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Equivalent exploitation of four-pulse one-dimensional ESEEM and HYSCORE spectroscopies
for the elucidation of BOHC defects in borate glasses supported

by quantum mechanical calculations

George Kordas*
Sol-Gel Laboratory of Glass and Ceramics, Institute of Materials Science, National Center for Scientific Research ‘‘Demokrito

15310 Aghia Paraskevi Attikis, Greece
~Received 6 September 2002; revised manuscript received 15 April 2003; published 14 July 2003!

B2O3-Li2O glass was exposed to60Co g irradiation and measured with four-pulse~4P! one-dimensional
~1D! electron spin echo envelop modulation~ESEEM! spectroscopy and hyperfine sublevel correlation
~HYSCORE! spectroscopy. 4P 1D ESEEM revealed the values ofxzz<0.7 MHz, h;0.4Taniso<0.8 MHz, and
Aiso;0.6 MHz for the second boron neighbor. Ina- and c-B2O3 , 4P 1D ESEEM uncovered the value of
xzz;2.6 MHz for the second boron neighbor. HYSCORE spectroscopy in the B2O3-Li2O glass revealed a
weak coupling withxzz<0.7 MHz, h;0.37,Taniso<0.9 MHz, andAiso<0.9 MHz due to the interaction of the
spin with the second boron neighbor loosely bonded with the defect. An orthoborate group in the proximity of
fourfold coordinated boron cluster reproduces the experimental parameters most satisfactorily.

DOI: 10.1103/PhysRevB.68.024202 PACS number~s!: 61.43.Fs, 61.80.Ed, 61.72.Hh
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I. INTRODUCTION

Electron paramagnetic resonance~EPR! spectroscopy has
been used for the characterization of the paramagnetic s
occurring in the alkali borate and borosilicate glasses.1-19

This research was motivated by both technological~fiber op-
tics, nuclear waste materials, etc.!15-17 and scientific~e.g.,
boron anomaly!18 incentives. As of today, two centers a
known to exist in the borate glasses, the one named as c
I and the other center II. Lately, they have been rename
BOHC1 ~center I! and BOHC2 ~center II! occurring at alkali
metal concentration the one below 25 mol % and the ot
above 25 mol %, respectively.1,16 Table I presents the spec
troscopic parameters of these defects.

In the last few years, advanced EPR techniques have b
employed for the characterization of the BOHC1.7-16 This
center was described by a hole trapped by nonbridging o
gen bonded to a threefold coordinated boron.7 This triangle
is part of the boroxol ring or attached to two boroxol rings
one boroxol ring.7-14 These three variants can be disti
guished by the name BOHC1a, BOHC1b , and BOHC1g , re-
spectively. This concept was confirmed by 1D ESEE
spectroscopy,15,16 recently.

On the other hand, there is no sustainable model for
structure of the BOHC2. At present, two models have bee
proposed for the BOHC2.16 In the first model, a hole is
trapped on the2BO2

22 d group.6,19 In the second model, a
0163-1829/2003/68~2!/024202~11!/$20.00 68 0242
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hole is trapped by nonbridging oxygen bonded to threef
coordinated boron connected over the bridging oxygens
two fourfold coordinated boron ions.16

This work make use of 4P 1D ESEEM~Refs. 20–23! and
HYSCORE ~Refs. 7–14, 24–26! spectroscopies in thea-
and c-B2O3 and 1 B2O3 1 Li2O glass in order to acquire
additional data useful for the development of a structu
model for the BOHC2. A number of structures were calcu
lated using theG98W program to estimate the resultantA, T,
and Q tensors27 and to select one suitable structure. T
visualization of the results was performed with theGAUSS

VIEW WINDOWS package. The B3LYP method and the EP
III basis set were used for these calculations.27,28 The EPR-
III basis set was optimized for boron.29

II. EXPERIMENTAL

Borate glasses were prepared by melting H3BO3 and
Li2CO3 in a platinum crucible at temperatures betwe
800– 1200 °C. The glasses were exposed to60Co irradiation
~1500 Curie source! for ten hours to induce paramagnet
states. The FT-EPR spectra were recorded by a 300 E Br
ESP 380 X-Band instrument equipped with a Bruk
ESP380-1078 IN echo integrator. The instrument dead t
was about 100 nsec. The temperature was set at,25 K using
TABLE I. Spectroscopic parameters of the BOHC1 and BOHC2 occurring in borate glasses~Ref. 1!.

Defect g1 g2 g3

A1

~G/MHz!
A2

~G/MHz!
A3

~G/MHz!
Aiso

~G/MHz!

Center I (,25 mol %! 2.0020 2.0103 2.0350 12.1 14.2 10.0 12.1
(BOHC1) 33.9 40.0 28.5 34.1

Center II (.25 mol %! 2.0049 2.0092 2.0250 11.2 12.9 8.0 10.7
(BOHC2) 31.4 36.3 22.7 30.1
©2003 The American Physical Society02-1
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an Oxford Instrument cryostat. The microwave frequen
was measured using a HP 5350B counter. The HYSCO
spectra were recorded using the sequence

p

2
~16 nsec!2t~104,168,240 nsec!2

p

2
~16 nsec!

