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B,O5 in glass and crystalline states have been subjectegitradiation at room temperature and subse-
quently studied by continuous-wave electron paramagnetic resonance and electron-spin-echo envelope modu-
lation (ESEEM spectroscopy at liquid-helium temperature. The ESEEM study,0fBevealed the existence
of weak magnetic couplings between the irradiation-induced paramagnetic centers and'fgatt® nuclei.

The assignment of the observed couplings was achieved by the use of the two-dimensional hyperfine sublevel
correlation spectroscopy. A detailed theoretical analysis of the ESEEM spectra&mé,al :g system in

both time and frequency domain is also presented. Computer simulation of the spectra, Hartree-Fock self-
consistent field, and modified neglect of differential overlap calculations revealed that the unpaired electron in
the B,O; glass is associated with a dangling bond of oxygen attached to a boron of a boroxol ring. The
paramagnetic centers of the®; crystal are associated with oxygen dangling bonds in boron trigonal units.
Pertinent structural models for the glasgB are examined at a microscopic levgb0163-18208)01341-1

INTRODUCTION anisotropic hyperfine coupling. The main features of the c.w.
EPR spectrum consisting of “five lines plus shoulder” has
In B,Oj3 glass, boron and oxygen form a variety of struc-been assigned to the hyperfine couplirgB5 MHz) between
tural units, depending upon the alkali metal concentrationthe electron spin and a singtéB(l =3/2) nucleus3-*This
Krogh-Moé€' provided considerable evidence for the exis-boron hyperfine coupling is considered to originate from a
tence of various structural assemblages in borate glasses. Thgin-polarization mechanisfi-'®> However a quantitative
boroxol group is the characteristic structural unit of pureanalysis of this phenomenon is still lacking. In crystalline
boron-oxide glas$.In the presence of alkali oxides other B,Osthe observed EPR spectrum has the same basic features
units can be formed such as pentaborate, triborate and dibas in glas® including the low-field shoulder. In the glass,
rate groups.Nuclear magnetic resonan@dMR) data show the observed low-field broad shoulder in the EPR spectrum
that within the BO; glass the boron atoms can be eitherhad been attributed to a distribution of the correspondjng
fourfold- and threefold-coordinated with bridging oxygens, values most likely due to local disorder effettsSuch an
or threefold coordinated with either one or two nonbridgingexplanation is not adequate for the crystalline material since
oxygens® In 1B-enriched* and ’O-enriched B,O; in this material there is no disorder.
glasses, NMR data show the existence of ring and nonring In summarizing, the c.w. EPR data allow the resolution of
sites. Neutron-scattering data in vitreougOB indicated the a single, strongly coupled boron nucleus. Weaker hyperfine
existence of boroxol ringsand that 60% of the boron atoms couplings and/or possible quadrupole couplings cannot be
are included in boroxol rings.The existence of planar resolved since their effects are hidden underneath the inho-
boroxol rings in BO; glass was also evidenced by Ramanmogeneous broadening. In,®; weak hyperfine couplings
spectroscopy in borate glassesThus it seems that there is are expected for distal boron nuclei, i.e., those located at
ample evidence that in B, glass the boron atoms are in three or more bonds away from the paramagnetic oxygen.
trigonal sites most of then{60%) belonging to boroxol The couplings for these nuclei are expected to be sensitive to
groups and the rest to connecting@® units. In contrast to the structural details and this renders them sensitive probes
the glass BO;, in crystalline BO; no boroxol rings are of the structural and electronic properties ofB glass. The
present. NMR(Ref. 10 and x-ray* data show that in the electron-spin-echo  envelope = modulation (ESEEM
crystalline state the boron atoms have planar trigonal coorspectroscopy®!’ which is a pulsed EPR technique, is emi-
dination. nently suited for measuring low-nuclear spin-resonance
Irradiation-induced paramagnetic centers in glass can bequencie®~1® offering a powerful tool for the detailed
studied by EPR and thus serve as sensitive probes of theudy of the microenvironment of the paramagnetic centers
local structuré? So far, the main body of data in irradiated in solids. If a nuclear spin is coupled via hyperfine interac-
borate glasses comes exclusively from continuous-wave EP&on with the electron spin then, a formally forbidden
studies, reviewed in Ref. 12. The continuous-wave EPRhuclear-spin-flip transitionAMg=*=1, Am,#0) is partially
spectrum of y-irradiated BO; glass is inhomogeneously allowed due to state mixint.In general, this state mixing is
broadened mainly by distribution of thg values and the strongly angular dependent. ESEEM arises from interference
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effects between allowed and forbidden transitions, both ofind the x-ray powder pattern, characterized with a Philips
which are excited by intense microwave pulses and it is obX'Pert MRD, was identical with JCPDS 44-1085.
served as a periodic variation of the echo intensity. In single- Molecular orbital calculations:At first, a MNDO PC-
crystal samples the modulation contains the nuclearversion ofaMPAC was used to obtain an optimized structure
transition energies. In randomly oriented samples, thef boroxol rings. Second, theamp4.4 program was used to
ESEEM spectrum is a superposition of spectra from manyeproduce thexmPAc calculation using a CONVEX super-
different orientations each with different nuclear frequencycomputer_ The Optimization Of the structure was repeated
and different modulation depth. In general, due to the strongsing thecaussian 94 program. The calculations were done
angular dependence of the state mixing, and thus the modising 6-311 G basis set at B3LYP levels of theory to allow
lation depth, a spectrum from which the principal values ofthe determination of spin-polarization contributicisThe
the hyperfine coupling tensisf can be easily assigned, is not gayssian 94computes hyperfine splitting constants as a part
obtained. Computer simulations are required for the propepf the population analysis expressed in atomic units given in
ana|ySiS Of the SpeCtra. Nevertheless, |t iS We" documenteq—]e section “Fermi contact ana'ysis_” The conversion from
that f0r nUCIei W|th|:1/2 orl=1 an iSOtrOpiC hyperfine a.u. to MHz occurs using the expressibﬁ: 8/3geg|KBF
coupling Ajs, which “matches” the nuclear Larmor fre- whereg, is the free-electron factor equal to 2.0023js a
quency v, i.e., whenAi,=2v,, leads to well-resolved conversion factor equal to 47.705336 MHE; is the com-
ESEEM spectra from which the hyperfine and the quadruputed hfs parameter in a.u. from the Gaussian 94 analysis,
pole coupling tensors can be evaluated in a straighhndg, is the nuclear gyromagnetic ratio for the atom type in
mannert’ In cases of complex overlapping ESEEM spectragyestion. They, values used foH* andB*! are 5.585 691 2
the four-pulse two-dimensional hyperfine sublevel correlagng 1.792 424, respectively.
tion spectroscopy (2D-HYSCORE has been shown tobe a  spectroscopic measurement€ontinuous-wave (c.w.)
promising ~method for  elucidating the hyperfine Epr spectra were recorded at liquid-helium temperatures
couplings? o . _ with a Bruker ESP 380 X-band spectrometer operating in the
_In the case of an electron spin interacting with a nucleag . mode, equipped with an Oxford Instruments cryostat.
spin1=3/2, the ESEEM spectra are complicaféd’he ex-  The microwave frequency was measured with a microwave
isting experimental ESEEM work fdr=3/2 is rather scarce  frequency-counter HP 5350B.
and refers to nuclei with either very weal.{ nuclei),>>?®or Pulsed EPR was performed with the Bruker ESP 380
very strong quadrupole coupling’*Cl nucle).*” Up to  spectrometer equipped with a dielectric resonator and a
now, the application of the ESEEM technique to the study oBRUKER ESP380-1078 IN echo integrator. The instrument
paramagnetic centers in glasses is fairly limité&??>%*"  yeaq time was about 100 ns. For the field-swept spectra the
Recently, Korda® introduced the pulsed-EPR spectroscopyecho integral was recorded as a function of the magnetic field
in the (100x) ByO3xLi,0 (x=mole percentagesystem with  after a two-pulse sequence/2-144 nssr). The duration of
x=0-50, in a preliminary fashion. the /2 and pulse was 64 and 128 ns, respectively. In the
In the present work we report an ESEEM study ®f  three-pulse €/2-7-7/2-T-7/2) ESEEM data the amplitude
irradiated BOj3; glass. Our motivation was primarily to get a of the stimulated echo as a functionof T was measured at
detailed understanding of the environment of the irradiationa frequency 0of 9.71 GHz at a magnetic field Corresponding to
induced paramagnetic centers. In contrast to the continuoushe maximum intensity of the field-swept spectrum. The
wave EPR spectroscopy, the present ESEEM measuremenifinimum interpulseT was 40 ns and was incremented in
can resolve the magnetic coupling between the electron spigteps of 8 ns. The duration of the/2 pulse was 16 ns.
and'%B, B nuclei located more than two bonds away from Measurements were carried out at 25 K with a repetition rate
the paramagnetic oxygen. The application of the 2D-of 5 Hz andr values from 120 to 600 ns. 2D-HYSCORE
HYSCORE technique for g5 allowed the resolution and spectra were recorded using the sequence
assignments of these weak boron hyperfine couplings. Ther/2-7-7/2-t;- 7-t,- w/2-echo), where the echo is mea-
ESEEM data for BO; are discussed in terms of possible sured as a function df, andt,.'® The duration of ther/2
structural units in the borate glass. The assignments wergnd = pulse was 16 and 32 ns, respectively, with equal am-
supported by molecular orbitaMO) calculations using the plitudes. 128—-150 points were recorded in each dimension
modified neglect of diatomic overlg®NDO) VAMP 4.4 Er-  for a series ofr values from 104 to 368 ns, while tte and
langen convex computer versioAMPAC SEMICHEM PC-  t, were incremented in steps of 16 ns from their initial value.
version and Hartree-Fock self-consistent figllF-SCH  To remove the unwanted echoes, the appropriate phase-
GAUSSIAN 94 programs. These programs were used to calCUcycling procedures in the stimulated-e¢hand HYSCORE
late the spin densities and equilibrium structures of thqRef. 35 experiments were applied.
boron-oxygen related units. The two programs are explained Data manipulation: (i) 1D-stimulated echo ESEENhe
in other papers? experimental spectrum was normalized to the time-zero echo
intensity which was estimated by dead-time reconstruction
by the linear prediction singular value decomposition
method?® Prior to Fourier transform the time-domain echo
Sample preparation: B,0O; glassegmore then ten meljs decay was factored out by subtraction of a linear function
have been prepared by the melting technique in a platinurand zero filling to 512 points was performed followed by a
crucible. BOj; crystal was prepared by the method of Kline tapering with a Hamming windowJ(ii) 2D-HYSCORE
et al1° using boron phosphate as a seed. The final batch ESEEM: The background decay in both andt, dimen-
crystals contained 44 ppm phosphorous as analyzed by IC&ons was subtracted using a linear function followed by zero
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filling to 512 points in two dimensions and tapering with a echo is calculated according to expressi8a.3’ In this ex-
Hamming window; then Fourier transform was carried out inpressionw{ are the nuclear transition frequencie$ — o'

