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Abstract: The utility of heteronuclear double-resonance NMR methods involving the quadrupolar HBclei
and?’Al is demonstrated for probing thiatermediate-range ordein aluminoborate glasses. Results from

both rotational echo double resonance (REDOR) and heteronuclear cross-polarization magic angle spinning
(CPMAS) studies are presented and discussed. While both techniques are strongly affected by the presence of
large quadrupolar splittings, a working strategy is developed on the basis of which reliable structural
interpretations are possible. Using this strategy, the effects of the cation type M on the structures of two basic
glass compositions, 25M0-45B,0s-30Al,03 and 40M,)0-40B,03-20A1,0; (M = Na, Ca, Mg), are discussed.
Within each series having the same basic network composition, replacement of the modifier cation Na by Ca
or Mg produces a large change in the speciation of framework aluminum (“cation effect”): while in the sodium-
containing glass the overwhelming fraction of Al is present as tetrahedral,Ad@es, the calcium- and
magnesium-containing glasses also possess larger fractions of five- and six-coordinated aluminum sites.
27Al{11B} REDOR results indicate that all of these aluminum environments interact equally strongly with the
dominant BQy, sites in both glasses. In addition, the reve&{2’Al} REDOR results reveal that the extent

of the AlO,,—BOy; interaction in the network is highly dependent on the framework composition and on the

M cation type. While sodium aluminoborate glasses reveal strong chemical ordering (avoidance of intertetrahedral
linkages), the analogous Migbased glasses tend toward a randomization of connectivities. Finally, two-
dimensional heteronuclear correlation spectra obtained@f¢’Al} CPMAS suggest that AlQand AlGs

sites can provide a mechanism for stabilizing tetrahedral, Bits.

Introduction and other ordering/disordering phenomena occurring on larger
e length scales iitermediate-range ordgrhave become an
Jmportant scientific issue in current glass resedfchhe most
informative NMR parameter in this respect is the magnetic
dipole—dipole coupling, because it is rigorously dependent on
internuclear distances and distributions thefédthese dipolar
couplings cannot be measured in simple MAS experiments,
because MAS is specifically designed to eliminate all anisotropic

High-resolution solid-state NMR spectroscopy has becom
an indispensable method in the structural analysis of amorphou
systems and glassés3.In particular, using the technique of
magic angle spinning (MAS), it has been possible to identify
and quantify the nearest-neighbor atomic environments, which
constitute theshort-range ordenf these materials. When nuclei
with large nuclear electric quadrupolar interactions are involved, . - . . i ; . .
the resolution of MAS can be further improved by focusing interactions (chemical shift anisotropy, dipolar interaction, etc.)

the attention on satellite transitions (SATRAS)or by using affecting solid-state NMR spectf‘é.ln recent years, however,
multiple-quantum excitation (MQMAS) NMR-1 While these advanced double-resonance techniques have been developed,

methods thence allow the glass to be quantitatively described"‘r’]h'Chb Se:FCt'Vily_ reintroduce these | d'%‘?l?qr coulph_ngs alr_gj
in terms of individual structural units, they give no information thereby allow their measurement under high-resolution solid-
on the question of how these units are linked in forming the state NMR conditions. Experiments of this type include cross-

overall network. Such “site connectivities”, spatial proximities, polarization/magic angle spinning (CPMAS)rotational echo
double resonance (REDOM)6transferred echo double reso-
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Site Connectiities in Amorphous Materials

methodst®20 A variety of intriguing applications to inorganic
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(a) Excitation Conversion

materials, glasses, and ceramics have appeared in the litera- | | g

ture21-32 For example, interactions between guest molecules
and atoms in the host framework of zeolites have been studied,
including the detailed quantification of internuclear distarféés.
Other studies have successfully applied CPMAS or REDOR to
demonstrate connectivities in a variety of glagse$ and
crystalline model compounds.24

The present study concerns the structure of aluminoborate
glasses (\hO)y-(B203)x-(Al 203)1-x-y, Where M is an alkali or
alkaline-earth metal. These glasses are useful for a variety of
industrial applicationg334A microscopic understanding of their
structures facilitates the tailoring of their physical and chemical
properties to specifically desired applicatiGh8®Regular MAS
NMR studies have shown the presence of two boron sites,
trigonal BOyjz units and tetrahedral B sites, while aluminum
can occur in four-, five-, and six-coordinatifr.*® As in any
other glass system, the quantitative proportions of these units
depend on the elemental composition. In addition, it is well-
known that the nature of the M cation exercises a great influence
in determining the relative proportions of the structural specia-
tion** To gain a more fundamental understanding of this “cation
effect”, we explore preferential connectivities among the boron
and aluminum sites using both CPMAS and REDOR experi-
ments involving the nucléi'B (spin®/-,) and?’Al (spin %/,). To
focus specifically on the cation effect, two compositional series
were selected (glasses | and II), within which the cation type
M is changed from Na to Ca to Mg (accordingly, the sample
notations are Mg-I, Ca-l, Na-I; Mg-Il, Ca-Il, Na-II).
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Figure 1. Pulse sequences employed in this work. Zafiltering
TQMAS sequence; (b) REDOR; (c) double-quantum CPMAS; (d)
CPMAS-HETCOR.