2t1@561dt~516nsec!#2p ~32 nsec!

2t2@561dt~516 nsec!#2
p

2
~16 nsec!2echo.

The 4P 1D ESEEM spectra were recorded witht588 nsec
incremented bydt516 nsec for another time sweepdt.
Phase cycling was employed to remove the unwanted ec
in the Bruker Pulse Spel library.

III. RESULTS

A. 4P 1D ESEEM

Figure 1 shows the 4P 1D ESEEM spectrum of the B2O3
Li2O glass, B2O3 glass, and B2O3 crystal. The structures o
a- andc-B2O3 were investigated by FT-EPR and pulse E
DOR spectroscopies.7–14 The NQC parameter fora- and
c-B2O3 is equal to;2.7 MHz for the second neighbor.7 Bo-
ron occurs with two isotopes, namely, the11B(80.2 n.a.,v I
54.67 MHz, 2* v I59.34 MHz, H53.42 G) and the
10B(19.8 n.a., 1.565 MHz, 2* v I53.13 MHz, H53.42 G).
These two isotopes are expected to generate 4P 1D ES
peaks~Fig. 1! at na(11B, 10B), nb(11B, 10B), and na(11B,
10B)6nb(11B, 10B) frequencies.22,23 Additionally, the
7Li(92.5 n.a., v I55.66 MHz, 2* v I511.32 MHz) peaks

FIG. 1. 4P 1D ESEEM recorded in the B2O3 , B2O3 Li2O
glasses and B2O3 crystal compared with three theoretical curv
using the parameters of Table II. The simulation was accomplis
using a program developed in house, the concept of which has
described in a previous paper. Parameters for the simulation o
4P 1D ESEEM spectrumgx52.0049,gy52.0092,gz52.0250,B
53420 G,Aiso50.6 MHz, h50.37, and/v (g-Q)570°. Theory
1: xzz @MHz#50.74 and Taniso @MHz#50.0008. Theory 2:
xzz @MHz#50.074 andTaniso @MHz#50.08.
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should also be present in the B2O3Li2O glass. Indeed, this
7Li peak was observed at 11.48 MHz and was left out fro
Fig. 1. The spectra of the three samples were recorded
function oft. The intensity of thena(11B)1nb(11B) peak in
the B2O3Li2O glass varied witht, but a split of this peak was
never obtained as in case of thea- andc-B2O3 ~Fig. 1!.

The utilization of the 4P 1D ESEEM spectroscopy can
accomplished through the extraction of the parameters f
the spectrum describing the BOHC2 structure. The simula-
tion of the spectrum requires a computer program, not triv
on the basis of the general expression:22,23

E~t,t1 ,t2!5
1

8I 14 (
i j ,kl

$Cik, ln
a (t)e2 iv ik

a t2e2 iv ln
b t1

1Cik, ln
b ~t!e2 iv ik

a t1e2 iv ln
b t2%,

where

Cik, ln
a ~t!5(

jm
M il M l* M jnMkn* MkmM jm*

3$e2 i (v i j
a

1v lm
b )1e2 i (vk j

a
1vnm

b )%

and

Cik, ln
b ~t!5(

jm
M il M l* M jnMkn* MkmM jm*

3$e2 i (v i j
a

1v lm
b )1e2 i (vk j

a
1vnm

b )%.

In the above expression, Mi j is the EPR transition ampli-
tude from i sublevel within thea electron spin manifold to
the j sublevel within theb manifold. v i j 5v i1v j is the
frequency of nuclear transition between thei and j nuclear
sublevels within the same electron spin manifold.22,23 A
FORTRAN program was written for the calculation of the 4
1D ESEEM spectra based on the above formalism. The p
gram includes also the Euler angles (/a, /b, /c) and
(/u, /v, /w) betweeng and A tensors andg and Q
tensors, respectively. This simulation procedure was ex
sively described in Ref. 7. In this paper,7 it has been reported
that /v(g2Q)570°. In the 4P 1D ESEEM spectrum, th
selection of angle@/v(g2Q)570°# was also the prerequi
site to achieve a fitting of the experimental data. Seve
efforts were completed to find the correct parameters for
reproduction of the experimental spectrum. Figure 1 inclu
the three theoretical 4P 1D ESEEM spectra resulted from
input data included in the figure.