both dimensions. belonging 0 the electron- -spin manifold and similarkyf,,
Simulation of ESEEM spectra:The spin Hamiltonian  pelonging to thed manifold, with the variouso®, wf being
for anS=1/2,1=3/2 system with isotropig is the eigenvalues of thél® and H# Hamiltonians, respec-
_ tively. The eigenvector of théth eigenstate of ther spin
H=0gBBStgnBnBI +SA-111-Q-1. @ manifold (ms= +1/2) is expressed as
The hyperfine tensoh has principal valuesA,y, A,y ,A;).
In the point-dipole approximations it can be written in the 1,//i“=cff3,2|+1/2,+ 3/2}+ci‘fl,2|+1/2,+ 1/2)

form (Ao~ T, Ao~ T, Aot 2T) WhereA;q, is the isotropic
hyperfine coupling constant ari=gg,3,8/r3, wherer is

the effective electron-nucleus distand®. is the nuclear Using the vectoE® which has components of complex num-
quadrupole tensor; its components in its principal axes SYShersc® w2 €y €1, ANACY_ 5, We construct the matrix
I, 1 I, ! I,— ’ I,—

tem are QZZ Q/21(21-1), QXX— -Q, z(1— )12, ny

~QLL )2, where 7=(QE-QE)IQE, and Q elementsMn (Ref. 37

=e?qQ,/h is the quadrupole coupling constant due to a M= C¢ Cﬁ. )
guadrupole momen@),, interacting with the electric-field

gradientq at the nucleus. The principal axes systems of thelThe matrix elemenM,, gives the EPR transition amplitude
tensorsA andQ are related by the Euler anglés, B, v).2¢  from thekth sublevel within thea spin manifold to thenth
The spin Hamiltonian(1) in matrix form consists of two sublevel within theB spin manifold. By using these matrix
blocks,H* andH?, corresponding to ther and 8 electron-  elements the modulation coefficienXs; are calculated for
spin states, and the expression for the three-pulse stimulatesch spin manifold according to Eq8b) and (3c).

ey 12— 12 + ¢ _ g +1/2,—3/2).

1
E(T+T):(1+2|) E M, |* +§§ flcoswfj 7+ coswff(T+T)]+ 5 2 XE [coswf r+coswf (t+T)]

=

+> 2 X{“ 8 cos wff (7+T)cos wf, 7+ coswf 7 cos wf,(7+T)]¢, (33
i#] k#n

XﬁZZEK IMikl2[M i 2, anZZEi [Mix|2[Min|2, (3b)

X{& =2 RAMAM (M F M ]. (39

Simulation of ESEEM spectra for=13/2: Before we at- restriction on the relative size of the terms in the spin Hamil-
tempt to simulate the experimental spectra we explore théonian. In the BO; glass samples under study, the quadru-
effects of the various parameters of the spin Hamiltonian opole interaction of the!'B(1=3/2) nucleus cannot be
the ESEEM spectrum for=3/2 in order to isolate the pa- neglected and both weak and strong hyperfine couplings
rameters which determine the main characteristics in theccur. Thus in order to extract the maximum information
time- and frequency-domain ESEEM spectra. Several apfrom the spectral analysis both the time- and the frequency-
proximation methods, involving mainly perturbation theo- domain spectra have to be analyzed. The calculations have
ries, have been developed to account for the quadrupole ebeen performed for a nuclear Larmor frequency 0B
fect on the ESEEM patter:*3-“°While for I=1/2 andl  nucleus ofv,=4.8 MHz. The results may be easily applied
=1 systems there is ample experimental and theoreticab otherl=3/2 nuclei (Li, >*Na) by appropriate scaling of
work in the literature, an analogous basic detailed analysithe coupling parameters based on the Larmor frequencies.
for the | =3/2 is still lacking. Reijerse and Keijzéfshave Aso=0: For a Agx,=0 and €’qQ/h=0.5MHz the
investigated the dependence of ESEEM powder line shapdsSEEM spectrum is characterized by a single modulation
for 1=1/2, 1 and 3/2 on the various coupling parametersfrequency atv,. The introduction of a modest anisotropic
Their work dealt with a single nuclear coupling and only thehyperfine couplingT) affects mainly the modulation depth,
frequency-domain spectra have been discussed. In thehile the corresponding frequencies remain unchanged. An
present case we have investigated in detail the properties @ficreasedr induces a very slow frequency which is super-
the ESEEM spectra for=3/2 in the time and in the fre- imposed on the main oscillation af [tracec, Fig. 1(A)]. In
guency domain for single and multiple nuclear coupling. All the frequency domaiftracec, Fig. 1(B)], this is manifested
the ESEEM spectra have been calculated by exact numericak weak sidebands aroung. For eqQ/h=2.4 MHz the
diagonalization of the spin Hamiltonidf) thus imposing no  peak at, is split and the effect of increas@decomes more
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FIG. 1. Calculated three-pulse normalized ESEEM 120 ns, FIG. 2. Calculated three-pulse normalized ESEEM for a single
v,=4.7 MHz, asymmetry parametey=0.2, Ai,=0) for a single | =3/2 nucleus in the timgA) and frequency domai(B), respec-

I =3/2 nucleus in the timéA) and frequency domaifB), respec- tively. Theezq Q/h values are 0.5 MHZa, ¢, d or 2.4 MHz (b, d,
tively. Thee?qQ/h values are 0.5 MH#a, ¢, d or 2.4 MHz (b, d,  f). The isotropic hyperfine couplings, is 0.0 MHz (a, b), 1.0

f). The axial hyperfine coupling is 0.05 MHz in(a, d), 0.15 MHz ~ MHz (¢, d), and 5.0 MHz(e, f). In all the cases the axial hyperfine
in (b, 0 and 0.25 MHz in(c, f). couplingT is 0.2 MHz. Other parameters as in Fig. 1.

prominent. Now the slow frequency component attains confrequency is determined by the modulation coefficiefj{sn
siderable amplitude and induces a phase inversion in thEq. (3). As an illustrative example, the relative contributions
time-domain signal, see Fig(A) tracef. Thus a concluding of the various|Am,|=1,2 transitions to the frequency-
observation from Fig. @) is that forAis,=0 a phase inver- domain ESEEM spectra fok,,,=6 MHz are shown in Fig.
sion requires the existence of both considerable quadrupof&

coupling and a nonzero anisotropic hyperfine interaction. For small e2qQ/h the three|Am,|=1 transitions have

Aiso#0: For negligiblee?qQ/h, a weak isotropic hyper- comparable contributions to the ESEEM spectrum, consist-
fine couplingAiso=2v, splits the frequency-domain ESEEM ing of symmetric spectra split around the Larmor frequency
spectrum into two lines disposed symmetrically arowpd by Ai/2, Fig. 3B). An increasede’qQ/h affects the
see traces ande in Fig. 2A). |m,= +1/2)<|m,= —1/2) transition to second order, while

The influence of increasing?qQ/h for variousAi,, val-  all the other|[Am,|=1 transitions are broadened to first
ues may also be discussed by referring to Fig. 2. Kgs  order?® In the ESEEM spectrum them, = +1/2)<|m,=
=0, the quadrupole interaction introduces fine structure in—1/2) features are unperturbed and remain essentially sharp,
the frequency-domain spectra, see tragesin Fig. 2B). In  see Fig. 8A). The quadrupole coupling disperses all the
the time domain this effect is manifested as a faster dampingther nuclear frequencies and concomitantly causes a
of the modulation in addition to a phase inversion atsecond-order shift of their center of graviyThus for the
7~3.2us, see traces, bin Fig. 2A). The damping of the case of'!B in B,O, wheree?qQ/h~2.6—2.8 MHz, the most
modulation and the phase inversion phenomenon due to th@ominent features in the experimental ESEEM spectrum
quadrupole coupling has been analyzed previously for sysshould originate from thém, = + 1/2)<|m, = — 1/2) transi-
temsl =1 (Refs. 41 and 3Band 5/2394° tion. The first-order nuclear frequencies are wi=v,

For 1=3/2 there is a total of six nuclear transitions for +Ajs/2 andv s=v,—Ajs/2 and thus their frequency differ-
each spin manifold, threeAm,|=1, two|Am,|=2, and one ence is to a first approximation a measureAqf,. As it is
|Am,|=3. The simulations show that the ESEEM spectralshown below, in the corresponding HYSCORE spectrum
features are determined by them,| =1 transitions with mi-  these transitions would give rise to two cross peaks at posi-
nor contributions from th¢Am|=2. The|Am|=3 transi- tions (v,,vg) and @y,,v,) both in the(+, +) quadrant.
tions have negligible intensity and their contribution is prac- Ai,=2v,: In the case of the exact compensatioh{
tically not resolved. The contribution of each modulation=2v,) in the mg=+1/2 manifold the effective magnetic
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FIG. 3. Calculated three-pulse ESEEM correspondinf\tm, | _
=1(a b, 0,|Am|=2(d, &, and|Am,|=3 (f) nuclear transitions, FIG. 4. Effect ofA;;, on the ESEEM of a single=3/2 nucleus

for a singlel = 3/2 nucleus. The2qQ/h= 2.4 MHz (A) or 0.5 MHz in the time(A) and frequencyB) domain.A;, is 6.5 MHz in (a),
(B). In all the case®\,= 6.0 MHz, T=0.08 MHz. The top spec- /-2 MHz (b), 8.5 MHz(c), 9.6 MHz=2v, (d), 10.5 MHz((e), and

trum (a) in each panel is the total spectrum. Other parameters as itl-> MHz (f). The strong singular feature at (see text for the
case of the exact cancellatidq,=2v, is marked. In all the cases

Fio- & T=0.08 MHz, e2qQ/h=2.4. Other parameters as in Fig. 1.
field which is Bey=[v—Aso/(2m —1)] is zero and in the Effect of 8: So far the preceding discussion concerted
presence of a nuclear quadrupole coupling the nuclear tran-3/2 ESEEM spectra calculated for collinear quadrupole
sitions are degenerate occurring at a frequéhcy and hyperfine tensors. In combination with the quadrupole
) 21 112 interaction the misalignment between the teng@rand A
ve=6[e°qQ/4l (21 —1)h](1+ n°/3)7~ (4 results in both line-broadening and line shape changes, Fig.
5.

In the othermg manifold the hyperfine and nuclear Zee-

|rrr1nan: t_eir/'gs rﬁre: f(i(/jzlilvfrér;rs?t?;rﬁ OC(::Llfé rzlt a+ flr f> U(te?m more severe. Concomitantly the 'featq:t'mw,hz at higher
cIoSse o 2} Iln this case a single strong narrowqfeatu}r/efrequenues attains considerable intensity, Fig. 5, lower trace.
dominates Ithe ESEEM spectruffrigs. 4A), 4(B) traced], lgﬁsﬁfgﬁa”:s mlnm:a_d for thelm; =+ 1/2)<|m = 12 )

: : ; . In general in the presence of quadrupole interac
while the high frequency component ab 2is barely re-  ion the intensities of the two major features in the frequency
solved. _ domain are asymmetric. For a positive,, and 3=0° the

The high-frequency component at2v;=9.6 MHz is not  |ow frequency is weaker, while the high frequency peak is
affected to first order by the’qQ/h value. The only effectis  strong and sharp; this difference becomes more prominent at
that on increased®qQ/h values this feature becomes struc- increasedQ values. This asymmetry between these two hy-
tured. In the presence of, even a small, hyperfine anisotropyerfine components originates from the different angular de-
the singular feature atc is dispersed and its intensity is pendence of the anisotropic and the quadrupole interattion.
strongly diminished* Thus in real powder systems with While the sign of the anisotropic hyperfine term is different
Aiso=2v; Where a small nonzero anisotropy might be alwaysfor the my=+ 3 and —3 electron-spin manifolds, the quad-
present, it is rather unlikely that the zero-anisotropy strongupole terms have the same sign. Depending on the relative
feature atv, will be resolved in the ESEEM spectra. For a signs of the hyperfine and quadrupole terms this may result
pure isotropic hyperfine coupling which deviates fromy 2  in excessive broadening of the signals of one manifold and a
i.e., eitherAisc>2v, or Ai;c<2v,, the ESEEM spectra again narrowing of the signals of the other manifold.
degrade, Fig. 4, and only weaker low-frequency components Multinuclear B couplings: In the case of disordered
are resolved. We notice that fdx, close to 2, in the  systems whereN nuclei are interacting with the paramag-
corresponding HYSCORE spectrum the cross peaks are exetic center the total echo pattern calculated using the spheri-
pected at frequencies close to.(2v,). cal approximatioft is

As B approaches 90° the broadening of the lines becomes
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FIG. 5. Effect of the Euler angl@ on the ESEEM of a single
I=3/2 nucleus in the time&A) and frequencyB) domain.5=0° FIG. 6. Calculated three-pulse normalized ESEEM calculated
(a), 18° (b), 36°(c), 54° (d), 72° (¢), and 90°(f). In all the cases  gccording to the spherical model fv=1 (a, d), 4 (b, ©, 8 (c, f)
Aiso=6 MHz, T=0.08 MHz, e’qQ/h=2.4. Other parameters as in nyclei with | =3/2 in the time(A) and frequency domaifB), re-
Fig. 1. spectively. Thee?qQ/h values are 0.5 MH{a, b, § or 2.4 MHz(e,
f, g). In all the case#\;,=0 MHz, T=0.08 MHz. Other parameters
N as in Fig. 1.

1 27 (7
(E)N= (E)Jo J;) Ei(6,4,r)sin ododep| . (5)

positions which are harmonics of the single frequemgy

According to the conventional formulatiofiand ¢ are the 1-€., at frequenciesiz;, 3v;, 4v...., seeFig. 7. By inspect-
polar and azimuthal angles of tith nuclear position vector ing Fig. 7 the following practical rule is deduced: fo
with respect to the external magnetic fiéldn the spherical ~equivalent nuclei coupled to the electron spin a numbeéc of
approximation any mutual nuclear correlation is ignored and-ombination peaks is expected where the algorithm
all nuclei are considered to be independently distributed over 2“~* is obeyed.

a sphere of radius. This approximation has been discussed °B(I =3) ESEEM:The natural abundance of tHé8 nu-

in detail in the literaturt*! mainly for 2H(1=1) modula-  clei (I=3,v,=1.6 MHz at 3.5 mTis 19.8% and thus it is of
tion and for 2’Al(1=5/2) and it is found to be valid for relevance to examine their contribution in the ESEEM spec-
distant (“matrix” ) nucleit”*! for which A,=0. For the train B,O; glass. In BO; glass,'°B nuclei are characterized
range of matrix boron nuclei in the,B5 glass our calcula- by relatively large quadrupole coupling constams.6 MHz
tions show that the spherical model is reliable for effective(Ref. 2 and this renders thé®B quadrupole interaction
distances=3.8 A. dominant in the!®B nuclear spin Hamiltonian. Due to the

The effect of multiple nuclearl & 3/2) coupling for the angular dependence of the quadrupole interaction'tBe
case ofA;,=0 is examined in Fig. 6 for a quadrupole inter- nuclear transitions are strongly dispersed. Typical
action of either 0.5 MH#tracesa, b, 9 or 2.4 MHz(tracesd,  stimulated-echo ESEEM spectra for variodg, values are
e, f). presented in Fig. 8.

When compared with a single nucle(isacesa, d), mul- The spectra are characterized by low-frequency modula-
tiple equivalent nuclei result in an increase of the modulatiortions which in the frequency domain correspond to complex
depth in the time domain or the intensity of the peaks in theoverlapping features around,. In real systems, where the
frequency domain. For small number of nucli<8, prac- more abundant'B nuclei (80.299 might have nuclear fre-
tically no new features are generated due to the multiplguencies which overlap with those due ¥, it is rather
nuclear coupling; at largdl a broad, weak, “combination” unlikely that thel%B spectra could be resolved. Thus in the
feature at frequency- 2v, emerges. It is interesting to notice B,Os glass, we rely exclusively on theB(1 =3/2) ESEEM
that in the case of the cancellation conditigf(=2v,), the  spectra for the estimation of the spin Hamiltonian param-
multiple nuclear coupling induces new features at frequencgters.



11 426 DELIGIANNAKIS, ASTRAKAS, KORDAS, AND SMITH PRB 58

(A) (B) (A) (B)
NAANAN N=t 4 \/\MM/ a
N=2 a
VAVAVAVAVAVA * b
L VM b [\/\/\\_\
= b
3 3
= E- @ 3
z d = g E ¢
= e N=8 = 2
= [
5 &= d g E
: W d =
= =
é B
d
e e
e e
0 2000 4000 0 2 4 6 8
T(nsec) Frequency(MHz) \nf\/\rf\[\/w\/m f M
FIG. 7. Calculated three-pulse normalized ESEEM calculated f
according to the spherical model fir=1 (a), 2 (b), 4 (c), 8 (d), 16 0 2000 4000 6000 0 3 6 9 12
(e) nuclei with 1=3/2 for Ai,=2v,. In all the casese?qQ/h T(nsec) Frequency (MHz)

=2.4 MHz, T=0.08 MHz. Other parameters as in Fig. 1.
FIG. 8. Calculated three-pulse normalized ESEEM of a single

108 (1=3,v,=1.6 MHz) nucleus in the timéA) and frequencyB)

domain.A;, is 0.5 MHz in(a), 1.0 MHz (b), 2.0 MHz(c), 4.0 MHz
CW EPR measurementsThe c.w EPR spectrum of a (d), 6.0 MHz (e), and 8.0 MHz(f). In all the case§'=0.1 MHz,

y-irradiated BOs glass and crystal are shown in FiggA9  €°aQ/h=5.6 MHz, »=0.

and 9B), respectively. The c.w. EPR spectrum, consists of

five-lines plus a shoulder, the outer features d|ﬁer|nqt§0 nuclear spins in the vicinity of the paramagnetic center inter-
G. In the crystalline sample, the c.w. EPR spectiifiy. acting with the electron spit? =8 In the B,O; sample, the
9(8?] has the same structure with fairly minor dlfferences.nB(I — 3/2, natural abundance 80.2%nd 2%8(1 =3, natural
l\_lotlc_eably, th_e low-field t_)road shoulder of the glass Sampl%bundance 19.8%are the only atoms having non-zero
[in Fig. AA)] is present in the spectrum of the crystalline ycjear spins. The main peaks at 1.6 and 4.8 MHz are near
sample[Fig. 9B)], too. . . the Larmor frequencies of th#B and 'B nuclei, respec-

Stimulated-echo ESEEM in,8; glass: Figure 1GA)  iively. The magnetic interactions which determine the ob-
shows the time-domain ESEEM for,8; glass. In order to  served ESEEM depend on the details of the electron-nucleus
avoid missing modulation frequencies duestsuppression mutual disposition and this in turn reflects the local structure
effects!’ the echo decay was recorded at severaalues. of the paramagnetic centers in the sample.

The ESEEM spectra have been recorded at the maximum In order to facilitate the assignment of the observed peaks,
intensity of the echo-detected field-swept spectrum which isve performed 2D-HYSCORE experimeht€’ in order to
displayed in the inset of Fig. 18). The ESEEM traces are identify the correlated peaks originating from the same
dominated by modulation components with periods of abouhucleus. In addition, the 2D-HYSCORE experiment can un-
550 and 260 ns; at certainvalues weaker components are ravel modulations which are not well resolved in the stimu-
resolved. The frequency-domain spectra obtained after fasated 1D-ESEEM spectrufit.

Fourier transform{FFT) of the time-domain data for a series  2D-HYSCOREThe 2D-HYSCORE experiment, like the
of mvalues are depicted in Fig. (®). The spectra are domi- 1D stimulated ESEEM, suffers from the-suppression
nated by features centered at 1.6 and 4.8 MHz and theseffect®2%23|f one of the two conjugated nuclear transitions
correspond to the strong modulations observed in the timeis suppressed then in the 2D-HYSCORE spectrum in the
domain spectra in Fig. 18). Additional weaker peaks dis- frequency domain the corresponding correlation peak has di-
posed symmetrically around the 4.8 MHz peak are resolvedhinished amplitude. Therefore, we have performed several
at certaint values. The 1.6 MHz feature is broad and struc-2D-HYSCORE experiments employing a series of different
tured. We notice the total absence of peak attHeLarmor  intervals between the first two pulses in the four-pulse se-
frequency at~15 MHz which would originate from weakly quence. Representative contour plots of a 2D-HYSCORE
coupled proton¥ in the glass network. No other peaks are spectra recorded for=248 and 168 ns for 5 glass is
detected at higher frequencies. displayed in Fig. 11. The features on the diagonal or parallel

RESULTS

In principle the observed peaks in Fig.(B) arise from
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FIG. 9. Experimental c.wX-band EPR spectrésolid lineg of
the B,0; glass(A) and crystal(B). The dashed lines are simulated tau+T (nsec)
spectra by using the parameters listed in Table I.
to the frequency axes are mainly experimental artefacts due (B)

to imperfections of the pi pulse and the phase cyclitd,
and should be ignored. B

In the (+,+) quadrant of the 2D-HYSCORE for | ‘
=248 ns in Fig. 11, two sets of symmetric cross peaks,
marked by the dashed lines, are resolved; since they are sym- w
metric with respect to the diagonal, we will refer to only one
of the two halves. Their frequency positions dfe9, 7.2
MHz) and(3.5, 5.6 MH2. In the 1D-ESEEM spectrum, Fig.

10(B), these features are vaguely resolved.7At168 ns the
outer cross peaks ét.9, 7.2 MH2 are even better resolved,

while the(3.7, 5.8 MH2 cross peaks are suppressed. Now an
additional feature is resolved in tlie-,+) quadrant and this 184 nsec
is perpendicular to the diagonal, marked by the inner dashed

rectangle in ther=168 ns panel of Fig. 11. All the observed
cross peaks are located on a line perpendicular to the diago-
nal passing through the poi#.8, 4.8 MH32, which is the
1B-Larmor frequency ¢,) at this magnetic field. Based on

IOB

216 nsec

FFT Amplitude

120 nsec

this, we assign these cross peaks® nuclear spins in the 0 2 4 6 8 10
vicinity of the paramagnetic oxygen.
The HYSCORE spectrum contains also a strong feature Frequency (MHz)

on the diagonal atl1.6, 1.6 MH2, i.e., the'°B-Larmor fre-
qguency. AtT7=248 ns a continuum of cross peaks close to
thi(%'?’ 1.6 IV:HZ C:jos?:g%%kr’] ar?nr(;?olved, ag]gBth?ﬁe are FIG. 10. (A) Experimental three-pulse ESEEM spectra gOB
SEverely suppressed a > NS, € case , (e lass recorded at the indicatedalues, i.e., the time between the
nuclear quadrupole |nterac_tLon IS expect_ed to_ be s_trongqg[rst and the second microwave pulskset Integral of the electron
thz_in the Larmor frquenc?y. The numerical simulations spin echo of BO; glass resulting from a two-pulse sequence, as a
(1';'9- 8 show that in the case of for all the used ction of the magnetic field(B) Fast-Fourier transform of the
B-hyperfine interactions, the quadrupole coupling broadengpectra inA). Experimental conditions: microwave frequency, 9.68
the spectral lines. Only features around #B-Larmor fre-  GHz; magnetic-field strength 3540 G; sample temperature 8 K; time
quency are resolved. In the 2D-HYSCORE these result ifnterval between successive pulse sets, 1 ms; 800 events were av-
overlapping features at the low frequency part of the—)  eraged at each time point. For eaelvalue 512 points were col-
quadrant and this is the origin of the agglomerate that isected at 8 ns intervals; a four-step phase cycling was employed.
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lt=168 nsec

(+,+)

FIG. 11. Experimental 2D-HYSCORE spec-
trum (contour plot$ of B,O; glass recorded at
=168 ns. Experimental condition$; X t,=256

Frequency (MHz)
Frequency (MHz)

X 256 points; start valueg =40 ns,t,=120 ns;
other conditions as in Fig. 10.

Frequency (MHz)

observed aroundl.6, 1.6 MH2 in Fig. 11, arising from'°B
nuclei. Due to their complicated nature tHf8 modulations

Frequency (MHz)

M =M%, .., are negligible since they connect two
strongly “forbidden” EPR transitions. Thus the correspond-

are not suited for further analysis. Thus in the 1D- as welling cross peak ati{”, v£) in the (+,+) quadrant attains

and in the 2D-ESEEM we rely exclusively on th#8 modu-
lations for the evaluation of the coupling parameters.
According to the theoretical analysis f@fqQ/h<A,
<2v,, the stimulated'B-ESEEM spectrum is characterized
by two features at frequencies= Aiy/2 to first order. In the
corresponding 2D-HYSCORE spectrum, correlation peak
with frequency coordinatesu(= A2, v+ Ais/2) are ex-
pected. The HYSCORE spectrum is sensitive to the relativ
signs of the nuclear frequencies; a correlation peak/%ﬁ)(
v8)) appears in the+,+) quadrant while the correlation
peak @, —v{s)) appears in thé+,—) quadrant. The rela-
tive intensities of the cross peaks af{, »{) and (/{*,
—v{f)) depend on the factordd;,, M% and M, My,
respectively’®’ where the matrix elements ® are calcu-
lated according to expressid@). In general, these relative

e

maximal intensity relative to the cross peak af{, — v~

which has minimal intensity. In the opposite limit of strong
hyperfine coupling Ais.>v,), the statesm, nin the (B)
manifold are labeled as, = —1/2,+ 1/2 and by proceeding
on the same lines as before we conclude that now it is the

Tross peak in thé+,—) quadrant which has maximum inten-

sity while the cross peak in thet+,+) quadrant is mini-
mized. Analogous arguments are valid for the intensities of
the cross peaks for the other nuclear transitions. In interme-
diate hyperfine couplings the eigenfunctions have mixgd
character; in the limiting case of the “exact cancellation”
Aiso=2v, the peaks in both thé+,+) and(+,—) quadrants
have comparable intensity. This analysis shows that fbr a
=3/2 nuclear spin with relatively weak hyperfine and quad-
rupole coupling, the 2D-HYSCORE spectrum is dominated

intensity factors differ since they are determined by the mapy the |m,= +1/2)<|m,=—1/2) transition and has to a
trix elements describing the four possible transitions betweegood approximation the characteristics of an effective

the two levels andj, andm andn in each manifold. Due to

| =1/2 systent®20:40

this, the two cross peaks having the same absolute frequency |y the 2D-HYSCORE spectra for,B; displayed in Fig.
values, but being at opposite quadrants, have different intent1 the cross peaks are observed in the+) quadrant and

sites. For the transitions |m,=+1/2)<|m,=—1/2)

according to the previous analysis they correspond to weak

which are the most intense in our case, if we assign the stat@§perfine couplings. Based on the frequency coordinates of
I, j tom;=+1/2,~1/2 in the(e) spin manifold and the states their centers a first-order estimation for the corresponding

m, nto m,= + 1/2,— 1/2 in the(8) manifold, respectively, the
picture is as follows: In the limit of weak hyperfine coupling
(Aiso<v)) the matrix elementM,=M 15,1, and M},
=M*,,, 1, are strong since they connect two strongly “al-
lowed” EPR transitions, while theM; =M, 1, and

hyperfine couplings givess, values of 6 and 2 MHz, re-
spectively. The features centered4f7, 4.7 MH2 are due to
weakly coupled QAi,~0 MHz) “matrix” B nuclei; ac-
cording to the spin-density calculations that we discuss in the
following, these are distant borons bearing negligible spin

TABLE |. Spectroscopic parameters of spectrum of thg®PBglass derived from simulation Errors:

g valuest 0.0002, hyperfine coupling0.05 MHz.

A, A, Az LW Aiso
CW EPR (o g d;3 (MHz) (MHz) (MHz) (G) (MHz)
B,0O5 glass 2.0025 2.0118 2.0370 39.44 43.45 22.00 10.0 34.96
B,O;3 crystal 2.0000 2.0107 2.0415 20.44 40.00 32.00 10.0 30.81
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TABLE II. g values and normalized isotropic hyperfine cou-  The ground state of the HOB#, triangular unit is given
pling constants(A)/As of oxygen-related centers observed in a py the wave function:
number of glasse@aken from Ref. 12

Material Nucleus g O, gs  (A)A, §=(0.9533|pz0(2)) +(0-2959|Pzp3)

Silicate glass 25 2003 2009 2019 0.010 —(0.0435[pz0(4)) ~ (0.0409poo(s))-

Titanate glass 474917 2,003 2.010 2.022

Germanate glass ¥Ge 2002 2008 2.051 The other coefficients were zero and left out.

Table Il includes also theAussiAN 94 results of the op-

Phosphate glass 2371P 2.010 0-009 " timization of the same unit. It is evident from this compari-

Al_umlnate glass 93A| 2.009 0.005 son, that the agreement in terms of the geometry optimiza-
Niobate glass Nb 2.01 0.002  tion between the two methods is excellent. The calculation
Borate glass “B 2002 2010 2035 0.013 \yas continued by removing a hydrogen to allow the unpaired

electron to occupy the nonbridging oxygen of H®@BO,H,
structural unit. The spin-density calculation of the MNDO
density. We point out the enhanced resolution of the HY-method gives a localization of the unpaired electron on the
SCORE experiment compared to the 1D stimulated ESEEMXygenP,, orbital of about 91%. The B3LYP/6-311G SCF
and this has been discussed previodsligr example, in the HF spin-density calculations, which are listed also in Table
case of the cross peaks in Fig. 11, the corresponding peaks ilt, give for the boron atom next to the nonbridging oxygen
the 1D-ESEEM spectra, Fig. (B), are barely resolved. an Aigyscr-np= —0.025 662 a.u. that translates inté36.79

CW EPR Spectra SimulationsFigure 9A) (dashed ling ~ MHz. The negative sign indicates that thg, is due to spin
shows the calculated EPR spectrum of th©Bglass. Table density from spin polarization. The absolute values of this
| gives the spectroscopic parameters that were used for th&gyscrp iS close to the experimentally determined value of
simulation. Ajisoexp) = 34.96 MHz.

Figure 9B) (dashed lingshows the simulated EPR spec- In a B,O; crystal two crystallographically distinct BO
trum of the BO; crystal. The best fit was done with the triangles exist with the bond distances and angles given in
parameters given in Table I. Thgg, values were calculated Table IV. Assuming that one of the oxygen atoms in the
by the relationAjs,= (A;+A,+A3)/3. triangle is dangling, then we calculate the spin densities sum-

Table Il summarizes thg values observed in a number of marized in Table IV. We can observe from this comparison
glasses and attributed to nonbridging oxyd@ihis table that the resulting spin densities between the two distinguish-
serves as a comparison with ogivalues derived from the able structures in the crystal are different. The other possible
simulation of the spectra of the,8; glass and crystal. structural arrangements were not considered in this work,

MO Calculations: The MNDO method is very well recognizing that they will result in different values of spin
suited for optimizing the geometry of the local structure of adensities due to the difference in bond angle and distances of
particular unit. This method was used first to optimize theoxygen to the central atom.
structure of boroxol units and obtain a quick estimate of the Figure 12C) shows a MNDO optimized structure consist-
spin densities of the various structural units. The optimizedng of a boroxol ring with three terminating (BH),
geometry was inserted into tRBAUSSIAN 94 program so to  units. A hydrogen was removed from this structure and the
minimize the CPU time of the calculations. TheussIAN 94  remaining atoms with their optimizefd,y,Z values were in-
program was also left to optimize the inserted structure.  serted in thesAussIAN 94 program for further structural op-

We started the calculations using a simple HQB®tri-  timization and determination of th&g, parameters. The the-
angular unit. Table Il gives the most important results fororetical spin densities for each atom are given in brackets for
discussion using the MNDO procedure. each structure in Fig. 12. The calculation givesfag value

TABLE llI. Structure of a BOH); unit optimized by either MNDO 0GAUSSIAN 94

GAUSSIAN 94

MNDO (B3LYP/6-311 G Isotropic
hyperfine
Atom Bond Bond Twist Bond Bond Twist couplings
type lengtt? anglé anglé lengtt? anglé anglé (MHz)
1 H 3.18
2 (@] 0.9454 0.9656 8.24
3 B 1.3648 115.96 1.3676 117.33 36.80
4 (e} 1.3723 115.24 179.99 1.3747 116.83 179.99 3.25
5 (e} 1.3800 118.88 0.00 1.3872 117.62 0.00 33.50
6 H 0.9437 116.59 180.00 0.9629 122.68 —179.99 31.81
7 H 0.9427 117.51 179.99 0.9636 123.08 179.99
aangstromgA).

Pdegrees.
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TABLE IV. Electronic configuration for two distinct triangles, given in Ref. 11, faxOB crystal calcu-

lated byGaussiaN 94 (B3LYP/6-311 G.

Atom Bond Bond Twist Spin densities at each atomic orbital
Type length anglé anglé S Px Py Pz Total
1 H 0.48 0.00 0.00 0.00 000.48
2 ] 0.9467 0.16 0.33 045.28 0.00 047.76
3 B 1.3840 114.33 0.11 0.00 000.55 0.00 000.66
4 @] 1.4010 113.80 —-0.01 0.16 82.38 010.94 0.00 093.48
5 @] 1.3360 124.60 180.03 0.11 52.11 807.13 0.00 859.36
6 H 0.9437 117.04 —179.91 0.25 0.00 0.00 0.00 000.25
1 H 0.98 0.00 0.00 0.00 000.98
2 o 0.9466 0.50 0.61 030.64 0.00 031.75
3 B 1.3613 115.75 0.10 0.00 001.16 0.00 001.26
4 ] 1.3644 121.82 -0.24 0.30 41.58 013.13 0.00 055.00
5 ] 1.3875 115.84 180.06 0.08 0.13 909.34 0.01 910.78
6 H 0.9444 117.34 —179.35 0.02 0.00 0.00 0.00 000.23
ax 103,
bAngstroms(A).
‘Degrees.

equal to—31.6989 MHz for the B atom next to the nonbridg-
ing oxygen(NBO). The A, values for the other B atoms are
6.5674, 0.1591, and 0.0201 MHz.

In the next calculation, a @®H), unit was removed from
the [Boroxol]-3[B(OH),] forming the *NBO-BOROXOL-
2[B(OH),] structure, Fig. 1@\). Table V gives the results of
the GAUSSIAN 94 calculation.

The A, for the B atom next to the NBO is-33.4794
MHz. The other B atoms within the boroxol rings hatg,

ure 12B) shows the result of an optimization that helps the
reader to visualize this unit. Table V gives the result®\gf
values for the different B atoms. The calculation for the B
atom next to the NBO give®\,= —34.4729 MHz. The
other A5, values for the B atoms within the boroxol ring
closest to the triangle are 1.9082 and—1.9024 MHz. The
other B atoms of the ring haw,, less than 1 MHz.

