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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
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B,0;-Li,O glass was exposed f3Co y irradiation and measured with four-pul$éP) one-dimensional
(1D) electron spin echo envelop modulatidBSEEM spectroscopy and hyperfine sublevel correlation
(HYSCORB spectroscopy. 4P 1D ESEEM revealed the valueg,g0.7 MHz, ~0.4T 0.8 MHz, and
Aiso~0.6 MHz for the second boron neighbor. & and c-B,O3, 4P 1D ESEEM uncovered the value of
Xz~ 2.6 MHz for the second boron neighbor. HYSCORE spectroscopy in §#@-Bi,O glass revealed a
weak coupling withy,,<0.7 MHz, ~0.37,T ;i< 0.9 MHz, andA;;,<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.
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I. INTRODUCTION hole is trapped by nonbridging oxygen bonded to threefold
coordinated boron connected over the bridging oxygens to
Electron paramagnetic resonan&PR spectroscopy has two fourfold coordinated boron ion.

been used for the characterization of the paramagnetic states This work make use of 4P 1D ESEE({Refs. 20—23and
occurring in the alkali borate and borosilicate glass€s. HYSCORE (Refs. 7-14, 24—26spectroscopies in tha-
This research was motivated by bO}D technologiiber op-  and ¢-B,0; and 1 BO; 1 Li,O glass in order to acquire
tics, nuclear waste materials, ¢te’ and scientific(e.g.,  additional data useful for the development of a structural
boron anomaly® incentives. As of today, two centers are moge| for the BOHG. A number of structures were calcu-
known to exist in the borate glasses, the one named as centgf.q4 using thesesw program to estimate the resultakg T,
| and the other center Il. Lately, they have been renamed ag, 5 tensoré” and to select one suitable structure. The

BOHC, (center ) and BOHG (center I} occurring at alkali visualization of the results was performed with theuss

metal concentration the one below 25 mol % and the other
above 25 mol %, respectively® Table | presents the spec- VIEW WINDOWS package. The B3LYP method and the EPR-

troscopic parameters of these defects, Il basis set were used for these calculatiéh€ The EPR-

In the last few years, advanced EPR techniques have beéu basis set was optimized for bordf.
employed for the characterization of the BOHE® This
center was described by a hole trapped by nonbridging oxy-
gen bonded to a threefold coordinated bofdrhis triangle Il. EXPERIMENTAL
is part of the boroxol ring or attached to two boroxol rings or
one boroxol ring"'* These three variants can be distin- Borate glasses were prepared by meltingBB; and
guished by the name BOHE BOHC, 4, and BOHG,, re-  Li,CO; in a platinum crucible at temperatures between
spectively. This concept was confirmed by 1D ESEEM800-1200°C. The glasses were exposef @b irradiation
spectroscopy> 1€ recently. (1500 Curie sourdefor ten hours to induce paramagnetic
On the other hand, there is no sustainable model for thetates. The FT-EPR spectra were recorded by a 300 E Bruker
structure of the BOHE. At present, two models have been ESP 380 X-Band instrument equipped with a Bruker
proposed for the BOHLC!® In the first model, a hole is ESP380-1078 IN echo integrator. The instrument dead time
trapped on the- BO%’ ® group®!°In the second model, a was about 100 nsec. The temperature was set24 K using

TABLE |. Spectroscopic parameters of the BOH&hd BOHG occurring in borate glasséRef. 1).

Aq Az As Aiso
Defect 01 g O3 (G/IMHz)  (G/MHz) (G/MHz) (G/MHz)
Center | (<25 mol % 2.0020 2.0103 2.0350 12.1 14.2 10.0 12.1
(BOHC,) 33.9 40.0 28.5 34.1
Center Il (>25mol %9 2.0049 2.0092 2.0250 11.2 12.9 8.0 10.7
(BOHCG,) 314 36.3 22.7 30.1
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6 Tr.=00e6, nbo 3674 v =70]7.0d, »_=0l6 should also be present in the,®;Li,O glass. Indeed, this
Thedry 3| e gBrses j\ ’Li peak was observed at 11.48 MHz and was left out from
5 Fig. 1. The spectra of the three samples were recorded as a
1%.=0.0736, n40.3674| v,=-70| 1, =0.08, 4,06 function of . The intensity of thes,(*'B) + v5(*'B) peak in
— 4] Theagry 2 T=88nsec the B,O5Li,O glass varied with, but a split of this peak was
% 1x_=0.786, n=03674, \| =70, 1_=0.00p8, A_1 never obtained as in case of theandc-B,03 (Fig. 1).
=N heory 1 T=8fnsec The utilization of the 4P 1D ESEEM spectroscopy can be
g 3 ] N accomplished through the extraction of the parameters from
.:‘“. 1 LEPN O Glass PXZO/O\usec the spectrum describing the BOKHGtructure. The simula-
] il tion of the spectrum requires a computer program, not trivial,

