
JOURNAL OF CHEMICAL PHYSICS VOLUME 114, NUMBER 14 8 APRIL 2001
Optical properties of peroxy radicals in silica: Multiconfigurational
perturbation theory calculations
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The low-lying electronic transitions in a peroxy radical,wSi–O–O•, a fundamental radiation
induced point defect in silicon dioxide, have been investigated by means ofab initio
multiconfiguration perturbation theory calculations, CASPT2, and cluster models. The accuracy of
the computed transition energies and intensities as predicted by the CASPT2 approach has been
checked by studying the exited state properties of two molecular analogues, the HOO• and CH3OO•

radicals, and of a well-characterized paramagnetic defect in silica, the nonbridging oxygen center,
wSi–O•, for which unambiguous assignments exist. We found that the peroxy radical gives rise to
two optical absorption bands, a very weak one at 0.7 eV and an intense one at 5.49 eV, in agreement
with the experimental assignments of Radzig@V. A. Radzig, Chem. Phys. Reports14, 1206~1995!#.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1355986#
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I. INTRODUCTION

Point defects in SiO2 play a fundamental role in deter
mining the properties and characteristics of microelectro
and optoelectronic devices in technological applications1,2

Their identification and structural characterization is ba
on two major spectroscopic techniques, optical absorp
~OA! and photoluminescence~PL! spectra and, for paramag
netic defects, electron paramagnetic resonance~EPR!.
Thanks to the combined use of the these spectroscopie
has been possible to identify a series of spectral feature
pure and doped silica and to assign them to a given struc
defect.1,2 However, several of these assignments are still c
troversial and are not universally accepted. A significant
provement in recent years has been represented by the
sibility to compute from first principles the optical an
magnetic properties of a series of diamagnetic and param
netic defects.3–14 In particular, the possibility to compute ex
cited state properties, absorption and emission energies
the relative intensities has permitted us to shed some l
into the complex spectral behavior of several point defect
silica.15

One of the defects which has attracted considerable
perimental attention is the peroxy radical.16 Peroxy radicals
~POR:wSi–O–O•! are among the most fundamental rad
tion induced defects in amorphous silicon dioxide toget
with the E8 center (wSi•),17 the nonbridging oxygen hole
center~NBO: wSi–O•)18 and the self-trapped holes~STH:
wSi–O• – Siw).19 The POR radical exhibits a surprising b
havior since the concentration of this defect grows with
nealing temperature and radiation dose, while the concen
tions of NBO and E8 centers decrease. It has be

a!Corresponding author: c.sousa@qf.ub.es
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suggested16,18,20 that precursors of the POR centers are
peroxy linkages,wSi–O–O–Siw:

wSi–O–O–Siw→wSi–O–O•1 •Siw. ~1!

This model has been supported by pioneering quant
chemical calculations by Edwards and Fowler.21 On the sur-
face of reactive silica POR centers are formed, by reactio
the E8 centers with molecular oxygen,22,23

wSi•1O2→wSi–O–O•. ~2!

The reaction proceeds at 77 K with almost no activat
barrier. NBO and POR centers can coexist and their opt
properties have been the subject of an intense debate. N
has a well-characterized OA band of low intensity arou
600 nm~2 eV! with an oscillator strength of about 1024;24,25

the absorption at 2 eV gives rise to a PL band at 1.9 eV.26,27

A second band near 260 nm~4.8 eV! has also been assigne
to NBO.25–30 The POR radical, on the contrary, has be
proposed as the origin of various bands, from 2 eV up to
eV. It has been suggested that one band at 5.3–5.4 eV
oscillator strengthf 50.0660.02 is due to POR centers lo
cated on the surface of the material,23,31 POR has been con
sidered responsible for a band at 7.6 eV withf 50.65
(650%),16,18 and for a band around 4.8–5 eV nearly coi
cident with that of NBO.28,30,32Recently, in a carefully com-
bined EPR and optical absorption study of POR centers
gamma-irradiated fused silica, Griscom and Mizuguchi p
posed that POR radicals give rise to a transition at 1
60.01 eV andf 50.000 5760.000 15,33 therefore, this band
would completely superpose with that of an NBO cen
which, according to the same study, originates two band
2.19 and 2.08 eV with an oscillator strength practically ide
9 © 2001 American Institute of Physics
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tical to that of POR. While the number of proposed assi
ments for OA of a POR center is quite large, much less
known about the PL properties.

A few calculations have been dedicated to this cen
usually dealing with ground state properties. Using a tig
binding approach, O’Reilly and Robertson estimated an
sorption for this center at about 5–6 eV.34 Quantum-
chemical calculations based on unrestricted Mo” ller–Plesset
second-order perturbation theory~UMP2! have shown the
existence of a state at 0.5 eV above the ground state co
sponding to the electronic transition of the lone pair of t
terminal O atom to the singly occupied 2p orbital on the
same atom,35 higher transitions were not searched. In a
cent ab initio configuration interaction study,5 it was sug-
gested that the POR center gives a very weak absorptio
0.1–0.3 eV above the ground state, with a second s
around 6.4–6.6 eV,5 however, the rather small size of th
basis sets used and the limited inclusion of correlation effe
in these calculations5 could easily result in an overestima
of the excitation energy. Clearly, the number of theoreti
studies on the excited state properties of the POR radic
scarce and the results are insufficient to corroborate the
posed assignments.

In this work we report the results of state-of-the-artab
initio calculations on the ground and excited states of a P
center in silica. The defect center has been described by c
ter models. In order to validate the computational approa
we have also considered the HOO• and the CH3OO• radical
molecules, for which experimental and theoretical data
the excitation energies are available, and models of a N
center in silica, since this is a well-characterized param
netic defect with unambiguous assignments of the opt
transitions. The stability of the results versus basis sets,
tension of electron correlation effects, and method adop
for the optimization of the ground state geometry~UMP2 or
density functional theory! have been carefully checked. Th
results provide compelling evidence that the POR cen
gives rise to an absorption band around 5.5 eV and tha
other transitions exist below this threshold, except for a v
low intensity band at 0.7 eV.

II. COMPUTATIONAL DETAILS

The POR center has been modeled by an~OH!3SiOO•
cluster and for the NBO center we use an~OH!3SiO• cluster
model. These models have proven to be sufficient to st
the spectroscopy of point defects in silica because of the v
local nature of the transitions.5 The cluster size dependenc
of the results has been carefully checked by Stefanov
Raghavachari11 and Raghavachari and Pacchioni36 for some
specific point defects in silica. It has been shown that, w
respect to the clusters used here, the inclusion of the
shell of Si atoms affects the excitation energies by ab
0.2–0.3 eV, while the inclusion of another shell of O atom
has no effect on the transitions.11,36

For all four systems studied here, ground state geo
etries have been optimized with the B3LYP hybrid dens
functional or by UMP2 applying the augmented correlati
consistent polarized valence double-zeta~aug-cc-pVDZ! ba-
sis set37 for all atoms, i.e., a@5s,4p,2d# contraction for Si,
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@4s,3p,2d# for C and O, and@3s,2p# for H. No symmetry
restrictions have been imposed on the optimization pro
dure. Nevertheless, in all systems the optimized structu
transform following theCs point group symmetry. Figures 1
and 2 show the most relevant geometrical parameters
tained in the B3LYP optimization of the NBO and PO
structures. UMP2 closely reproduces these parameters, a
differences in the distances are smaller than 0.02 Å in
cases and angles do not differ by more than 2 deg.
influence on the transition energies will be discussed in
next section. It is worth mentioning that this behavior is n
universal and that there are cases, like, for instance, tha
SivO double bonds, where the MP2 and B3LYP optimiz
tions give quite different results with non-negligible effec
on the transition energies.36

The computational approach employed to construct
curate N-electron wave functions for ground and exci
states is the complete-active-space second-order perturb
theory ~CASPT2! developed by Anderson and co
workers.38,39 CASPT2 is a generalization of the well-know
MP2 method based on Hartree–Fock wave functions
complete-active-space SCF~CASSCF! wave functions. An
important part of the electron correlation effects is treated
a variational way in the CASSCF step, and the remaind
mainly dynamical electron correlation, is estimated
second-order perturbation theory with the CASSCF wa
function as a zeroth-order wave function. This strategy co
bines the accuracy of a multi-reference CI treatment and
low computational cost of a perturbational approach. O
the last few years the CASPT2 method has proven to b
fruitful approach to study, analyze, and predict the spectr

FIG. 1. B3LYP optimized structural parameters of the ground state of
~OH!3SiO• cluster to model the NBO defect in silica.

FIG. 2. B3LYP optimized structural parameters of the ground state of
~OH!3SiOO• cluster to model the POR defect in silica.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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copy of a wide range of organic and inorganic mo
cules.40–43The method has also been successfully applied
study excited states in solid state compounds.44–46

The construction of the CASSCF wave functions h
been performed in theCs point group symmetry. To avoid
convergence problems and to ensure orthogonal ground
excited states, the CASSCF wave functions have been o
mized for an average of states for each irreducible repre
tation of theCs point group symmetry,A8 and A9. Large
active spaces have been used that include all important
lence orbitals augmented with a set of virtual orbitals. In t
way, a large part of the electron correlation effects is trea
variationally. In the subsequent CASPT2 step, a seco
order estimate of the total energy is calculated for each e
tronic state separately by correlating all valence electro
i.e., Si-3s, 3p, C-2s, 2p, O-2s, 2p, and H-1s. The oscilla-
tor strengths are computed following the standard proced
of the CASSCF/CASPT2 methodology, namely, making u
of the transition dipole moments derived from the CASS
wave functions47 and the CASPT2 excitation energies. A
excitation energies are obtained as vertical transitions f
the equilibrium ground state geometry. Except as stated
erwise, CASSCF/CASPT2 calculations were performed
the B3LYP optimized geometry with the same basis set a
the optimization procedure, i.e., an aug-cc-pVDZ basis
for all atoms. Geometry optimizations have been done w
the GAUSSIAN 98 suite of programs.48 For the calculations of
the spectroscopic parameters we have used theMOLCAS4

package.49

III. PERFORMANCE OF THE COMPUTATIONAL
APPROACH: HOO " AND CH3OO" RADICALS

The reliability of the CASSCF/CASPT2 approach to c
culate accurate excitation energies for radical species
been checked by applying the methodology to two test ca
the HOO• and CH3OO• radicals because of their similarit
with the POR defect. The spectroscopy of the HOO• radical
is well resolved, both experimentally and theoretically.50–52

Basically, two OA peaks are found: a weak transition arou
1 eV and a more intense one in the 5.9–6.05 eV range.50–52

These transitions have been assigned to excitations from
a 2A9 ground state to thea 2A8 and b 2A9 excited states,
respectively. For CH3OO• the situation is somewhat les
clear. A broad intense OA band is observed in the 4.1–
eV range with a maximum at 5.4 eV~Refs. 53,54, and ref-
erences therein!. A weak peak in the near-infrared region h
also been reported at 0.9 eV.55 Only a few theoretical calcu
lations on the excited states of this molecule have been p
lished. Jafri and Phillips56 studied the potential energy curve
of various electronic states with selected CI wave functio
While they rather accurately reproduced the 0.9 eV peak,
a 2A9→b 2A9 transition at 5.4 eV is off by approximately
eV. A more recent study of Fahr and co-workers54 reported
an excitation energy around 0.8 eV for thea 2A8 state and a
second transition between 5.4 and 6.0 eV depending on
computational scheme~Hartree–Fock, MP2, or multicon
figurational SCF! followed to optimize the geometry.