Applications of heteronuclear CPMAS and REDOR tech-
niques to spin> 1/, nuclei experiencing strong electric qua-
drupolar interactions encounter severe complications. For
example, the process of spin-locking, an essential part of the
standard CP experiment, is severely compromised by spin
transitions effected under continuous wave irradiation while
spinning at the magic angf&2¢ Similarly, large quadrupolar
splittings affect REDOR studies, as the pulse trains applied in
the course of these experiments may or may not affect only the
populations of the central spin statéwing to these intrinsic
difficulties, it is understandable why the literature is almost
devoid of high-resolution double-resonance experiments in
which both of the nuclear spin species involved are quadrupolar.
Previous exceptions include our exploratéHg—27Al double-
resonance experiments on aluminoborate gla®&s8syhich we
are expanding upon in the present work. An important goal of
this study is to outline a general experimental strategy for
obtaining reliable structural information in systems containing
two types of quadrupolar nuclei.

Principles and Methodology

High-Resolution NMR of Quadrupolar Nuclei. The pulse
sequences used in this work are summarized in Figure 1. Part
a shows the two-dimensional triple-quantum (TQ) NMR tech-
nique that is now commonly employed for recording high-
resolution MAS NMR spectra of quadrupolar nudgiThis
technique exploits the fact that tif&C<> | —3/,triple-quantum
transition, albeit forbidden, has no intrinsic anisotropy arising
from the first-order quadrupolar coupling. The first pulse excites
triple-quantum coherence, which is allowed to evolve for the
duration of the evolution time;. The evolution is then stopped
by the second pulse. The third pulse (generally applied at a lower
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power level) produces single-quantum coherence, corresponding .
to observable magnetization. Incrementatioty ehd subsequent (a) e SNl T T
2-D data processing allows the regular MAS spectrum (domi- g
nated by second-order broadening) to be correlated with a 08
spectrum that is solely governed by isotropic quadrupolar shifts !
and chemical shifts)iso. In the present contribution, the TQMAS o 08
sequence is used to record high-resolution MAS NMR spectra
of the?’Al nuclei and to quantify their interaction parameters. < ,,|
Complementary results are obtained using SATRAS, which can
provide quantitative estimates of the various aluminum species .
present, as previously showihligh-resolution'’8 NMR spectra '
are obtained by the standard MAS approach. In this case, the
principal componentGg) and the asymmetry parametey) oOf 00 p 2 3 7 s
the nuclear electric quadrupolar interaction tensor as well as NDT
diso are obtained by computer simulation using second-order r
perturbation theory? The initial fitting parameters are taken 1.0
from our previous work on sodium aluminoborate glagSes. (b)
addition, values of; = Cq(1 + #%3)Y? are listed. 0sl ]
REDOR NMR of Multiple-Spin Systems Involving Qua- '
drupolar Nuclei. Figure 1b shows the REDOR pulse sequence
used in the present study. This pulse sequence reintroduces the 06 [/
heteronuclear dipolar coupling that is normally averaged out @c’
by MAS into the high-resolution NMR experimetitBasically, 4 o4t
the magnetization of one spin species (“spin S”) is observed
by a rotor-synchronized spirecho sequence while 18pulses 02l
are being applied to the other spin species (“spin I") in the ’
middle of each rotor period. These Fgfulses reverse the sign
of the I-S dipole-dipole coupling constant, thereby preventing 00 : 5 3 " 5
cancellation of this interaction by coherent averaging through NDT
MAS. As a consequence, the S spiecho is attenuated. Thus r
the presence of a significant-5 dipole-dipole coupling can Figure 2. Calculated REDOR dephasing curve of (a) ap Sistem
be substantiated by calculating the difference sigh@l= S, (solid line, trigonal plane; dashed line, trigonal pyramid) and (b) an

— Sof two experiments executed in the absence and presenceSk system (solid line, tetrahedral; dashed line, square planar).
of the 180 (I) pulses. The magnitude of the (normalized)
difference signal depends (a) on theS dipole-dipole coupling The situation for aluminoborate glasses is more complicated,
constant and (b) on the length of the evolution time during which however, because these systems do not contain isolated spin
the dipolar coupling is active. This time scale is under pairs but have multiple+l, S—S, and S interactions, where
experimental control and given byT,, the number of rotor | and S denote thE'B and the?’Al nuclei, respectively, because
cycles () multiplied by the period of one rotor revolutiofi. of the interlinking of the boron and aluminum coordination
Thus, a plot ofAS'S, versusNT, provides information about ~ polyhedra. The effects of such multiple-spin interactions on
the strength of the dipolar coupling. For a two-spin system of REDOR dephasing have been treated theoretically for systems
spin Y, nuclei, it has been derived thaté only involving spin'/, nuclei®?53 As shown by Naito et ap?
the shape of the REDOR dephasing curve of a three-spin system
AS _ 1 papn . is sensitively dependent on the geometry of the system
g =1- 27J0 ﬁ) cosAP) sin 5 doc df @) considered. Goetz and Schaefer have extended this approach
to larger spin systentS.In particular, their simulations outline
where conditions under which the-l homodipolar interaction does
not affect the dephasing of S spins in a significant way; this is
_ . . true in particular for the REDOR behavior at short evolution
AP = ZﬁNT’D sin 2 sina ) times, which will be the focus of the present study (see below).
Figure 2 shows the results of simulations carried out in our own
laboratory for a number of spin geometries, using the approach
of Naito et al*2 Following Gullion and Schaefép, universal
D= Ho nysh (3) curves are displayed by plotting the normalized echo amplitude
AT pp® differencesASS,, as a function oDNT,. Figure 2a illustrates
the dephasing of S spirecho intensity due to the coupling to
Here,a and g are the Euler angles relating the principal axis three heteronuclei (l) in trigonal planar and trigonal pyramidal
system to the laboratory coordinate system. