
—6.953 x 1074, as shown in Table 4.

The term&(rp) is the effective spin orbit coupling interaction Spin—orbit couplings between the 2%; ground state and

at the Ath nucleus. Table 4 shows that the one-electron excited states of Asymmetry will affect theg~'>°C There are

contributions taAgg, Ady”, andAgS” are positive, while the  two predominant excitations to take into consideration. The first



Spin Hamiltonian Tensors of the Phenyl Radical J. Phys. Chem. A, Vol. 111, No. 2, 200257

TABLE 5: Computed Contributions to the Total g Tensor efficient, such as the SORCI program. This is definitely a
with the SORCI Method drawback for the SOS procedure and gives an edge to the
Oox Oy Oz methods that use derivatives, such as the CPKS-HDF. Finally,
AGMCostot. —1.503x 104 —1.503x 10* —1.503x 10 for the sake of completeness, the transition energies;-sphbit
AgrEC tot. 1.338x 104  1.810x 10-5  1.273x 10°* coupling, and orbitatZeeman matrix elements needed in eq 7
AgiL¥S0Ctot, —1.574x 1074 1.32x 105 —6.000x 1077 are listed in Table 6.
transition AQRZ/SOC AGRZ/SOC AOZseC D. The Nuclear Hyperfine Tensor ComponentsThe nine
128, — X?A,  2.184x 10  0.0000 0.0000 Cartesian nuclear hyperfine tensor componeagg(N) for a
12A; — X2A, 0.0000 2.000x 104 0.0000 nucleusN, may be broken down into three components:
0y A0 + A
1B, — . . —5. X =
%&—x?i 0.0000 1.110< 105 0.0000 ﬂdm_a(mdm+ﬁm(M+Am%m ®)
ﬁzgi _ izﬁi Y 10t 0bboy v The first is the isotropic Fermi contact term,
SiAl - XiAl 0.0000 0.0000 0.0000 ) 4 (1 _
3B; — XA 0.0000 0.0000 0.0000 1SO ==
B, — X2A;  517x 10°5 0.0000 0.0000 a(N*‘s(QgﬁQM“MRO )
42N — X2A; 0.0000 0.0000 0.0000 _
Agstot. —1.738x 104 —1.190x 10* —2.350x 10°° wherep(Ry) is the net electron spin density matrix at the nuclear
Get+ Agstot.  2.002145 2.002200 2.002296 position, Ry.52 The second is the magnetic dipeldipole

interaction between the electron and the nuch8us:

3TN Ng ~ Opal &
E—

=5

is the excitation of an electron from the,l@bital to the 11a
SOMO, while the second is the excitation of the {dapaired

electron to the 2aempty orbital. These oppose one another, dip (N)) = Paﬁ@
leading to a smalAg®?S°C of —3.64 x 1075. The2B,—X2A; Ao (N) = 0O ; KMok

vy Y

transitions in the same energy range also influeng@”5°C (10)

These excitations stem from the coupling of the, i, and _ )

7b, to the half-filled 11a orbital. This results in a relatively Here the vectory points from nucleusl to the electron. Both

large and positive value fokg®?S°Cof 7.113x 104 these terms may be calculated using regular HDF techniques.
L . :

In summary, they tensor components computed by the CPKS- The last t(a_rmAﬁ(?C(N), in eq 8 is due to second-order spin
HDF method are in excellent agreement with the experiment. ©rbit coupling. It may be determined by using the CPKS-HDF
The g tensor components were also computed using the method3® Due to the small spirorbit coupling constants of H
SORCI method. The same excitation energy differenggs; and C, theAx?(N) components were found to be less than 0.1
Eo, used in the calculation of the UWis spectra of Section ~ MHz. Therefore, they will not be considered in the following

I1IB were used in conjunction with the SOS procedure. In this discussion.