In the following, we check the dependence of the cal
lated excitation energies on the size of the active space
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basis set, and the geometry. Table I reviews the CASP
excitation energies for the experimentally observed band
HOO• and CH3OO• computed with three active spaces
different size. The small active space contains only the
bitals involved in the transitions, that is, two orbitals a
three electrons for the states of2A8 symmetry and similarly
for those of2A9 symmetry. A complete valence active spa
becomes rather large, especially for the CH3OO• radical.
Hence, to construct the medium active space, we have
formed a restricted-active-space SCF~RASSCF! calculation
and included in the active space those orbitals for which
natural orbital occupation numbers show the largest de
tion from 2 or 0. This procedure leads to an active space o
orbitals and 9 electrons for HOO•, and 10 orbitals and 13
electrons for CH3OO•. Finally, we extend this active spac
with three extra virtual orbitals. This active space is referr
to as large CAS. As can be readily seen from Table I
excitation energies undergo a significant change going fr
the small to the medium active space, but the addition of
extra set of virtuals does not significantly affect the relat
energies, indicating that the correlation effects due to th
orbitals are already treated correctly by perturbation the
with the medium CAS wave function as reference. Compa
son with experiment is rather satisfactory; the CASSC
CASPT2 method reproduces the transition energies wi
;0.1 eV, an accuracy found before in many other appli
tions of the method.40 For both systems, the calculated osc
lator strength of thea 2A9→b 2A9 transition indicates tha
this transition carries the main part of the spectral weig
while the lowest transition is only very weak as observ
experimentally.

We have also studied the basis set dependence of
CASSCF/CASPT2 transition energies. Beside the alre
mentioned aug-cc-pVDZ basis~see Table I!, we have con-
sidered two different atomic natural orbital~ANO! contrac-
tions from a large primitive set of gaussian type function
The (14s,9p,4d,3f ) set for C and O has been contracted
@4s,3p,2d# and@5s,4p,3d,2 f #, and the (8s,4p,3d) set for H
has been contracted to@3s,2p# and @3s,2p,1d#.57 With the
medium active space defined above, we find that the exc
tion energies computed with both ANO basis sets are slig
lower than the values reported in Table I, but the larg
deviation is less than 0.08 eV. Hence, it can be safely c
cluded that the aug-cc-pVDZ basis set is large enough

TABLE I. CASPT2 excitation energies~in eV! of the HOO• and CH3OO•
radicals obtained with CASSCF reference wave functions constructed f
active spaces of different size. The small active space only includes
orbitals involved in the transitions. The medium CAS contains a set
valence occupied and virtual orbitals selected by RASSCF calculations.
large CAS extends the previous space with additional virtual orbitals~see
text!. Computed values are compared with experimental data.

CAS

HOO• CH3OO•

a 2A8 b 2A9 a 2A8 b 2A9

Small 1.34 6.00 1.45 5.34
Medium 1.08 6.16 1.11 5.59
Large 1.08 6.16 1.12 5.40
Exp. ~Refs. 50–54! ;1 5.9–6.05 - 5.4
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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study the spectroscopy of this type of radicals. Finally,
have checked the influence of the geometry by compa
the excitation energies calculated for the B3LYP and UM
optimized structures for the ground state of both radicals.
HOO• both geometries are very similar, while somewh
more pronounced differences are found for CH3OO•. In the
latter radical, the O–O bond length is 0.014 Å shorter in
UMP2 structure and the C–O distance is 0.011 Å long
However, these differences result in very modest change
the excitation energies; thea 2A9→b 2A9 transition be-
comes, at most, 0.1 eV higher with the UMP2 geome
whereas the change in the lowest transition energy does
exceed 0.03 eV.