N

on the basis of the general expresstoR®
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FIG. 1. 4P 1D ESEEM recorded in the,8;, B,O; Li,O where
glasses and £, crystal compared with three theoretical curves
using the parameters of Table Il. The simulation was accomplished
using a program developed in house, the concept of which has been a _ ENTIVERYL *
described in a previous paper. Parameters for the simulation of the k(7 JEm MMM ;jnMicM cmM jin
4P 1D ESEEM spectrurg,=2.0049,g,=2.0092,9,=2.0250,B

=3420 G,Ais,=0.6 MHz, =0.37, andv (g-Q)=70°. Theory X{efi(wfgmﬁn)+efi<wzj+wﬁm>}
1. x,,[MHz]=0.74 and T, s[MHz]=0.0008. Theory 2:
X2z [MHZz]=0.074 andT .5, [ MHz]=0.08. and

an Oxford Instrument cryostat. The microwave frequency
was measured using a HP 5350B counter. The HYSCORE Cﬁ(’,n(r)zZ MMM MM (M
spectra were recorded using the sequence m

X{e—i(w§+wlﬁm)+ e—i(wgﬁwﬁm)}'

a a
7 (16 nseg— (104,168,240 nsee- 7 (16 nse¢ In the above expression,;Ms the EPR transition ampli-
tude fromi sublevel within thea electron spin manifold to
—t,[56+dt(=16nse¢]— 7 (32 nseg¢ the j sublevel within theg manifold. w;; = w;+ w; is the
frequency of nuclear transition between thandj nuclear
o L . . 3
~t,[56+dt(=16 nse¢] - = (16 nse¢—echo. sublevels within the same electron spin manifotd® A

FORTRAN program was written for the calculation of the 4P

The 4P 1D ESEEM spectra were recorded with88 nsec 1D ESEEM spectra based on the above formalism. The pro-

incremented bydr=16 nsec for another time sweet. gram includes also the Euler anglesd, 2b, £c) and

Phase cycling was employed to remove the unwanted echo%éu' Lv, LW) _betweeng gnd A tensors andy and Q
in the Bruker Pulse Spel library. ensors, respectively. This simulation procedure was exten-

sively described in Ref. 7. In this papkit, has been reported
that Zv(g—Q)=70°. In the 4P 1D ESEEM spectrum, the
lIl. RESULTS selection of anglé¢ Zv(g—Q)=70°] was also the prerequi-
A. 4P 1D ESEEM site to achieve a fitting of the experimental data. Several
) efforts were completed to find the correct parameters for the
Figure 1 shows the 4P 1D ESEEM spectrum of th®B  onrqquction of the experimental spectrum. Figure 1 includes

Li;O glass, BO; glass, and BO; crystal. The structures of he three theoretical 4P 1D ESEEM spectra resulted from the
a- andc-B,05 were investigated by FT-EPR and pulse EN- input data included in the figure.

DOR spectroscopies* The NQC parameter fom- and
c-B,0; is equal to~2.7 MHz for the second neighbbBo-
ron occurs with two isotopes, namely, th#(80.2 n.a.,w, B. HYSCORE spectroscopy

=4.67 MHz, 2 ®,=9.34MHz, H=3.42G) and the Figure 2 shows the HYSCORE spectra of the glass re-
108(19.8 n.a., 1.565 MHz, 2w,=3.13 MHz, H=3.42 G).  corded with 7=168(A) and 240(B) nsec. A broad peak
These two isotopes are expected to generate 4P 1D ESEEM<1.7 MHz (A) and <1.3 MHz (B)] was recorded in the
peaks(Fig. 1) at v,(*'B, 1°B), v,4(*'B, 9B), andv,(*'B,  positive quadrant €,+) around the Larmor frequency of
19B) = 1,(1B, 1°B)  frequencies®®® Additionally, the  B. In addition to the*'B peak, cross peaks were obtained
Li(92.5n.a., ®,=5.66 MHz, 2 ®,=11.32 MHz) peaks attributed to’Li and to '%B. These two nuclei will not be
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FIG. 2. HYSCORE spectra of the borate glasses witt60 recorded at low temperature and 168 (a) and 240(b) nsec together with
three simulated spectri@) and (d). Input data for HYSCORE calculations= 168 nsec,N points=128, w,=4.7820 MHz, g,=2.0049,
g,=2.0092,9,=2.0250,2v (g—Q)=70°, andyn=0,37.