case, CeHse is ao—type radical. Therefore, its SOMO, shown in
Figure 4, has no nodal plane, and its isotropic hydrogen
AQOZSOC — _i 1 (S Pl hyperfine coupling constanlz#,so(ll_ﬂ), unIik_e out-of-planer—type _
90q - ZSZ E, - E, Z v radicals, are due to both “s” spin density and core polarization
~ bg “ .00 at their nuclei. Their values, computed at the UB1LYP/EPR-II
B, llly, 0y PG %IZ & (Flaglv, O Pl level, areaso(iH,) = a%9(iHg) = 17.794 G,a%(tHs) = aise-
uv

- () 0 m (MHs) = —5.935 G, andas%(H,) = 2.194 G. This is because
@/{MIZ & (rA)lA,pll/JVDZ Puo 77 0 llgly, 0 (7) H, and H; form the spatially equialent orthopair, while H
i and H; are thespatially equialent metapair. Unfortunately,
one cannot directly determine the isotropic hyperfine constants
or their signs from a matrix-isolation EPR spectrum alone.
However, a good estimate may be obtained from the experi-
mental total hyperfine components as

is used instead of eq 4. HeR{:™® and P, ®are the
total charge and net spin transition density matrices between
the 0 andb statest!

Table 5 shows thangRMC computed by the SORCI method
is 1.503x 10~#and is slightly less than the corresponding 1.585 _ AN) + AN) + A(N)
x 1074 obtained by the CPKS-HDF technique. Similarly, the a*(N) == 3
Agsy values from Tables 4 and 5 indicate that those obtained
by the SORCI method are also marginally less than their CPKS-  Their absolute experimental values, estimated from Table 7
HDF counterparts. On the other hand, the SOS and CPKS-HDFand eq 11, ar@s(lH,) = as°(lHg) = 17.40 G,aso(*Hz) =
Agi?z’soC values are quite different. Theing)”**%and A as(*Hs) = 5.90 G, andi™(*H,) = 1.90 G4 This is in excellent
g?z Boc even differ in sign. The totafj, gy, and g, tensor agreement with the computed values listed above. The maximum
components, obtained by the SOS method, differ from the deviation between the calculated and experimental values is only
experimental ones by 745, 100, and 1104 ppm, respectively. 0.39 G and occurs faaiso(*H,) and aso(1Hg).
Although this is considered to be acceptable, they are clearly The matrix isolation experiments do not allow us to predict
inferior to those obtained by the CPKS-HDF method. A probable the radical’s equilibrium geometry, bond lengths, and angles.
explanation of the poorer performance of the SOS technique isHowever, the isotropic hyperfine coupling constants are ex-
an insufficient number of roots (states) that contribute to eq 7. tremely sensitive to the radical's geometry. The excellent
Increasing the number of roots from the present case of 12 mayagreement between theory and experiment obtained here is a
improve the situation. However, there is a limit to such a strong indication that the optimized geometry, at the UB1LYP/
remedy, since computations using a larger number of roots mayEPR-II level, is very close to the true geometry in the matrix.
become prohibitively expensive for multireference configuration  The calculated and experimentd total hyperfine tensor
interaction techniques, even if they are specially tailored to be components are given in Table 7. From this table, it is seen

(11)
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TABLE 6: Computed Orbital —Zeeman and Spin-Orbit Coupling Terms Using the SORCI Methodab
transition AE Ix ly I, (SOC) (SOC), (SOC)

1?B; — X?A; 23114.3 —0.3891 0.0000 0.0000 6.4870 0.0000 0.0000
12A, — X2A, 29635.1 0.0000 —0.0072 0.0000 0.0000 4.228 0.0000
22A; — X2A; 34 889.9 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1?B, — XA, 38 689.4 0.0000 0.0000 0.0855 0.0000 0.0000 0.1220
22A, — X2A; 41 895.9 0.0000 0.0619 0.0000 0.0000 —3.768 0.0000
2B, — X?A; 42 660.3 0.0000 0.0000 —0.0001 0.0000 0.0000 0.0820
2°B; — X?A; 42 697.0 —0.5667 0.0000 0.0000 —16.105 0.0000 0.0000
3PA; — X2A; 43 358.4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
3B, — X?A; 48 703.6 0.0000 0.0000 —0.1324 0.0000 0.0000 —0.0040
3?B; — X?A; 50 154.5 —0.1709 0.0000 0.0000 7.5850 0.0000 0.0000
42A; — X2A; 522254 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

2 Transition energiesAE, and spin-orbit coupling components, (SOG), are given in cm?. ® Orbital-Zeeman termdy,ly, andl,, are listed in
a.u.

TABLE 7: Calculated Total ™H Hyperfine Tensor

Componentgbe
A(*Hy) X y zZ  exp. X y z
X 2528 0.0 0.0 x 25 0.0 0.0
y 0.0 2415 00 vy 0.0 20 0.0
z 0.0 0.0 164 z 0.0 00 1.2
o 0.0 o 0.0
A(*Hz, Hg) X y zZ  exp. X y z
X 16.039 +£1.231 0.0 X 155 +0.84 0.0
y +1.231 21.900 0.0 vy +0.84 219 0.0
z 0.0 0.0 15.450z 0.0 0.0 149
a +11.39 a +7.5
A(*Hs,Hs) X y z exp. X y z Figure 5. Angles 0 and ¢ that define the external homogeneous
X 6.234 +1.187 0.0 X 6.31 +£0.25 0.0 magnetic fieldB, with respect to th€eHse molecular and thg tensor
y +1.187 6.704 00 vy +0.25 6.35 0.0 principal axes.
z 0.0 0.0 4.867 z 0.0 0.0 5.0 .
@ +40.2 +40.0 expected to be resolved and observed. In contrast, if they are

less than the line widths, then they may appear as shoulders or
inhomogeneously broadened resonances.

The A(*H,) and A(*Hg) values are listed in Table 7. The
original experimental values given by Kasai ef“alie along
the principal axes of thg tensor. The corresponding ones listed
in Table 7 are obtained from Kasai's values after rotating them,
via an RAR similarity transformation, by the specified angle,
o.. The rotation matrix takes the form

2Values in Gauss (G The signs of the hyperfine tensor compo-
nents were not experimentally determiné@he anglen is the deviation
of the in-plane principal axes from theandy molecular symmetry
axes.

that thepara hydrogen nuclear hyperfine tensor has no off-
diagonal tensor components. This is becaGgElse hasC,,
symmetry, and théH, proton lies along it<C, main symmetry
axis. This also causes th&'H,4) principal tensor axes to be
collinear with the molecular symmetry axes. Sinceghensor cos @) —sin(@) O
principal axes also coincide with the molecular symmetry axes, R=|sin(@) cos@) O
then the anglex in Table 7 for this proton is 0.0. In addition, 0 0 1
the 1A(1H4) dia%onal components are not equalAy(*Ha) = Table 7 shows that the computéd*H) and A(*Hg) values
Ay(*Hs) = Az{"H,) = 0. This is a direct consequence of the  4e anisotropic and contain off-diagonal elements incihetane.
abgenc?e of doubly degenerate |rrgdu0|ble representations InAxy(le) = Ax(*H) = 1.231 G, while the correspondiry,-
radical sd(iZZU molecular symmetry point group. _ (*He) = An(*He) = —1.231 G. One also notes that thelif)

The AL7(*Ha) have also been calculated and a§?(*Ha) and A(Hg) principal axes deviate from the molecular agd
= 0.333 GAJP(*H,) = 0.221 G and\jP(*Hs) = —0.554 G. As  tensor axes by 11°4and—11.#, respectively. The differences
eXpeCted, their sum is zero Since, by deﬁnition, the d|ﬁ0|e in Sign and ang|es between thQ &hd H of diagona] elements
dipole hyperfine tensor is traceless. One also notes that, becaUS@auseS their Corresponding resonance field posnm) and
of the negligible contribution oAS>(*Ha) then Au(*Hs) ~ B(Hs), to also be different, which leads to magnetic inequiva-
aso(Ha) Opq + Ag'q"(1H4). Table 7 also shows that there is lency. This was first recognized by Kasai, and provisions had
excellent agreement between the calculated and experimentato be made to properly simulate the experimeghse EPR
A(*Hz) tensor components. In the worst case, the difference spectral* The resonance field positions forldnd H; are®®
between the experimental and computed values is 0.415 G.

Although C¢Hse contains twoortho and twometahydrogen
atoms that are spatially equivalent, none can be totally or
magnetically equivalent because the radical®asymmetry?!
Pairs of spatially equivalent atoms, such as ahino or meta
hydrogens, have the same isotropic hyperfine coupling constants,
but their total hyperfine tensor components and directions of
their principal axes are not the same. This causes them to havevherej = 2,6. The angle$ and¢ are defined in Figure 5, and
different resonance field positioA%21.50.5456 |f these differences  the expression for the effectivgvalue appearing in eq 13 in
are larger than the EPR natural line widths, then extra lines areterms of its components%

(12)

BCH) =~ % (A(H) 020 + [AL(H) g,cosg +

AL(H) g, sing]’sir’ 0 + [A (*H) g, sing + A,
(*H,) g, cosgl’sin 642 (13)
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9= \/ grcos 6 + [grLos ¢ + £)§y'5in2 @]siife  (14) v=9.4360 GHz
=0

Thus, to estimate the resonance field positions, one needs to
calculateall the nuclear hyperfin@nd g tensor components.

To illustrate the effects of magnetic inequivalency and the =107
nonalignment of the nuclear hyperfine principal axes on the

matrix-isolatedCgHse EPR spectra, the Hand H; proton pair N/V
are taken as an example. Their EPR line shapes were simulated

as a function ofoc and displayed in Figure 6. The simulation 07207
parameters used were identical to the experimental ones
determined by Kasaf The anglex is defined as the angle made o
by the A principal axis of theortho H, proton and thegyx =30
principal axis. To unclutter and simplify the resulting spectra,
the hyperfine interactions arising from the;,HHs, and H
protons were suppressed. In accordance with eq 13, Figure 6
shows that, ast is increased from 0 to 50 shifts as large as
7.0 G in the resonance field positions occur, which in turn lead
to dramatic changes in the overall line shapes. It is also worth
noting from Table 7 that the experimental and computé€,)
andA (*Hg) tensor components are in very good agreement, and
the maximum differences between them are less than 1.0 G.

Similar effects are also found for the;ldnd H; proton pair.
In this case, the deviation of their in-plane principal axes from
those of theg tensor aret40°, respectively. These angles are Magnetic Field, B, in Gauss.
almost identical to those determined experimentally. Finally the Figure 6. The simulated EPR spectrum of matrix-isola@gHse as a
agreement between all the calculated and experiméitéls) function of a, defined as the angle made by thg principal axis of
and ACH) tensar componens i ust s goad as that o the 1t pon 2 Wi P, e, Lt Sy ol e

1 1 i 2 .
BLLYPIEPRII HOF method oan aceurately reproduce the SITUIZion parametersare mictowave requencs. 360 GHiz,

' ' 2.0014,gyy = 2.0023,9;;= 2.0034,Ax = 21.9,Ayy = 15.4,A;;= 14.9

magnitudes of th€sHse proton hyperfine tensor components G, and Gaussian line widthsAB,, = AB,, = AB,,= 0.5 G.
and the relative orientations of their principal axes.

The inequivalency of the (kHg) and (H,Hs) pairs is TABLE 8: Calculated Total 3C Hyperfine Tensor

a=40°

3340 3350 3360 3370 3380 3390

particularly significant since the hydrogen atoms only have Components

s-character. The anisotropy required to misalign their in-plane A®Cy)  x y z  ABC) x y z
nuclear hyperfine principal axes relative to those ofghensor X 186.582 0.0 0.0 X —1.253 0.0 0.0
is induced indirectly from the adjacent 202), 2p/(Cy), y 0.0 114.662 0.0 y 0.0 —1.874 0.0

2p4Ce), 2p,(Cs), 2pCs), 2p/(Cs), 2p{Cs), and 2(Cs) involved 2 83 0.0 121-1565§L 88 00  —5.200
in the formation of the four €H ¢ bonds. ' '

1 1.