IV. THE NBO CENTER

The ground state and the low-lying excited states of
NBO defect of silica have been studied using a~OH!3Si–O•
cluster ~see Fig. 1!. CASSCF/CASPT2 transition energie
(Te) and oscillator strengths~ f ! are reported in Table II and
are compared to the available experimental data. The de
dency ofTe on the size of the active space is very similar
that observed for the HOO• and CH3OO• radical molecules
reported in the previous section. In other words, the rela
energies do not change once a medium-sized active spa
used. Increasing the basis set or taking the UMP2 optimi
geometry has a negligible effect, and only slightly affects~by
less than 0.1 eV! the Te for the higher excitations. Table I
reviews the results for the largest active space conside
which contains the highest occupied valence orbitals
some virtual orbitals. The CASSCF wave functions are c
structed by distributing 13 electrons over 13 orbitals in
possible ways.

Although the peaks at 2.0 eV and around 4.8 eV ha
been unambiguously assigned to the NBO center, the c
acter of the transitions is still unclear. In the following, w
discuss the CASPT2 results listed in Table II, compare th
with experimental data, and propose an interpretation of
character of the 2.0 eV and 4.8 eV bands attributed to
NBO center. The lowest transition corresponds to a switch
the unpaired electron from the O-2py to O-2px nonbonding
orbitals centered on the nonbridging oxygen. In agreem
with previous theoretical studies,5 CASPT2 predicts the two
states to be almost degenerate,Te is 0.24 eV, and the very
low oscillator strength indicates that this transition is forb

TABLE II. CASPT2 excitation energiesTe ~in eV! and oscillator strengths
f of the ~OH!3SiO• radical to model the nonbridging oxygen defect in SiO2.
The active space contains 13 orbitals and 13 electrons. CASPT2 leave
core electrons~Si-1s, 2s, 2p, and O-1s! frozen. The last two columns lis
the experimentally observed transition energies and the oscillator stren

State

CASPT2 Experiment

Te f Te f

a 2A9 0.00 - 0.00 -
a 2A8 0.24 7.731026 - -
b 2A8 2.02 5.631024 2.0 ~Ref. 25! 431024 ~Ref. 25!
b 2A9 4.08 5.231022 - -
c 2A8 5.02 3.531022 4.8 ~Ref. 28! 231021 ~Ref. 28!
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den. The next transition occurs at 2.02 eV withf 55.6
31024 and confirms the 2.0 eV OA band withf 51024 to
be due to the NBO center. This band has been assigne
Skuja25 to a transition from the nonbonding orbitals of th
oxygens in the vicinity of the terminal oxygen to the O-2py

orbital localized on the latter atom. However, our calcu
tions indicate that the excited state populated in this OA
s-bonding character and is highly localized on the termi
oxygen. A Mulliken population analysis~MPA! of the singly
occupied orbital in theb 2A8 excited state shows a 77% con
tribution of the O-2pz atomic orbital and a 13% Si characte
while the remainder arise from the three OH groups. Furt
evidence for this new assignment has been obtained con
ering a smaller cluster model without oxygens in the vicini
i.e., from a H3SiO• cluster model. After optimizing the ge
ometry at the B3LYP/aug-cc-pVDZ level, we have calc
lated CASPT2 transition energies in a similar way as do
for the larger cluster. Again we find thea 2A9 and a 2A8
states to be almost degenerate. The transition to theb 2A8
state occurs at 2.1 eV and corresponds to a transition f
thes-bonding orbital with mainly O-2pz character, as in the
~OH!3Si–O• cluster. Hence, the oxygen atoms of the O
groups are not necessary to describe the transition obse
at 2 eV.

There is experimental evidence that the OA at 2
gives rise to a luminescence band at 1.9 eV. The calcula
of emission energies is a very difficult task due to conv
gence problems when one tries to optimize the geometry
the excited state, usually a high root of a given symmetry
an attempt to confirm such an assignment we have taken
following strategy. First, we assume that the only geome
cal parameter susceptible to change from thea 2A9 ground
state to theb 2A8 excited state is the Si–O distance. This
supported by the fact that the OA band at 2 eV is well
produced both with the~OH!3Si–O• and the H3Si–O• clus-
ter model. Using the same active space and cluster mod
in Table II, we compute CASPT2 total energies of theb 2A8
excited state at various geometries, varying only the Si
distance, while all other geometrical parameters are k
fixed. From this potential energy curve we extract the op
mum Si–O distance for theb 2A8 excited state, i.e., 1.704 Å
which turned out to be rather close to that corresponding
the ground state computed using the UMP2 method,
1.712 Å ~the CASPT2 equilibrium distance for the groun
state is 1.714, almost identical to the UMP2 value!. At this
new geometry, the luminescence band associated to
b 2A8 state is computed at 1.97 eV with a Stokes shift of 0
eV. Experimentally, the luminescence is found only 0.1
lower than the OA band. This gives additional theoretic
proof that the NBO center is the origin of these two featur

Concerning the 4.8 eV band, our CASPT2 results in
cate that this transition arises from aa 2A9→c 2A8 transition,
which comes out at 5.0 eV withf 5431022. The relatively
large oscillator strength is in agreement with the fact that t
peak is the most intense one in the OA spectrum relate
the NBO defect. The MPA of the open shell orbital of th
excited state shows that the transition arises from the tran
of an electron out of the 2p orbitals of the oxygens aroun
the defect to the nonbridging oxygen. This is in contrast

the

hs.
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the interpretation of Skuja,25 who assigned the two exper
mental bands just opposite to our interpretation.

From our calculations another transition with app
ciable intensity, comparable to that of the 4.8 eV transiti
is found at 4.08 eV; see Table II. This transition also ari
from an excitation of an electron out of the 2p orbitals of the
oxygens of the three OH groups around the defect to
nonbonding oxygen. In the measurements there is no trac
a band in this region which can be correlated to this exc
tion. In fact, a band at 3.8 eV originally assigned to a pero
bridge,58

wSi–O–O–Siw, is most likely due to interstitial
Cl2.

2 It is possible, however, that the transition computed
4.08 eV has a lower intensity than predicted by the calcu
tions and that its presence is covered by the tails of the b
at 4.8 eV.

V. THE POR CENTER

CASPT2 excitation energies and oscillator strengths
the transitions coming from thea 2A9 ground state to the
lowest excited states have been computed for the POR ce
and summarized in Table III. In analogy to the NBO cent
this defect site has been studied using the~OH!3Si–OO•
cluster model depicted in Fig. 2. The figure shows the m
relevant distances and angles obtained from a B3LYP o
mization of the ground state geometry. The spectrosco
parameters listed in Table III correspond to this geome
The reference CASSCF wave function has been constru
from an active space with 12 orbitals and 11 electrons. T
results are stable within 0.1 eV to changes in the size of
basis set, the size of the active space~once a reasonable siz
has been reached, see Sec. III!, and the level of theory use
for the optimization of the geometry.

From Table III several conclusions can be drawn. Fi
we note that only the excitation at 5.5 eV carries intens
all other transitions show a much lower intensity. Second,
excitation is found below the intense one at 5.5 eV besi
the lowest transition at 0.7 eV. The character of the 0.7
transition is reminiscent of that found for the HOO• and
CH3OO• radicals, i.e., it corresponds to an internal transit
on the terminal oxygen. This interpretation is in agreem
with a previous UMP2 calculation by Radziget al.35 Further-
more, the 5.5 eV transition is assigned to ana 2A9→b 2A9
excitation which basically arises from the transfer of an el
tron from the O directly connected to the Si atom (O1) to the
terminal oxygen (O2). The higher excited states also corr
spond to internal transitions involving these two oxyge

TABLE III. CASPT2 excitation energies~in eV! and oscillator strengthsf of
the ~OH!3SiOO• radical to model the peroxy oxygen radical defect in SiO2.
The active space contains 12 orbitals and 11 electrons. CASPT2 leave
core electrons~Si-1s, 2s, 2p, and O-1s! frozen.

State CASPT2 f

a 2A9 0.00 -
a 2A8 0.71 1.931025

b 2A9 5.49 1.431021

b 2A8 6.39 1.331025

c 2A8 6.83 9.131024

c 2A9 7.59 2.731024
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However, the fact that these excitations are predicted to c
very little intensity makes them less interesting and not e
ily observable experimentally. The CASPT2 results are
qualitative agreement with the previous theoretical calcu
tions by Pacchioni and Ierano`,5 who also found the first tran
sition at very low energy and the second one around 6.5
Although these values are affected by the small basis
and the limited treatment of the electron correlation, th
reinforce the conclusion that there are no OA bands betw
1 eV and 5.4 eV that can be associated with the POR cen

As stated in the Introduction, several bands has b
assigned to the POR defect, but there seems to be no ge
agreement about these assignments. The fact that
CASPT2 excitation energies and oscillator strengths clos
resemble the experimental data for three related molec
~two radicals, HOO• and CH3OO•, and the NBO defect!, for
which the OA spectrum is unambiguously assigned, allo
us to clarify the spectrum of the POR center. In Table IV w
compare the different assignments proposed in the litera
with our theoretical predictions. It is immediately clear th
the only absorption band supported by our calculations is
one around 5.4 eV,31 both the excitation energy and the o
cillator strength coincide within the accuracy of the CASP
method. None of the other transitions can be confirmed.
do not find any transition either around 2 eV or around 4
eV, giving evidence that these OA bands do not arise fr
the POR center and are probably due to the NBO ce
described before. In the higher energy region we do fi
some transitions, but these carry much less intensity than
7.6 eV band observed by Friebele and co-workers a
Stapelbroeket al.16,18 This band most likely originates from
the presence of an oxygen vacancy which is known to g
rise to a transition in this region.4

VI. CONCLUSIONS

The nature of the transitions in a peroxy radical def
center,wSi–O–O•, one of the most fundamental radiatio
induced defects in amorphous silicon dioxide, has be
the subject of intense debate over the last th
decades.16,18,23,28,30,32,33So far, theoretical calculations hav
not been able to completely solve the problem.5 In this paper
we have reported the results of high qualityab initio calcu-
lations with explicit inclusion of correlation effects. Th
CASSCF/CASPT2 method, especially designed with the a
of accurately reproducing excited state energies, has b
applied to the study of cluster models of the POR center. T

the

TABLE IV. Summary of proposed assignments of measured OA ba
tentatively attributed to POR centers and comparison with computed b
at the CASPT2 level.

Experimental assignment Theoretical assignment

Te f Te f

not observed 0.71 1.931025

1.97 ~Ref. 33! 5.731024 ~Ref.33! not supported
4.8 ~Ref. 29! - not supported
'5.4 ~Ref. 31! 631022 ~Ref. 31! 5.49 1.431021

7.6 ~Ref. 16! 6.531021 ~Ref. 16! not supported
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validity of this approach has been carefully tested by co
puting the excited state properties of two gas-phase mol
lar analogs of the POR, the HOO• and CH3OO• radicals, and
of another paramagnetic center in SiO2, i.e., the NBO center,
wSi–O•. The results of the test calculations provide a dir
validation of the approach used; the estimated error in
calculated transition energies does not exceed 0.2 eV.
main reason for the high accuracy in the calculated excita
energies despite the use of small clusters is the high de
of localization of the energy levels associated with the po
defect.

The POR center has a first transition with very low i
tensity at 0.71 eV, followed by a second intense transition
5.49 eV. No other transitions have been found below 6
This theoretical result is consistent with the observation o
band with a maximum around 5.4 eV observed by Radzig
the surface of mechanically activated silica,23,31 also, the os-
cillator strength of this band corresponds to that obtain
from the CASPT2 calculations. On the basis of these res
we can rule out that the POR defect gives rise to transiti
in the regions of 2, 4.8, or 7.6 eV as proposed in the lite
ture. Finally, it is interesting to note that the allowed tran
tion in the POR center at 5.4–5.5 eV is very close to t
predicted for the lowest singlet–singlet transition in a pero
bridge center, wSi–O–O–Siw, which, according to
coupled cluster calculations, occurs at 5.5 eV.11
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