The common electronic configuration for the various
structural units in BO; glass is that thé'B neighbor is in a

values of 6.2234 and 5.9352 MHz. The B atoms of thenodal plane of the unpaired oxygen orbital, so that there

B(OH), units outside the ring haw,, values of 0.3240 and
0.1634 MHz.
The last possibility is another unit consisting t®BOO

is zero overlap between it and tH& atom core and, con-
sequently, no direct transferred positive hyperfine interac-
tion. The molecular orbitaMO) calculations for the various

connected over the bridging oxygens to two boroxol ringsstructural units in BO; glass predict an unpaired spin den-

[20H]-[BOROXOL]J-[O-BO*-O]-[BOROXOL]{20H]. Fig-

FIG. 12. MNDO optimized structures for the,B; glass. The

sity of 0.1% at the boron nucleus. This corresponds to a
Aiso= —31 to —34 MHz and all these values are rather close
to the experimental value estimated by c.w. EPR. A general
observation is that for all the studied structural units the MO
calculations predict that a spin-polarization mechanism in-
duces a negative isotropic hyperfine coupling for the boron
next to the paramagnetic oxygen. For the borons located
three bonds away from the paramagnetic oxygen the spin
densities are predicted to be positive for the uritand C

and negative for the unit.

DISCUSSION

The c.w.-EPR spectra in (100 mole % B,O5; x mole %
MO (M=Li, Na, K) glasses forx<25 are dominated by
centers exhibiting a “five-line-plus-a-shoulder” spectrum
with spectroscopic values given in Table Il. The same spec-
trum is obtained for BO; glasses and a B; crystal. The

oxygen, boron, and hydrogen atoms are illustrated by the largeSharacteristic EPR spectrum, shown in FigAg is consid-
middle- and small-size filled circles, respectively. The numbers inered to originate from the hyperfine interaction of the elec-

the brackets are the isotropic hyperfine couplitigsMHz) at the
corresponding atoms calculated by tlmussian 94 program
(B3LYP/6-311 G SCF-HF The paramagnetic electron localized

tron spin with one boron nucledd.However, whether the
interacting boron is three or four coordinated is not defini-
tively clarified?*~1® Evidence from IR, Ramafi,® neutron

on the nonbridging oxygen is schematically depicted by the pi-lobediffraction® NMR,%® and previous SCF-HFRef. 43 data
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TABLE V. Calculated(caussiang4B3LYP/6—311 G isotropic hyperfine coupling parametdibe values for the boron atoms refer to
11B) for three boron-oxygen structural units.

[Boroxol]-2[B(OH)2]-[BOH-O(NBO)] [NBO-Boroxoll-2[B(OH)2] [20H]-[Boroxol]-[ O(NBO)-BOQ]-[Boroxol]-2[OH]

(Unit C) (Unit A) (Unit B)
Atom Atom Atom
type Aiso (MHz) type Ajso (MH2) type Aiso (MHZ)
1 o} —0.0254 o} ~26.1043 o} ~23.8638
2 B 0.0201 B 5.9352 B 34.4729
3 o} 0.0048 o} 0.1721 o} —-0.9767
4 B 0.1591 B 6.2234 o} —0.4411
5 o} —0.7440 o} —24.0716 B —~1.9082
6 B 6.5674 B —~33.4794 o} —-0.9434
7 o} -0.0121 o} —-1.0863 o} 0.4453
8 o} —0.0145 o —-0.6144 B —0.0029
9 o) ~31.2119 o —25.9329 B —0.1075
10 B 0.0043 B 0.3240 o} 0.0012
11 B 0.0000 B 0.1634 o} 0.0024
12 B —31.6989 o} —0.0086 o} 0.0036
13 o} 0.0000 o} 0.0206 H —0.0089
14 o 7.9437 o} —~0.0236 H 0.0000
15 o —0.0030 o} —-0.0812 B —~1.9024
16 o) 0.0000 H 0.0045 o) -0.9343
17 o) 0.0000 H 0.0134 o) 0.4568
18 o) 0.0000 H —0.0313 B —0.0057
19 o) 0.0000 H —0.0067 B —-0.1104
20 H 0.0000 o} 0.0030
21 H —0.0003 o} 0.0030
22 H 0.0000 o} —-0.0036
23 H 0.0000 H 0.0089

strongly indicate that in BO; glasses and f; crystals that ~ close to 2 MHz is predicted for the structuBeonly, Fig. 12.
fourfold coordination is absent. For all three structural units th&,,<1 MHz is predicted for
The g values of the centers in B, glasses and g, the more distant'B nuclei. Overall the data from the experi-
crystal that we report in Table | are, within the errors of mental c.w. EPR, 1D-ESEEM and 2D-HYSCORE spectra
measurements, the same to those reported for a large numise consistent with the theoretical calculations based on the
of nonbridgingoxygens in a variety of glasses, summarizedthree structural units in ; glass. Based on the hyperfine
in Table 1. Thus, one may suggest that the unpaired electropouplings calculated for these structural units we proceed in
is trapped by anonbridging oxygen in a threefold- a more detailed analysis of the ESEEM spectra. In the cal-
coordinated boron triangle. This statement is reinforced byulations the anisotropic hyperfine couplifigvas set equal
the present theoretical calculations. to the value estimated from the boron-oxygen distance in
An interesting finding of the calculations is that for all the each unit, according to the point-dipole approximation.
tested nonbridging oxygens in trigonal structures the calcu- For the case of weak hyperfine couplings it is considered
lated A, is close to the experimentally observed value ac-that the time-domain ESEEM spectrum allows a more accu-
cording to the c.w.-EPR data. This implies that for thisrate evaluation of the coupling paramet&tOn the other
boron-oxygen hyperfine interaction the structural details ohand, the 2D-HYSCORE reveals that in the irradiatg®
the units attached next to this interacting boron seem to plagnodulations due to both strongly couplédith Aig,<2v))
only marginal role. In all the cases the unpaired electron isis well as matrix fis;~0) boron nuclei exist. Thus, it is
distributed asymmetrically amongst the oxygesil%), necessary to analyze the spectra based on both the time- and
Px(2%), py(91%), andp,(4%) orbitals. the frequency-domain spectra. The analysis of i (|
Structural models for the local boron environment in =3/2) modulations requires the nuclear quadrupole coupling
B,O; glass: According to the experimental 1D-ESEEM and to be taken into account. In borate glasses, NMR work by
2D-HYSCORE spectra three types of hyperfine couplingsBray and his co-workers revealed that th& quadrupole
namelyA,, of 6, 2, and<1 MHz are present in the B,  coupling constane?qQ/h is sensitive to the coordination
glass. The molecular-orbital calculations show that a cougeometry of'!B. In fourfold (BO,) coordinated''B, the
pling close to 6 MHz is predicted for the borons on thee?qQ/h is negligible? while in trigonal coordination (BO)
boroxol rings in the structure8 and C, while a coupling the quadrupole coupling constant attains a considerable value
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FIG. 13. (Solid lineg: Frequency-domaif'B-ESEEM spectra
(7=120ns) calculated by using the theoretit® nuclear hyper-

fine couplings for the corresponding structuregspectrum A, B FIG. 14. Comparison between experimental ESEEM pattern
(spectrum B, and C(spectrum Q:Ii'; Fig. 12. The spectrum Mis the  (5qjid ling) of B,O, glasstaken from Fig. 10A) for 7=120 ng and
ESEEM spectrum from the matrixB nuclei and corresponds to the  .51cylated modulation pattertiilled circles by using the spherical
FFT of the calculated time-domain spectrum in the lower panel in,odel forN= 21 1B nuclei andg values of 0°(top), 50° (middle)

Fig. 14. The top spectrum is the spectrum generated by adding thg,y 70°(hottom. The other calculation parameters are 120 ns,
spectra A, B, C, and M after having been scaled by 0.9, 0, 0.2, ang|:4.78 MHz, Ag=0, T=0.35MHz, €2qQ/h=2.6 MHz, 7

1.0, respectively(Dotted ling: the experimental ESEEM spectrum _ o Lo ’ ’

[taken from Fig. 1(B) for 7= 120 ng is superimposed for compari-

son.