discussed more for obvious reasons. Figures and 2d) The last theoretical calculatidifrig. 2(d)] was done using
show the theoretical spectra 8B calculated using the fol-  y,,=0.74 MHz, Ax,=0.9 MHz, andT=0.9 MHz. Here, the
lowing input data of included in the figures and procedureinput values correspond to the range of parameters expected
described in previous papefs? from the simulation of the 4P ESEEM spectroscopy. The
The HYSCORE spectrum obtained using the parametergross peak now broaden centered a|ong (ﬁl]e 4.78 MHz
Xzz=0.07 MHz, Ajs,=0.6 MHz, andT=0.08 MHz exhibits  frequency (perpendicular to the diagonalThe theoretical
two well-resolved peaks due to single quantum transitionsyyscorg peak atw; obtains a width comparable to
(e.9., 5 < — 3). The variation ofA;, between 0 and 1.7 the width of the experimental cross peak around the
MHz (keeping the other parameters constar#n generate , —4.78 MHz frequency[Figs. 4a) and 2b)]. This peak

the broad cross peak at=4.78 MHz of Figs. 2a) and Zb). . . 11
This can be accomplished assuming a range of Coup"ngvsvas_generated b_y single q“a”th tran&h@ng., 272
(Aiso) for the second boron neighbor of the paramagnetid®9ain, & better fit can be obtained assuming distribution of

state due to a loose connection to the site trapping the spifftiso @Nd Taniso-
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FIG. 3. A combination of a BQand a BQ unit acting as a trap
center.

This theoretical work signifies that 4P 1D ESEEM and
HYSCORE spectroscopies can be used as balancing tech- FiG. 4. ABO, unit and two BQ units generating a site trapping
niques to pull out the parameters of a paramagnetic stat@e spin.
with greater confidence. This combination is important for
the evaluation of the structure of defects in the amorphoug;
state because their structure is by nature complicated oq
structing advancement in the field of EPR spectroscopy.

heq,, parameter trails @%/r® dependence causing its rapid
all with the distance. Therefore, the effect of long distant
ions onq,, would be small, as it will be shown in the fol-
lowing. The EFG can be converted into the, using the

C. Quantum mechanical calculations forAy,, x,,, and » isotropic quadrupole mome@, (in b [1072 m?]) and the

The interpretation of the spectroscopic data inferred fronrfquation
the CW-EPR, 4P 1D ESEEM, and HYSCORE measurements
require the use of quantum mechanical methods yielding the
Aiso» X2z, @and n parameters for various structures. In previ-
ous studieg;'* the B3LYP method was used for the calcula-
tion of A, in @ number of boron related structures. This
method was tested ia- and c-B,05 using results forAg,
determined by CW-EPR, 4P ESEEM, HYSCORE, and pulse-
ENDOR measurements. In the present study, we tested out
the B3LYP method comprehensively for the calculation of
the nuclear quadrupole coupling constat®QC) xzz, in |n recent years, several papers published resulg,gand »
MHz, and asymmetry parametér). In order to reduce the in 3 number of molecules including boron compouffis?

length of the paper, assess the trustworthiness of the methaghe agreement between theoretical and experimental values
and at the same time to make the article readable, the resulis, Y., and » depends on the size of the molecular orbital

of the calculations were appended to this pajggpendixes  pasjs set and the level of refinement of calculafior?

A, B, C, and D. Again, the B3LYP method utilized thessw The evaluation was accomplished through the EFG con-
program that provides the electric field gradi¢BfG) d«.  version intoy,, and 7 values and the comparison of these

dyy, and q,, in atomic units through calculation of the parameters with  experimental values of several

:eleqZZ
h

Xzz =234,96< QX 0,

Oxx— qyy
Qzz

ground state wave functiogy: compounds? The Q, value was taken to be 0.040 b from the
EPR-ENDOR frequency table of Bruk&.In Appendix A,
372 r2 the results of theoretical calculations have been compared

qzz:<¢0| 5 |¢O>
OB®OgHLi
TABLE Ill. Ao, X2z, and 7 parameters for an «OB_ ° °
3''3
TABLE Il. Ay,, xzz,» and » parameters for a 0,BOBO;H; unit trapping the unpaired electron.

unit trapping the unpaired electron.

1B n Xzz [MHZ] Aiso [MHZ]
1B MHz A, [MHz
K Xz [MHZ] o [MHZ] 2 0.10 2.42 ~37.77
1 0.90 0.22 ~12.98 5 0.47 0.30 —434
6 0.70 2.20 —16.65 6 0.21 0.22 3.03
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FIG. 6. Couple orthoborate groups after irradiations.

FIG. 5. Couple orthoborate group before irradiations.
the unit to obtain a new equilibrium shown in Fig. 6. A