B. HYSCORE spectroscopy

Figure 2 shows the HYSCORE spectra of the glass
corded witht5168(A) and 240~B! nsec. A broad peak
@,1.7 MHz ~A! and ,1.3 MHz ~B!# was recorded in the
positive quadrant (1,1) around the Larmor frequency o
11B. In addition to the11B peak, cross peaks were obtaine
attributed to7Li and to 10B. These two nuclei will not be

d
en
he
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FIG. 2. HYSCORE spectra of the borate glasses withx550 recorded at low temperature andt5168 ~a! and 240~b! nsec together with
three simulated spectra~c! and ~d!. Input data for HYSCORE calculations:t5168 nsec,N points5128, v I54.7820 MHz, gx52.0049,
gy52.0092,gz52.0250,/v (g2Q)570°, andh50,37.
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discussed more for obvious reasons. Figures 2~c! and 2~d!
show the theoretical spectra of11B calculated using the fol-
lowing input data of included in the figures and procedu
described in previous papers.7-14

The HYSCORE spectrum obtained using the parame
xzz50.07 MHz, Aiso50.6 MHz, andT50.08 MHz exhibits
two well-resolved peaks due to single quantum transiti

~e.g., 1
2 ↔2 1

2 ). The variation ofAiso between 0 and 1.7
MHz ~keeping the other parameters constant! can generate
the broad cross peak atv I54.78 MHz of Figs. 2~a! and 2~b!.
This can be accomplished assuming a range of coupl
^Aiso& for the second boron neighbor of the paramagne
state due to a loose connection to the site trapping the s
02420
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The last theoretical calculation@Fig. 2~d!# was done using
xzz50.74 MHz,Aiso50.9 MHz, andT50.9 MHz. Here, the
input values correspond to the range of parameters expe
from the simulation of the 4P ESEEM spectroscopy. T
cross peak now broaden centered along thev I54.78 MHz
frequency ~perpendicular to the diagonal!. The theoretical
HYSCORE peak atvI obtains a width comparable t
the width of the experimental cross peak around
v I54.78 MHz frequency@Figs. 2~a! and 2~b!#. This peak

was generated by single quantum transitions~e.g.,2 1
2 ↔ 1

2 )
Again, a better fit can be obtained assuming distribution
Aiso andTaniso.
2-3
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This theoretical work signifies that 4P 1D ESEEM a
HYSCORE spectroscopies can be used as balancing t
niques to pull out the parameters of a paramagnetic s
with greater confidence. This combination is important
the evaluation of the structure of defects in the amorph
state because their structure is by nature complicated
structing advancement in the field of EPR spectroscopy.

C. Quantum mechanical calculations forA iso, xzz, and h

The interpretation of the spectroscopic data inferred fr
the CW-EPR, 4P 1D ESEEM, and HYSCORE measureme
require the use of quantum mechanical methods yielding
Aiso, xzz, andh parameters for various structures. In pre
ous studies,7-14 the B3LYP method was used for the calcul
tion of Aiso in a number of boron related structures. Th
method was tested ina- and c-B2O3 using results forAiso
determined by CW-EPR, 4P ESEEM, HYSCORE, and pul
ENDOR measurements. In the present study, we tested
the B3LYP method comprehensively for the calculation
the nuclear quadrupole coupling constants~NQC! xzz, in
MHz, and asymmetry parameter~h!. In order to reduce the
length of the paper, assess the trustworthiness of the me
and at the same time to make the article readable, the re
of the calculations were appended to this paper~Appendixes
A, B, C, and D!. Again, the B3LYP method utilized theG98W

program that provides the electric field gradient~EFG! qxx ,
qyy , and qzz in atomic units through calculation of th
ground state wave functionc0 :

qzz5^f0u
3z22r 2

r 5 uf0&.

FIG. 3. A combination of a BO3 and a BO4 unit acting as a trap
center.

TABLE II. Aiso , xzz, andh parameters for a H2O2BOBO3H3

unit trapping the unpaired electron.

11B h xzz @MHz# Aiso @MHz#

1 0.90 0.22 212.98
6 0.70 2.20 216.65
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Theqzz parameter trails az2/r 5 dependence causing its rap
fall with the distance. Therefore, the effect of long dista
ions onqzz would be small, as it will be shown in the fol
lowing. The EFG can be converted into thexzz using the
isotropic quadrupole momentQI ~in b @10228 m2#) and the
equation

xzz5
e2QIqzz

h
5234,963QI3qzz,

h5Uqxx2qyy

qzz
U

In recent years, several papers published results onxzz andh
in a number of molecules including boron compounds.30–34

The agreement between theoretical and experimental va
for xzz and h depends on the size of the molecular orbi
basis set and the level of refinement of calculation.30–39

The evaluation was accomplished through the EFG c
version intoxzz and h values and the comparison of the
parameters with experimental values of seve
compounds.32 TheQI value was taken to be 0.040 b from th
EPR-ENDOR frequency table of Bruker.40 In Appendix A,
the results of theoretical calculations have been compa

FIG. 4. A BO3 unit and two BO4 units generating a site trappin
the spin.

TABLE III. Aiso , xzz, andh parameters for an •OB1
OB6O3H3Li

OB5O3H3Li

unit trapping the unpaired electron.

11B h xzz @MHz# Aiso @MHz#

2 0.10 2.42 237.77
5 0.47 0.30 24.34
6 0.21 0.22 3.03
2-4
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EQUIVALENT EXPLOITATION OF FOUR-PULSE ONE- . . . PHYSICAL REVIEW B 68, 024202 ~2003!
with the experimental values of well-known molecules. A
pendixes B and C summarizes the EFG and NQC parame
of simple boron structures both theoretical and experime
derived ~NMR and NQR work!. In conclusion, the B3LYP
method together with the EPR III~for small units! and EPR
II ~for large units! reproduces the experimental results ve
well. Until now, the calculations were done in neutral uni
The question is how the irradiation alters the EFG and N
values due to the formation of unpaired states. Appendi
gives the EFG and NQC values of units obtained after ir
diation. The changes of the EFG and NQC values are in
nificant after irradiation of small units. This implies that e
perimental parameters deduced from NMR and NQR stu
can be directly used for the EPR investigations. Reversi
the results given in these appendixes are important for
NMR and NQR experimentalists to support their findings
is worth mentioning here that there are few theoretical st
ies dealing with the calculation of these parameters.

In the following, calculations serving the scope of t
paper are discussed. For example Fig. 3 shows a combin
of a boron triangle with a boron tetrahedron resembling
original model for the BOHC1. Table II gives theAiso, xzz,
andh parameters of the original model for the BOHC1.

Furthermore, a single threefold coordinated unit can
bonded to two fourfold coordinated units~Fig. 4!.16 Table III
summarizes theAiso, xzz, and h parameters derived from
the optimization process.

In a 1Li2O 1B2O3 glass, two orthoborate groups can be
close proximity. This configuration was named here
couple-orthoborate group. Two orthoborate units were
serted into theG98W program and the resulting structure w
optimized by the B3LYP method with the EPR-III basis s
Figures 5 and 6 show the resulting structure before and a
irradiation, respectively. Here, the alkali metal helps to fo
bridges between two nonbridging oxygen atoms. After ir
diation, a hole is trapped by nonbridging oxygen

LiO
LiOB2O2Li

Li2OB8
OLi
OLi ⇒

irradiation

LiO
h1OB2O2Li

Li2OB8
OLi
OLi1@Li11e2#.

The lithium ion can possibly receive the electron, thus
coming neutral. This way, it can move away from the si
This alteration of charge and total number of alkali me
ions of the structure of Fig. 5 causes the remaining ions

FIG. 5. Couple orthoborate group before irradiations.
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the unit to obtain a new equilibrium shown in Fig. 6.
completely different structure occurs in which three alk
metal ions move closer to the center of this compound. Ta
IV recapitulates the results of this configuration before a
after deduction of one alkali metal ion. One can survey sli
change of the spectroscopic parameters as a result of irra
tion. This change ofxZZ after irradiation (;5%) can be
attributed to the alteration of the effective boron environm
and of the change electronic structure as a result of the
diation.

The orthoborate group can be in the proximity of fourfo
coordinated boron loosely attached to this unit. The fourf
coordinated cluster can be part of the network. Figures 7
8 show this unit before and after irradiation, respective
Again, one can perceive from these figures a realignmen
the structure after the irradiation. Table V gives theAiso,
xzz, andh parameters before and after irradiation. A 36 a
33 % alteration of thexZZ parameter was observed after i
radiation of the trigonal and tetragonal boron, respective
This might be due to the folding of the B1O3 triangle to-
wards the B5O4 unit. The B12B5-equilibrium distance was
calculated to be;4 Å ~Fig. 8!. Assuming that the center o
gravity of the unpaired state is placed on the B1 site, one
would expectTaniso;0.4 MHz based on the point dipole ap
proximation (T5gmbgIm I /hr3).

In order to complete the discussion, a boroxol group w
optimized and the spectroscopic parameters were calcul
by the same procedure as above. Figure 9 shows the stru
of the BOHC1a defect resulted by this optimization. Table V
gives theAiso, xzz, andh parameters of this boroxol struc
ture with two boron triangles attached to the ring.

In addition, a boroxol group with three BO2H2 triangles
was also optimized~6–311 G! and thexzz parameters were
calculated~EPR-III!. The xZZ @MHz# parameters obtained
average values of 2.79 and 2.33 MHz inside and outside
boroxol ring, respectively. This result confirms recent NQ

FIG. 6. Couple orthoborate groups after irradiations.

TABLE IV. Aiso , xzz, and h parameters for two orthoborat
units in the proximity.

Before irradiation After irradiation
11B h xzz @MHz# h xzz @MHz# Aiso @MHz#

2 0.07 2.83 0.20 22.65 230.31
8 0.07 2.83 0.05 22.72 20.1
2-5
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GEORGE KORDAS PHYSICAL REVIEW B68, 024202 ~2003!
work on borate glasses by Bray.41 Bray observed two NQR
frequencies in vitreous B2O3 at 1358 and 1308 kHz due t
two dissimilar sites, namely boron inside and outside
boroxol ring~3.5% effect!, respectively.41–44The quadrupole
parameters of boron within the boroxol ring have not be
affected by the irradiation significantly as in the case of
structure composed of the couple-orthoborate group. Thexzz
and h parameters of the boroxol ring are the same as
isolated BO3(H3 ,Li3) unit and also the same as the valu
reported by the NMR and NQR work of Bray and collab
rators in vitreous B2O3 ~Table VII!.

IV. DISCUSSION

There is significant work concerning the evaluation of t
different structures in borate glasses occurring as a func
of R ~molar percentage of the alkali oxide to the molar p
centage of boron oxide!. In the region ofR;1, threefold
coordinated units coexists with fourfold coordinated bor
units according to the NMR literature.44–51 In addition, Ra-
man studies in glasses with high alkali content have sho
the coexistence of pyroborate and orthoborate units.52 These
units provide the potential precursors of the BOHC2 defect.

The proposed structure for the BOHC2 defect should con-
sists of units explaining the present and previous EPR
perimental work1–19 based on structures occurring in this r
gion of composition.41,44,47 The EPR spectroscopi
parameters concern~1! the g values of the BOHC2 ~Table
I!,1–19 ~2! the spin lattice relaxation of the BOHC2,16 ~3! the
quadrupole parameter of the BOHC2 ~Ref. 16, 4P 1D ES-
EEM and HYSCORE results!, ~4! the Aiso of the first~Table
I!,1–19 and second boron neighbor~4P 1D ESEEM and HY-
SCORE results!, and~5! theTanisoof the second neighbor~4P
1D ESEEM and HYSCORE results!.

FIG. 7. Orthoborate group close to fourfold coordinated bo
before irradiations.
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The theoretical study of this work has shown that theAiso
of the unpaired state interacting with the first boron neigh
results in couplings greater thanu29u MHz and less thanu21u
MHz when boron is threefold or fourfold coordinated, r
spectively. This result is in accordance with previous the
retical work.8–14,18 Since Aiso is equal to 30.1 MHz for
BOHC2 ~Table I!, the unpaired electron must be localized
nonbridging oxygen connected to threefold coordinated
ron. There are three candidates that can be sorted out
the assortment of the above calculation for the justification
CW-EPR result. The first contestant could be the pyrobor
group, the second applicant may well be the coup
orthoborate group and the third contender could be
orthoborate unit close to a fourfold coordinated unit.

HYSCORE spectroscopy furnished a weakAiso for
the second neighbor with values between 0 and 0.9 M
@Figs. 2 ~c! and 2~d!#. The theoretical calculations reveale
that NQC is less than;0.74 MHz. On the ground of thes
observations forAiso and NQC, the pyroborate group (Aiso
55.2 MHz andxzz52.67 MHz) can be excluded. Explicitly
it is expected to produce one set of HYSCORE peak beca
it exhibits Aiso55.2 MHz for the second neighbor. Th
HYSCORE spectra of thea- andc- B2O3 yielded two nar-
row and well-resolved cross peaks.7–14 Specifically, two
sharp cross peaks were resolved with separation of 6 an
MHz for a-B2O3.7 One narrow and well resolved cross pe
with separation of 6 MHz was obtained by HYSCORE f
thec-B2O3.7–14 These couplings were associated with NQ
equal to 2.7 MHz. This strong quadrupole interaction affe

n

FIG. 8. Orthoborate groups close to fourfold coordinated bo
after irradiations. The optimization was accomplished by using
B3LYP method and the 6-3111G basis set instead of the EPR-I
basis set due to long computation time.
TABLE V. Aiso , xzz, andh parameters for one orthoborate unit in the proximity of a BO4 unit.

Before irradiation After irradiation
11B h xzz @MHz# h xzz @MHz# Aiso @MHz# Txx @MHz# Tyy @MHz# Tzz @MHz#

1 0.03 2.78 0.70 21.80 230.354 28.27 22.71 10.98
5 0.15 0.28 0.18 0.35 20.005 20.197 20.196 0.393
2-6
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EQUIVALENT EXPLOITATION OF FOUR-PULSE ONE- . . . PHYSICAL REVIEW B 68, 024202 ~2003!
strongly the3
2 -states that are smeared additionally due to

random distribution of the sites in the glass. Therefore,
HYSCORE spectra originated by strong NQC in bora

glasses are due to12 ↔2 1
2 transitions forAiso,2 v I . Here,

the pyroborate group may well exhibit NQC of;2.67 MHz
and one weak coupling withAiso55.20 MHz. It is expected
that the HYSCORE spectra of the pyroborate group wo
consist of cross peaks around the Larmor frequency of11B.

The other possibility consists in the couple orthobor
group because the strong coupling was estimated to beAiso
5230.31 MHz ~Table IV!. This unit processesAiso
520.1 MHz andxzz52.72 MHz for the second neighbo
~Table IV!. The B22B8 distance is 4.3 Å according to th
calculation. This would result in aTaniso;0.35 MHz based
on the point dipole approximation assuming the B2 atom as
center of gravity of the unpaired state. AlthoughAiso and
Taniso are within the experimental expected values; thexzz
parameter is far outside the expected value. The experim
tal value of xzz; 0.74 MHz suggests fourfold coordinate
boron for the second neighbor~Table VIII!.

The HYSCORE spectrum of the 1Li2O 1B2O3 sample
can be generated by a structure that is flexible to ind
smearing of the cross peaks. This flexibility can be obtain
by the orthoborate group close to fourfold coordinated bo
~Fig. 8!. The resulted spectroscopic parameters from
simulation are within the experimental expected values.

The 4P 1D ESEEM spectra of thea- and c-B2O3 and
1Li2O 1B2O3 glass are dissimilar. Thea- and c-B2O3 ma-
terials exhibit a splitted double frequency peak~Fig. 1!.
When an element exhibits a quadrupole momentQ, one ex-
pects a splitting of the double frequency 4P 1D ESEEM p
with a separationd:22,23

d5
3

2

e2qQ

h
~3 cos2 u21!

which is affected by the size and orientation of the NQ
tensor with respect to the complex coordinate system.22,23

Taking d;0.45 MHz for c- and a-B2O3 and u570° ~Fig.
1!,22,23xzz becomes;2.62 MHz for the second neighbor fo
the BOHC1a,b,g ~compare Table VI!. This value is very

FIG. 9. A boroxol group with two BO2H2 units acting as a trap
of the spin.
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rough because the 4P 1D ESEEM spectra were not simul
to observe the accurate values forxzz. This is time consum-
ing and has been reserved for another publication. Never
less, the estimated value from the spectra of Fig. 1 is
excellent agreement with previous work7–14 expected by the
result of the theoretical calculation for BOHC1a of Fig. 9
~compare Table VI!. The 4P 1D ESEEM experiments dem
onstrate that they can become a powerful tool to probe
environment of defects in glasses and provide significant
formation about the amorphous state.

Since a splitting was not observed in the 4P 1D ESEE
spectrum of the 1Li2O 1B2O3 glass, thed splitting would be
less than 0.2 MHz implying that the value forxzz is less than
1.1 MHz. The simulation of the 4P 1D ESEEM spectru
gives forxzz the value of less than 0.74 MHz, which is in th
range of the expectation.

NMR and NQR spectroscopies give the following tw
ranges for NQC in crystalline borates41,44 ~Table VIII!.

These results guide to the conclusion that the sec
neighbor of boron would be fourfold coordinated. This sit
ation pinpoints the structures of Figs. 4 and 8 because t
can explain the NQC. The structure of Fig. 4 predictsAiso
;238 MHz, Aiso524.34 MHz, and Aiso53.03 MHz
~Table III! exceeding the value ofAiso530.1 MHz andAiso
;0.9 MHz @Table I and Fig. 2~d!# obtained by the simulation
of the CW-EPR spectrum and HYSCORE spectra, resp
tively.

The Aiso, xzz, andh parameters derived from the simu
lation of the 4P 1D ESEEM program are close to the str
ture consisting of one orthoborate group close to a fourf
coordinated boron~Table V and Fig. 8!. Allowing a variation
of xzz andAiso due to the flexibility provided by the structur
of Fig. 8, one could expect a far better fit of the 4P 1
ESEEM spectrum. Nevertheless, the agreement betw
theory and experiment is satisfactory for the needs of
discussion. The results of the HYSCORE and 4P 1D ESE
experiments can tentatively be explained by the structure
Fig. 8.

This structure can also explain the shift of theg1
52.0049 from thege52.0023. The BOHC1 possessesg1
52.002 close to the free electron~Table 1!. The models pro-

TABLE VI. Aiso , xzz, andh parameters for the boroxol struc
ture with two boron triangles generating the BOHC1a defect.

11B h xzz @MHz# Aiso @MHz#

1 0.16 2.71 6.87
4 0.18 2.66 5.52
5 0.21 2.63 232.36

TABLE VII. 11B quadrupole parameter ina-B2O3 ~Refs. 37,
44!.

NMR 300 K NQR 300 K NQR 77 K

Qcc 2690630 kHz 2682.660.5 kHz 2701.160.2 kHz
h 0.06630 0.07160.001 0.07660.001
2-7
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TABLE VIII. Ranges of values in the amorphous materials for threefold and fourfold coordinated b
~Refs. 41, 44!.

B coordination xzz @MHz# Comments h

Tetragonal 0–0.855 N4 0–1

Symmetric group either 3 bridging or
else 3 nonbridging oxygens with OH

treated as bridging oxygen, N3S

0–0.23

Trigonal 2.45–2.81 N3

Asymmetric group containing 1 N3A1

or 2 N3A2 nonbridging oxygens
0.47–0.75
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posed for the BOHC1a,b,g ~Refs. 7–14! ~Fig. 9! allow nearly
all spin density of the unpaired state to be localized at
nonbridging oxygen.7 In silicate glasses, the HC1 can be de-
scribed by an unpaired electron localized completely at
nonbridging oxygen.5 In this case,g1 is equal to 2.003.5

Here, the model of Fig. 8 indicates significant delocalizat
of the unpaired state to the other two nonbridging oxyg
ions. As in case of the BO3

22d defect in potassium borat
ceramics where ag152.009 was reported,6 the shift of
the g1 value fromge value was attributed to the delocaliz
tion of the spin density over the other oxygen ions. Due
the similarity of the species, the same mechanism should
present here accounting for the shiftg1 of BOHC2 away
from ge . As in case of the BOHC1a,b,g center, there might
also be BOHC2n variants. The present measurements can
provide such evidence. High frequency measurements w
be needed to eventually separate these component
present.

Shkrobet al.16 determined that the spin lattice relaxatio
of the BOHC1 and BOHC2 are very similar. Kordas53 mea-
sured the spin lattice relaxation timeT1 of variants of theE18
center in silica fiber tubes. In this material, three centers w
observed the one of which was attributed to theE18 center.
The other two exhibit an hyperfine splitting of 75 and 420
due to the interaction of theE18 center with a hydrogen
(H-E18 center! and the nucleus of29Si (29Si-E18 center!, re-
spectively.T1 was measured between 10 and 300 K. T
temperature variation ofT1 was the same for the three d
fects in the region between 40 and 300 K. The variation
T1 with temperature was explained by assuming thermal
brations of the lattice. The square well box model describ
them. The identity ofT1 with T was explained by the simi
larity of the structure of the three defects. Only defects w
similar structures can produce square well potentials
would establish energies and resonance frequencies gen
ing nearly identicalT1 .53–56Based on that finding, the 420 G
doublet was attributed to the interaction of theE18 center with
the nucleus of29Si.53 The E18 center was described by a
electron trapped by a silicon which faces the oxyg
vacancy.53 It is expected that the same mechanism wo
determine T1 in borate glasses. According to the bo
model,53–56 the short-range order determinesT1 . In the case
02420
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ld
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h
at
rat-

n
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of the 1Li2O 1B2O3 glass; the orthoborate group would a
fect most significantlyT1 as the boron triangle in the
BOHC1a,b,g defect. This measurement provides addition
evidence that the local structure of this defect would be
BO3 unit.

V. CONCLUSION

The 4P 1D ESEEM and HYSCORE spectroscopies
sulted in the determination of thexzz andAiso parameters of
the second neighbor. The theoretical work gave a numbe
different structures, though the one consisting of an ortho
rate unit close to a fourfold coordinated unit reproduces
experimental work more reasonable. This structure allo
delocalization of the unpaired state over the three nonbr
ing oxygen but not equally. This delocalization produces
shift of g1 from ge. All these experimental facts includin
the spin-lattice relaxation timeT1 and theg1 shift can be
explained by the structure composed of an unpaired elec
trapped by an orthoborate group attached to another four
coordinated unit. Here, two different pulsed EPR metho
were employed to extract the spectroscopic parameters o
unpaired state. This equivalent use of the methods g
more comfort to the experimentalist to extract the spec
scopic parameters of the FT-EPR spectra obtained
glasses that are complicated by their nature alone. Mos
all, the 4P ESEEM was employed in glasses the first time
literature.
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APPENDIX A

Calculated and experimental values ofxzz andh for BF2OH2, BF3 , BH2OH, and BH3-NH3.

Electric field gradient forBF2-OH1
11B Method qxx @a.u.# qyy @a.u.# qzz @a.u.# h xzz @MHz# Reference

SCF-TZVP 0.102 0.213 20.315 0.35 22.964 32
1 MW 2.672 32
1 B3LYP-6-311G 0.163 0.053 20.216 0.51 22.031 Present
1 B3LYP-6-3111G 0.166 0.049 20.215 0.54 22.024 Present
1 B3LYP-6-31111G 0.163 0.053 20.216 0.51 22.031 Present
1 B3LYP-EPR-III 0.195 0.082 20.277 0.41 22.599 Present

Electric field gradient forBF3
11B Method qxx @a.u.# qyy @a.u.# qzz @a.u.# h xzz @MHz# Reference

SCF-TZVP 0.1634 0.163 20.327 0 23.071 32
1 NQR 2.690 32
1 B3LYP-6-311G 0.117 0.117 20.234 0 22.202 Present
1 B3LYP-6-3111G 0.166 0.049 20.215 0.54 22.024 Present
1 B3LYP-6-31111G 0.116 0.116 20.232 0 22.185 Present
1 B3LYP-EPR-III 0.148 0.148 20.297 0 22.791 Present

Electric field gradient forBH2OH
11B Method qxx @a.u.# qyy @a.u.# qzz @a.u.# h xzz @MHz# Reference

SCF-TZVP 0.174 0.307 20.481 0.28 24.520 32
1 MW 3.900 32
1 B3LYP-6-311G 0.315 0.130 20.445 0.42 24.184 Present
1 B3LYP-6-3111G 0.325 0.127 20.452 0.44 24.246 Present
1 B3LYP-6-31111G 0.325 0.127 20.452 0.44 24.247 Present
1 B3LYP-EPR-III 0.327 0.166 20.493 0.33 24.633 Present

Electric field gradient forBH3-NH3
11B Method qxx @a.u.# qyy @a.u.# qzz @a.u.# h xzz @MHz# Reference

SCF-TZVP 0.150 0.150 20.300 0 22.815 32
1 B3LYP-6-311G 0.153 0.153 20.306 0 22.874 Present
1 B3LYP-6-3111G 0.154 0.153 20.307 0 22.885 Present
1 B3LYP-6-

31111G
0.154 0.153 20.307 0 22.885 Present

1 B3LYP-EPR-III 0.166 0.166 20.332 0 23.117 Present

Electric field gradient forHBF2
11B Method qxx @a.u.# qyy @a.u.# qzz @a.u.# h xzz @MHz# Reference

SCF-TZVP 0.096 0.314 20.410 0.53 23.847 32
1 NQR 3.148 32
1 B3LYP-6-311G 0.043 0.305 20.348 0.80 23.273 Present
1 B3LYP-6-3111G 0.041 0.311 20.352 0.77 23.308 Present
1 B3LYP-6-31111G 0.041 0.311 20.352 0.77 23.308 Present
1 B3LYP-EPR-III 0.084 0.315 20.399 0.58 23.746 Present

SCF were performed with GAMES and the CI by DIRECT. TZVP5triple-zeta valence1polarization according to the
Dunning recipes.
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APPENDIX B

EFG and NQC parameters for the BO3H3 and BO3Li3 structures.

11B in BO3H3 Method qxx @a.u.# qyy @a.u.# qzz @a.u.# h xzz @MHz#

1 AM1 0.119 0.119 20.238 0 22.239
1 B3LYP-6-311G 0.110 0.110 20.220 0 22.069
1 B3LYP-6-3111G 0.111 0.111 20.222 0 22.091
1 B3LYP-6-31111G 0.111 0.111 20.222 0 22.090
1 B3LYP-EPR-II 0.129 0.129 20.259 0 22.434
1 B3LYP-EPR-III 0.142 0.142 20.284 0 22.669
1 MRPW1PW91-6-311G 0.111 0.111 20.223 0 22.096

11B in BO3Li3 Method qxx @a.u.# qyy @a.u.# qzz @a.u.# h xzz @MHz#

1 AM1 0.159 0.159 20.318 0 22.985
1 B3LYP-6-311G 0.113 0.113 20.226 0 22.120
1 B3LYP-6-3111G 0.113 0.113 20.225 0 22.119
1 B3LYP-6-31111G 0.113 0.113 20.225 0 22.119
1 B3LYP-EPR-III 0.159 0.159 20.318 0 22.757
ou

o
e
ra

re

p-

ith
APPENDIX C

NQC and asymmetry parameters for the pyroborate gr
(H2O2B1OB5O2H2) optimized by the B3LYP-EPR-III
method and work from Tossel~Refs. 30, 31!.

11B h xzz @MHz# Literature

1 0.03 2.71 Present
5 0.47 2.55 Present

1 2.35 3-21G~Ref. 30!
5 2.33 3-21G~Ref. 30!
1 2.98 6-311G~2d! ~Ref. 30!
5 3.03 6-311G~2d! ~Ref. 30!

NQC and asymmetry parameters for the metaborate gr
using the B3LYP-EPR-III method in comparison with th
experimental NQC parameters reported for the metabo
group.48

11B h xzz @MHz# Literature

1 0.60 2.53 Present
5 0.52 2.67 Present
8 0.18 2.72 Present

Average 0.43 2.64 Present
Compound

Li2OB2O3 0.55 2.58 48
CaOB2O3 0.55 2.58 48
Na2OB2O3 0.75 2.45 48
SrOB2O3 0.51 2.57 48
Average 0.59 2.55 48
02420
p

up

te

APPENDIX D

Aiso, xzz, andh parameters for an orthoborate structu
trapping the unpaired electron.

11B h xzz @MHz# Aiso @MHz#

1 0.20 2.44 237.37

Aiso, xzz, andh parameters for a pyroborate structure tra
ping the unpaired electron.

11B h xzz @MHz# Aiso @MHz#

1 0.20 2.67 5.20
5 0.64 2.56 230.03

Average 0.42 2.62

Aiso, xzz, andh parameters for a metaborate structure w
three BO3 units trapping the unpaired electron.

11B H xzz @MHz# Aiso @MHz#

1 0.40 2.61 238.49
5 0.41 2.67 5.92
8 0.28 2.70 20.038

Average 0.36 2.66

Aiso, xzz, andh parameters for a BO4H4 unit trapping the
unpaired electron.

11B h xzz @MHz# Aiso @MHz#

1 1.00 0.13 221.49
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