T(nsec)

putative effect of a distribution of the values is masked by

the effect of other factors which might cause spectral broad-
2.6-2.8 MHZ® Noticeably the NMR work on crystalline ening, like hyperfine anisotropy and instrumental dead time.
B,O5 showed that the?qQ/h is 2.7 MHz2° which suggests In this context, the values f@?qQ/h and 7 that we report
a trigonal geometry and this is in accordance with the x-rayhere for the'!B nuclei with A, of 2 and 6 MHz reflect only
data which show in crystalline B; all of the boron atoms average values.
are in trigonal units! Thus in both vitreous and crystalline On proceeding to the simulations we see that by using the
B,O; where there are only threefold-coordinated botoh's  theoretical hyperfine couplings for the unksandC, Fig. 12,
the e2qQ/h value is expected to be of the order of 2.6—2.7we get roughly similar ESEEM spectra with features at 1-2
MHz. The numerical simulations that we discuss in the fol-and 7—-8 MHz, Fig. 13. The theoretical hyperfine couplings
lowing show that for hyperfine couplings of 2 and 6 MHz the for the structureB give a spectrum with a multitude of fea-
use of e2qQ/h~2.6—2.8 MHz gives acceptable ESEEM tures between 4 and 6 MHz, Fig. 13.
simulations. The adjustment of the asymmetry parameter The contribution of the weakly coupledB nuclei is the
more uncertain because it had only second-order effects aominant feature in the experimental spectrum. In the fre-
the spectral features; thus we have assumed the value quency domain, they give rise to the main feature at 4.7
=0.2 from the NQR data. A more detailed considerationMHz. The time-domain signal is more sensitive to the vari-
would require to include a distribution of the spin- ous coupling parameters for these weakly coupled nuclei.
Hamiltonian parameters. Such a distribution is most likelyWe find that coupling parameters resulting in viable simula-
present in the random network of the®, structure. NMR  tions of the time-domain spectrum &t 120 ns are restricted
(Ref. 4 data are consistent with the existence of small disto cases withA;;,=0 MHz. Nonzero values of th8;g, in the
tribution of the nuclear quadrupole coupling values and aange<0.5 MHz are readily discarded since they fail to re-
broader distribution of the; values. According to the theo- produce even the gross features of the matt& modula-
retical analysis, for the cases under study the valug bés  tion. The trade-off between the valuesestjQ/h the aniso-
only minor influence on the ESEEM spectra. In addition, atropic hyperfine couplingl and the number on the coupled
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TABLE VI. B nuclear coupling parametefin MHz; T is Their contribution can be better viewed in the frequency-
UeOnBeBn! (7 137)] used for the calculation of ESEEM spectthe  domain spectra which are displayed in Fig. 13, where the

calculated spectra are displayed in Fig).13 various contributions in the total simulated spectrum are dis-
_ : : — _ played together with the experimental spectrdashed

Unit (A) Unit (B) Unit (C)  Matrix =B nuclei line). The structural unité\ and C contribute mainly to the

(Ao, T) (Ag.T) (Ag,.T) Aro=0 MHz broad feature at 7—8 MHz, while ung contributes at the

central part of the spectrum. The detailed examination on the
relative intensities of the spectral features in the composite
simulated spectrum allows an attempt of a more quantitative
analysis. For example, at close inspection, we see that the

(5.93,042 (-1.91,08 (657,04 €?qQ/h=2.8 MHz
(6.22,0.38 (-1.90,0.8 (0.02,0.20  T=0.35MHz
(0.32,0.10 (-0.11,0.18 (0.16,0.17  v,=4.72 MHz

(0.16,0.12 (_OO'OOOO' %18 Kl:—glz relatively sharp feature at 7.7 MHz in the spectrum of énit
(=0.00,0.2 - cannot resolved in the experimental spectrum. In this context
(-0.11, 0.2 B=T70°

we have scrutinized the possible quantitative combinations
of the various subspectra, i.e., from unis B, G and the
matrix borons, that simulate satisfactorily the experimental
trace. The best fit is the spectrum displayed in Fig(d8id

1B nuclei, N, restricts the range of their possible acceptabldine on the top where the spectrum from the matrix borons
values. The effects of these parameters on the modulatidf@s been combined with the subspectra from units |, II, 1l
have been separately analyzed in detail in the theoreticanultiplied by 0.9, 0, 0.2 respectively. Strictly speaking, at
analysis of the ESEEM spectra, earlier in this paper. The bedhe quantitative level the exact ratios of these factors have to
fit matching the modulation depth and the line shape of thde treated with caution; partial excitation, imperfection of the
experimental time-domain spectrumsat 120 ns is shown in microwave pulses, and dead time are potential factors which
Fig. 14 (bottom trace, full circles For comparison the ex- could distort the ESEEM intensitieS. Nevertheless the

perimental spectrum is displayed also. The simulated spe€omparativeanalysis might indicates that in,8; glass the
trum is calculated by usingN=21 B nuclei with T  Structural unitsA and B might exist to a much less extent
=0.35 MHz which in the point dipole approximation corre- than unitC.

sponds to an effective electron-nuclear distange=4.3 A.

TraceM in Fig. 13 is the corresponding frequency domain

spectrum. The full set of the simulation parameters is listed CONCLUSION

in Table V1. - . By using 1D-ESEEM and 2D-HYSCORE spectroscopy,

. The. wgak bump at 9.6 MHz in .F|g. 1@race M) is a  weak !B hyperfine interactions and quadrupole couplings
combination I"}? due t_o the multiple nuc_lear coupling. have been resolved in,B; glass. A detailed analysis of the
The number of "B nuclei has a profound |0mpact on the ime and frequency domain for the ESEEM spectra df a
modulation depth which can vary up to 20% forvalues =3/2 system is presented. Based on molecular-orbital calcu-
between 0.35 and 0.38 MHz._In structura_l terms these resullissdtionS the observed coupling parameters are discussed in
show that each paramagnetic oxygen is surroundeNby os of possible structural units. According to this analysis
=21+4 borons located at effectl\_/e distances _of 4.3_ A. the 1B atoms next to the paramagnetic oxygen bear consid-
. The value of the Euler anglg, i.e., thg relative orienta- erable negative spin density which is due to spin polariza-
tion between tha quadrupole and hyperfine axes, has a d_e'tion. The sign of the spin density for oth&B atoms located

;'.S'Vi 4|rrt;pact_ontthhe modIL_JIatlon patt?rn. f\st '; 1S ?I_hog’lvn\'/rl]on the boroxol ring depend on the structural details of its
'9. y using the coupling parameters listed in 1able Vi, ynicroenyironment. The guadrupole coupling tensor of the

the best fit is achieved fgg=70° while other values like 0° matrix 1B nuclei has itsz axis at 70° with respect to the

or 50° lead to a mismatch of the late phases and/or the mOdli’fyperfine tensor. The ESEEM data show that th@Rglass

lation deptshl.mln nonirradiated B; glass, experimentabind certain structural units are preferable. The present analysis
shows that the distribution of the unpaired spin density is

sensitive to the short-range structure around the paramag-

netic site and thus the ESEEM spectroscopy provides a sen-

sitive tool for the study of this short-range structure iyOB

theoretical>*” calculations show that the principal axis of

the B quadrupole tensor must be perpendicular to the BO
triangle. Assuming a similar orientation for the matrix bo-
rons in the irradiated BD; glass, the ESEEM data show that

for these matrix borons theaxis of the hyperfine coupling 4255 we consider that analogous structural information can

tenlsor lies close tohthe &Qllang. h h h . be extracted for other amorphous materials by the proper use
" summary, this analysis shows that the matlriXqt eSEEM and molecular-orbital calculations.
B-nuclear couplings account for the main part of the ex-

perimentally observed modulation. The small differences ob-
served between the experimental and the calculated spectrum
in Fig. 14 are due to the fact that the experimental spectrum
in addition to the matrixX'B modulations contains two more
contributions: one comes from tH88(1=3) nuclei and the We thank GSRT and EC for funding under EIIET Il 296,
second is due to th&'B nuclei with Ai;;'s of 2 and 6 MHz.  STRIDE 130 and 115.
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