with the experimental values of well-known molecules. Ap-completely different structure occurs in which three alkali
pendixes B and C summarizes the EFG and NQC parametefgetal ions move closer to the center of this compound. Table
of simple boron structures both theoretical and experimentgly recapitulates the results of this configuration before and
derived (NMR and NQR worl. In conclusion, the B3LYP  after deduction of one alkali metal ion. One can survey slight
method together with the EPR I(for small unit$ and EPR  change of the spectroscopic parameters as a result of irradia-
Il (for large unitg reproduces the experimental results verytjon. This change ofy,, after irradiation (-5%) can be
well. Until now, the calculations were done in neutral units. attributed to the alteration of the effective boron environment
The question is how the irradiation alters the EFG and NQGand of the change electronic structure as a result of the irra-
values due to the formation of unpaired states. Appendix Qjjation.
gives the EFG and NQC values of units obtained after irra-  The orthoborate group can be in the proximity of fourfold
diation. The changes of the EFG and NQC values are insigcoordinated boron loosely attached to this unit. The fourfold
nificant after irradiation of small units. This ImpIIeS that ex- coordinated cluster can be part of the network. Figures 7 and
perimental parameters deduced from NMR and NQR studieg show this unit before and after irradiation, respectively.
can be directly used for the EPR investigations. ReverSinyAgain, one can perceive from these figures a rea"gnment of
the results given in these appendixes are important for thghe structure after the irradiation. Table V gives thg,,
NMR and NQR experimentalists to support their findings. Ity = and» parameters before and after irradiation. A 36 and
is worth mentioning here that there are few theoretical studs3 o4 alteration of they,, parameter was observed after ir-
ies dealing with the calculation of these parameters. radiation of the trigonal and tetragonal boron, respectively.

In the following, calculations serving the scope of the Thig might be due to the folding of thelBs triangle to-
paper are discussed. For example Fig. 3 shows a combinatiQyrgs the BO, unit. The B'— B®-equilibrium distance was
of a boron triangle with a boron tetrahedron resembling thg.gculated to be-4 A (Fig. 8). Assuming that the center of
original model for the BOHE. Table Il gives théAiso, X2z, gravity of the unpaired state is placed on the ste, one

and » parameters of_ the original model fo'r the BOHC would expectT s~ 0.4 MHz based on the point dipole ap-
Furthermore, a single threefold coordinated unit can bebroximation T=gusgim/hrd).

bonded to two fourfold coordinated unitig. 4).1° Table IlI In order to complete the discussion, a boroxol group was

summarizes thé\,, x,,, and 7 parameters derived from gntimized and the spectroscopic parameters were calculated

the optimization process. by the same procedure as above. Figure 9 shows the structure

Ina1Li,O 1B,0; glass, two orthoborate groups can be in of the BOHG , defect resulted by this optimization. Table VI

close proximity. This configuration was namgd here aSyives theAi,, X,,, andy parameters of this boroxol struc-
couple-orthoborate group. Two orthoborate units were iny;,re with two boron triangles attached to the ring.

serfcec_j into thesosw program and th_e resulting structure was |y addition, a boroxol group with three B8, triangles
optlmlzed by the B3LYP method_ with the EPR-III basis set.\, 55 a1s0 optimized6—311 G and they,, parameters were
Flgure§ 5 and 6 sh_ow the resulting structure before and aftetfalculated(EPR-lIl). The x,, [MHz] parameters obtained
|rrad|at|on, respectively. Her_e, t.he alkali metal helps to ff)rmaverage values of 2.79 and 2.33 MHz inside and outside the
bridges between two nonbridging oxygen atoms. After irra-qroxo| ring, respectively. This result confirms recent NQR
diation, a hole is trapped by nonbridging oxygen
TABLE IV. Ao, X2z, and n parameters for two orthoborate
irradiation units in the proximity.
HoB?OH0B?3ll = [\o’B?O- 0BG+ [Li*+e].

Before irradiation After irradiation

11 .
The lithium ion can possibly receive the electron, thus be- B 7 Xzz [MHZ] K Xzz[MHZ]  Aiso [MHZ]

coming neutral. This way, it can move away from the site. 2 0.07 2.83 0.20 —-2.65 —30.31
This alteration of charge and total number of alkali metal g 0.07 2.83 0.05 —2.72 ~01
ions of the structure of Fig. 5 causes the remaining ions in
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work on borate glasses by Br&yBray observed two NQR
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FIG. 8. Orthoborate groups close to fourfold coordinated boron

frequencies in vitreous f®; at 1358 and 1308 kHz due t0 after jrradiations. The optimization was accomplished by using the

two dissimilar sites, namely boron i?s‘L‘de and outside thesz|yp method and the 6-331G basis set instead of the EPR-III
boroxol ring(3.5% effec}, respectively’~**The quadrupole pasis set due to long computation time.

parameters of boron within the boroxol ring have not been

affected by the irradiation significantly as in the case of the The theoretical study of this work has shown that fhg
structure composed of the couple-orthoborate group.xthe of the unpaired state interacting with the first boron neighbor
and n parameters of the boroxol ring are the same as theesults in couplings greater thé0 MHz and less thai2]]
isolated BQ(Hs,Li3) unit and also the same as the valuesMHz when boron is threefold or fourfold coordinated, re-
reported by the NMR and NQR work of Bray and collabo- spectively. This result is in accordance with previous theo-

rators in vitreous BO; (Table VII).

IV. DISCUSSION

retical work®1*18 Since A, is equal to 30.1 MHz for
BOHC, (Table ), the unpaired electron must be localized at
nonbridging oxygen connected to threefold coordinated bo-
ron. There are three candidates that can be sorted out from

There is significant work concerning the evaluation of thethe assortment of the above calculation for the justification of
different structures in borate glasses occurring as a functio@ W-EPR result. The first contestant could be the pyroborate
of R (molar percentage of the alkali oxide to the molar per-group, the second applicant may well be the coupled

centage of boron oxide In the region ofR~1, threefold

orthoborate group and the third contender could be the

coordinated units coexists with fourfold coordinated boronorthoborate unit close to a fourfold coordinated unit.

units according to the NMR literatufé-°! In addition, Ra-

HYSCORE spectroscopy furnished a wedks, for

man studies in glasses with high alkali content have showithe second neighbor with values between 0 and 0.9 MHz

the coexistence of pyroborate and orthoborate Ghithese
units provide the potential precursors of the BOHfefect.

The proposed structure for the BOKl@efect should con-

[Figs. 2(c) and Zd)]. The theoretical calculations revealed
that NQC is less thanr-0.74 MHz. On the ground of these
observations forA,;, and NQC, the pyroborate grou@\(,

sists of units explaining the present and previous EPR ex=5.2 MHz andy,,=2.67 MHz) can be excluded. Explicitly,
perimental work'° based on structures occurring in this re- it is expected to produce one set of HYSCORE peak because

gion of compositiorf**44’ The EPR
parameters concerfl) the g values of the BOHg (Table

1,119 (2) the spin lattice relaxation of the BOHE® (3) the

qguadrupole parameter of the BOKCRef. 16, 4P 1D ES-
EEM and HYSCORE resulis(4) the Aj;, of the first(Table

1),1-2®and second boron neighb&tP 1D ESEEM and HY-
SCORE results and(5) the T ,,5,0f the second neighbg#P

1D ESEEM and HYSCORE results

spectroscopic it exhibits Ai;,=5.2 MHz for the second neighbor. The

HYSCORE spectra of tha- andc- B,O; yielded two nar-

row and well-resolved cross peaks? Specifically, two
sharp cross peaks were resolved with separation of 6 and 2
MHz for a-B,0;.” One narrow and well resolved cross peak
with separation of 6 MHz was obtained by HYSCORE for
thec-B,0;." 1* These couplings were associated with NQC
equal to 2.7 MHz. This strong quadrupole interaction affects

TABLE V. Ay, X2z, andn parameters for one orthoborate unit in the proximity of a,B@it.

Before irradiation

After irradiation

B 7 Xzz [MHZ] n Xzz[MHz] Ao [MHz]  T,, [MHZ] Tyy [MHz]  T,,[MHz]
1 0.03 2.78 0.70 —1.80 —30.354 —8.27 —2.71 10.98
5 0.15 0.28 0.18 0.35 —0.005 —0.197 —0.196 0.393
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TABLE VI. A, X2z, andn parameters for the boroxol struc-
ture with two boron triangles generating the BOF Glefect.

B n Xzz [MHZz] Aiso [MHZ]

1 0.16 2.71 6.87

4 0.18 2.66 5.52

5 0.21 2.63 —32.36
rough because the 4P 1D ESEEM spectra were not simulated
to observe the accurate values §gr,. This is time consum-
ing and has been reserved for another publication. Neverthe-

less, the estimated value from the spectra of Fig. 1 is in
FIG. 9. A boroxol group with two BGH, units acting as a trap excellent agreement with previous wérk* expected by the
of the spin. result of the theoretical calculation for BORC of Fig. 9
(compare Table Jl The 4P 1D ESEEM experiments dem-
strongly thes-states that are smeared additionally due to theonstrate that they can become a powerful tool to probe the
random distribution of the sites in the glass. Therefore, theenvironment of defects in glasses and provide significant in-
HYSCORE spectra originated by strong NQC in borateformation about the amorphous state.
glasses are due th— — % transitions forAi,<2 w, . Here, Since a splitting was not observed in the 4P 1D ESEEM

the pyroborate group may well exhibit NQC 6f2.67 MHz spectrum of the 1IQ_'O lB?Og glass, thes splittin_g would be
and one weak coupling with.,=5.20 MHz. It is expected less than 0.2 MHz implying that the value fgy, is less than

that the HYSCORE spectra of the pyroborate group wouldt:-1 MHz. The simulation of the 4P 1D ESEEM spectrum
consist of cross peaks around the Larmor frequencif ~ 91Ves fory,, the value _of less than 0.74 MHz, which is in the
The other possibility consists in the couple orthoborate@ng€ of the expectation.

group because the strong coupling was estimated ta,he NMR and NQR spectroscopies give the following two
~ 3031 MHz (Table V). This unit processesA.. 'anges for NQC in crystalline borafé4* (Table VIII).