Although the simulations were carried out using a special Q( ) 1350 3075 0.0 )f( *Ce) 2382 3095 00
program written in our laborator¥f,readily available programs, 3075 7.888 0.0 y 3075 7.888 00
such as the shareware version of SIMFONIA by Bruker BioSpin, z 0.0 0.0 0225 z 0.0 0.0 0.225
yield identical results. They may be used, in this and similar © —42.5 o 42.5
cases, to probe the effects of magnetic inequivalency. ARGy x z ABCs) x y z

The calculated3C total hyperfine tensor components are X 19.488 —0.281 0.0 X 19.488 0.281 0.0
listed in Table 8. Unfortunately however, they were not resolved 32' a 8'281 3%923 1060793 32’ 8'581 34(1,),923 1060793
in the EPR spectra and were not determined experimentally. ~353 ' o 353 ' '

An ENDOR spectrum of the matrix-isolaté&kHse may have

enough resolution to show tH&C powder hyperfine patterns. 1141, Therefore the HDF and SORCI calculations predict a
Until such time, no comparison with experiment can be sjmijlar electronic structure for th€gHse ground state.

undertaken. The CgHse electronic excitation spectrum, in the range of

. 0—50 000 cn?, was predicted by the SORCI method. The
IV. Summary and Conclusions method slightly overestimates the transition energies, but

Electronic structure calculations using HDF techniques Properly reproduces their trends.

indicate that the matrix-isolate@¢Hse radical has an %A The g tensor components, computed by the CPKS-HDF
ground state due to the b 2b?, 1a2% 11al electronic method, are found to be in excellent agreement with experiment.
configuration. The 1;2aSOMO has in-planer bonding with In addition, the calculations show that the Ar matrix has
no out-of-planer bonding. It is mainly an sphybrid on the G practically no effect on thg tensor components (less than 3

atom (9.1% s and 60.2%)p It also has a significant amount of ~ ppm). When the EPR-II basis set is used, the gauge invariance
ortho carbon and hydrogen character due to the bonding of the of the g tensor does not play a significant role. The variations

Ci sp, hybrid with both the G and G atoms. in the tensor components are less thah ppm whether the
The SORCI method was also used to predict the electronic 0rigin is chosen as the CEC, CNC, or CNM.
structure. The leading configuration of thé&¢ Cl ground state The proton hyperfine tensor components were calculated by

is also found to be predominantly (82.61%),%Z2b?2, 1a?2, the BILYP and PBEO functionals. The computed isotropic
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hyperfine components were in excellent agreement with those
obtained from the absolute experimental values by averaging

their diagonal components. As expected, dlievalues for the
spatially equivalent (klHe) and (Hs,Hs) pairs were found to
be equal. Due to the high dependence ofdfvalues on the

molecular geometry, the very good agreement between theory
and experiment suggests that the optimized geometry is very

close to the true geometry in the matrix.

TheA(*H,4) tensor is diagonal, and there is an excellent match
between its calculated and experimental components. The®
maximum difference between the experimental and computed 227

values is 0.415 G.

The ortho A(*Hy), A(*He) and metaA(*Hs), A(*Hs) tensors
are anisotropic and contain off-diagonal elements irxihaane.
The differences in sign between the,(Hs) and (Hs, Hs) off-
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diagonal elements causes their principal axes and correspondings4.

resonance field positions be different. Thus, althoagho H,

and H; are spatially equivalent, they are not magnetically

equivalent. A similar reasoning also applies to thetaHs, Hs
pair.
The computedortho and meta proton hyperfine tensor

components are very similar to the experimental values. The
maximum differences between them are less than 1.0 G. In
addition, the deviations of their in-plane principal axes from
those of theg tensor are almost identical to those determined
by experiment. Thus, one can safely conclude that the BILYP/
EPR-1I HDF method can accurately reproduce the magnitudes
of the CgHse proton hyperfine tensor components and the

relative orientations of their principal axes.
To the best of our knowledge, tli&Hse is the first aromatic
in-planeo-type radical whosg andA tensor anisotropies are

computed and used to completely predict the magnetic in-
equivalency and difference in the resonance field positions of

spatially equivalent but magnetically inequivalent atoms.
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