_ _ : These results guide to the conclusion that the second
=—0.1 MHz and y,,=2.72 MHz for the second neighbor . . e
(Table IV). The gX_ZzBs distance is 4.3 A according ?0 the neighbor of boron would be fourfold coordinated. This situ-
calculation. This would result in &, 0.35 MHz based ation pinpoints the structures of Figs. 4 and 8 because they

on the point dipole approximation assuming thedom as iaE ggﬂ‘ﬂn chN9C_'4T22 Iatlzucture %f 'Zg'f'gpggd'\iﬁf_%
center of gravity of the unpaired state. Although, and Table Il Z, 59_ he val Zc,A ?‘30 1i?\(/)IT—| CandA z
Taniso are within the experimental expected values; the (Table IIl) exceeding the value ois,=30. Z andAiso

parameter is far outside the expected value. The experimens0:9 MHz[Table | and Fig. &)] obtained by the simulation

tal value of y,,. 0.74 MHz suggests fourfold coordinated ?f tlhe CW-EPR spectrum and HYSCORE spectra, respec-
boron for the second neighbg@Fable VIII). IVely. . .

The HYSCORE spectrum of the 140 1B,0; sample _TheAiSO, Xzz» andn parameters derived from the simu-
can be generated by a structure that is flexible to inducéat'on of t.h?. 4p 1fD ESEItErl]\/Ibprog:{ram are cllose :O th? strfu%
smearing of the cross peaks. This flexibility can be obtained!"® gpni'sd'gg 0 _Ic_mgl O{/ 0 dolr:q € gerth close o a t_our 0
by the orthoborate group close to fourfold coordinated bororfo0rdinate orofTable and F1g. 8 llowing a variation
(Fig. 8. The resulted spectroscopic parameters from thé)f XzzandA, due to the flexibility provided by the structure

simulation are within the experimental expected values.  ©f Fig- 8, one could expect a far better fit of the 4P 1D
The 4P 1D ESEEM spectra of the and c-B,O; and ESEEM spectrum. Nevertheless, the agreement between

; . theory and experiment is satisfactory for the needs of this
1Li,O 1B,0; glass are dissimilar. Tha- andc-B,0; ma- . ;
terials exhibit a splitted double frequency pediig. 1). dlscu§5|on. The results_of the HYSCORE and 4P 1D ESEEM
When an element exhibits a quadrupole mom@nbne ex- experiments can tentatively be explained by the structure of

litting of th le f 4P 1D ESEEM peak 19 & . .
\?v?t%tzaszggﬂ;%omgzgstUbe requency S pea This structure can also explain the shift of thg
’ =2.0049 from theg,=2.0023. The BOHE possesses;

=2.002 close to the free electr@fiable 1. The models pro-
3e%qQ

o=5——(3 cog 9—1)

TABLE VII. B quadrupole parameter ia-B,0; (Refs. 37,
44),

which is affected by the size and orientation of the NQC
tensor with respect to the complex coordinate systeff. NMR 300 K NQR 300 K NQR 77K
Taking 6~0.45 MHz for c- and a-B,0; and §=70° (Fig. Q.. 2690+30kHz  2682.6:0.5kHz  2701.30.2 kHz
1),22% v, becomes~2.62 MHz for the second neighbor for 7 0.06+ 30 0.0710.001 0.076-0.001
the BOHG, 4, (compare Table VI This value is very
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TABLE VIIl. Ranges of values in the amorphous materials for threefold and fourfold coordinated boron

(Refs. 41, 44
B coordination Xzz [IMHZ] Comments 7
Tetragonal 0-0.855 N 0-1
Symmetric group either 3 bridging or 0-0.23
else 3 nonbridging oxygens with OH
treated as bridging oxygen,;8
Trigonal 2.45-2.81 N

Asymmetric group containing 1 4, 0.47-0.75
or 2 N;A, nonbridging oxygens

posed for the BOHG, ; , (Refs. 7-14 (Fig. 9) allow nearly  of the 1L,L,O 1B,0; glass; the orthoborate group would af-
all spin density of the unpaired state to be localized at thdect most significantlyT; as the boron triangle in the
nonbridging oxygen.In silicate glasses, the H&an be de- BOHC,, 4,, defect. This measurement provides additional
scribed by an unpaired electron localized completely at thevidence that the local structure of this defect would be a
nonbridging oxygen. In this case,g; is equal to 2.003. BOj; unit.

Here, the model of Fig. 8 indicates significant delocalization

of the unpaired state to the other two nonbridging oxygen

ions. As in case of the B~ @ defect in potassium borate V. CONCLUSION

ceramics where aj;=2.009 was reportefi,the shift of The 4P 1D ESEEM and HYSCORE spectroscopies re-
the g, value fromge \{alue was attributed to the'delocaliza— sulted in the determination of the,, andA,, parameters of
tion c_>f t_he_spln density over the other oxygen lons. Due tohe second neighbor. The theoretical work gave a number of
the similarity of the species, the same mechanism should Bggterent structures, though the one consisting of an orthobo-
present here accounting for the shiff of BOHG, away  rate unit close to a fourfold coordinated unit reproduces the
from g.. As in case of the BOHG, 4 , center, there might  experimental work more reasonable. This structure allows
also be BOHG, variants. The present measurements canncjje|ocalization of the unpaired state over the three nonbridg-
provide such evidence. High frequency measurements WOU|ﬁ:1]g oxygen but not equally. This delocalization produces the
be needed to eventually separate these components, dhift of g, from g,. All these experimental facts including
present. 16 ) ) ) _ the spin-lattice relaxation tim&; and theg, shift can be
Shkrobet al=® determined that the' spin lattice relaxation explained by the structure composed of an unpaired electron
of the BOHG and BOHG are very similar. Kordas mea- trapped by an orthoborate group attached to another fourfold
sured the spin lattice relaxation tirfg of variants of theE;  coordinated unit. Here, two different pulsed EPR methods
center in silica fiber tubes. In this material, three centers Wergyere emp|oyed to extract the Spectroscopic parameters of the
observed the one of which was attributed to E¥gcenter.  unpaired state. This equivalent use of the methods gives
The other two exhibit an hyperfine splitting of 75 and 420 Gmore comfort to the experimentalist to extract the spectro-
due to the interaction of th&; center with a hydrogen scopic parameters of the FT-EPR spectra obtained in
(H-E; centej and the nucleus of°Si (*°Si-E; centej, re-  glasses that are complicated by their nature alone. Most of
spectively. T, was measured between 10 and 300 K. Theall, the 4P ESEEM was employed in glasses the first time in
temperature variation of; was the same for the three de- literature.
fects in the region between 40 and 300 K. The variation of
T, with temperature was explained by assuming thermal vi-
brations of the lattice. The square well box model described

them. The identity off ; with T was explained by the simi-  The author thanks Dr. G. Jeschke at the Max Planck In-
larity of the structure of the three defects. Only defects withstitute for Polymer ReseardiMainz, Germany for his ad-
similar structures can produce square well potentials thajice concerning the computation of the EFG tensor and the
would establish energies and resonance frequencies genergdferences relating to the published 4P 1D ESEEM work that
ing nearly identicall ; .>*~**Based on that finding, the 420 G is in short supply. In addition, | show appreciation to A.
doublet was attributed to the interaction of tBgcenter with  Kokinos for preparing the samples. | am also grateful to the
the nucleus of°Si.>® The E; center was described by an General Secretariat for Research and Technology in Greece
electron trapped by a silicon which faces the oxygenfor generous funding of the FT-EPR Bruker instrument and
vacancy?® It is expected that the same mechanism wouldof my research on glass science and technolgveral
determine T, in borate glasses. According to the box STRIDE and EIIET Il programsfor the last ten years in
model>*~*®the short-range order determiriés. In the case Greece.
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APPENDIX A

PHYSICAL REVIEW B 68, 024202 (2003

Calculated and experimental valuesygf, and » for BF,OH,, BF;, BH,OH, and BH-NH;.

Electric field gradient foBF,-OH;

B Method Uxx [@U]  dyy[au]l gy [au]l 7 X2z IMHz]  Reference
SCF-TZVP 0.102 0.213 —0.315 0.35 —2.964 32
1 MW 2.672 32
1 B3LYP-6-311G 0.163 0.053 —0.216 0.51 —-2.031 Present
1 B3LYP-6-311+G 0.166 0.049 —0.215 0.54 —-2.024 Present
1 B3LYP-6-311++G 0.163 0.053 —0.216 0.51 —-2.031 Present
1 B3LYP-EPR-III 0.195 0.082 —-0.277 0.41 —2.599 Present
Electric field gradient foBF;
B Method Uxx [2:U]  ayy[au]l g [au]l 7 X2z [MHz]  Reference
SCF-TZVP 0.1634 0.163 —-0.327 0 —-3.071 32
1 NQR 2.690 32
1 B3LYP-6-311G 0.117 0.117 —-0.234 0 —2.202 Present
1 B3LYP-6-31L4+G 0.166 0.049 —0.215 0.54 —-2.024 Present
1 B3LYP-6-311++G 0.116 0.116 —0.232 0 —2.185 Present
1 B3LYP-EPR-III 0.148 0.148 —0.297 0 —-2.791 Present
Electric field gradient foBH,OH
B Method Uxx [@:U]  ayy[au]l g [au]l 7 X2z [MHz]  Reference
SCF-TZVP 0.174 0.307 —0.481 0.28 —4.520 32
1 MW 3.900 32
1 B3LYP-6-311G 0.315 0.130 —0.445 0.42 —4.184 Present
1 B3LYP-6-31L4+G 0.325 0.127 —0.452 0.44 —4.246 Present
1 B3LYP-6-311++G 0.325 0.127 —0.452 0.44 —4.247 Present
1 B3LYP-EPR-III 0.327 0.166 —0.493 0.33 —4.633 Present
Electric field gradient foBH;-NH,4
B Method Uxx [aU]  ayy[au]l gy [au]l 7 X2z IMHz]  Reference
SCF-TZVP 0.150 0.150 —0.300 0 —2.815 32
1 B3LYP-6-311G 0.153 0.153 —0.306 0 —2.874 Present
1 B3LYP-6-311+G 0.154 0.153 —0.307 0 —2.885 Present
1 B3LYP-6- 0.154 0.153 —0.307 0 —2.885 Present
311+ +G
1 B3LYP-EPR-III 0.166 0.166 —0.332 0 —-3.117 Present
Electric field gradient foHBF,
B Method Uxx [2:U]  ayy[au]l  a[au]l # X2z [MHz]  Reference
SCF-TZVP 0.096 0.314 —-0.410 0.53 —3.847 32
1 NQR 3.148 32
1 B3LYP-6-311G 0.043 0.305 —0.348 0.80 —-3.273 Present
1 B3LYP-6-311+G 0.041 0.311 —0.352 0.77 —3.308 Present
1 B3LYP-6-311++G 0.041 0.311 —0.352 0.77 —3.308 Present
1 B3LYP-EPR-III 0.084 0.315 —0.399 0.58 —3.746 Present

SCF were performed with GAMES and the Cl by DIRECT. TZ¥®iple-zeta valence polarization according to the

Dunning recipes.
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APPENDIX B
EFG and NQC parameters for the B@; and BGLi5 structures.

PHYSICAL REVIEW B8, 024202 (2003

1lB in BOSHS Method Oxx [a.u] ny [a-uJ 4z [a.u] Y Xzz [MHZ]

1 AM1 0.119 0.119 -0238 0 -2239

1 B3LYP-6-311G 0.110 0.110 —0220 0 —2.069

1 B3LYP-6-311+G 0.111 0.111 -0222 0 -2.091

1 B3LYP-6-31L+ +G 0.111 0.111 —0222 0 —2.090

1 B3LYP-EPR-II 0.129 0120  —0.259 0 —2.434

1 B3LYP-EPR-II 0.142 0.142  —0.284 0 —2.669

1 MRPW1PW91-6-311G  0.111 0111 -0.223 0 —2.096
“Bin BOsLi;  Method du [au] gy lau] q;lau]l 7 x;;[MHZ]

1 AM1 0.159 0159  —0.318 0 —2.985

1 B3LYP-6-311G 0.113 0113 —0226 0 —2.120

1 B3LYP-6-311+ G 0.113 0.113 —0225 0 -2.119

1 B3LYP-6-31L+ +G 0.113 0.113 —0225 0 -2.119

1 B3LYP-EPR-III 0.159 0.159 —-0.318 0 -—2757

APPENDIX C APPENDIX D

NQC and asymmetry parameters for the pyroborate group Ay, x,,, and» parameters for an orthoborate structure

(H,0,B'OB°0,H,) optimized by the B3LYP-EPR-III
method and work from Toss€Refs. 30, 31

trapping the unpaired electron.

UB n Xzz [MHZz] Ajso [MHz]
1B 7 Xzz[MHZ] Literature 1 0.20 2.44 ~37.37
; 823 ggé IIZresent Aisos X2z, @ndn parameters for a pyroborate structure trap-
. - resent ping the unpaired electron.
1 2.35 3-21G(Ref. 30
5 2.33 3-21G(Ref. 30 1B ” X2z [MHZ] Aiso [MHz]
1 2.98 6-311@®2d) (Ref. 30 1 0.20 567 520
5 3.03 6-311@®2d) (Ref. 30 5 0-64 2-56 —éO 03
NQC and asymmetry parameters for the metaborate grouRverage 0.42 262

using the B3LYP-EPR-III method in comparison with the

experimental NQC parameters reported for the metaboratgiso, Y,,, and 5 parameters for a metaborate structure with

group®® three BQ units trapping the unpaired electron.
B 7 Xz2 [MHZ] Literature "B H X2z [MHZ] Aiso [MHz]
1 0.60 2.53 Present 1 0.40 2.61 —38.49
5 0.52 2.67 Present 5 0.41 2.67 5.92
8 0.18 2.72 Present 8 0.28 2.70 —0.038
Average 0.43 2.64 Present Average 0.36 2.66
Compound . -
. Aiso: X2z, @nd 5 parameters for a BgH, unit trapping the
Li,0B,0; 0.55 2.58 48 unpaired electron.
CaOB,0; 0.55 2.58 48
Na,OB,0; 0.75 2.45 48 1
B .
SrOB,0; 0.51 2.57 48 U Xzz [MHZ] Aiso [MHZ]
Average 0.59 2.55 48 1 1.00 0.13 —-21.49
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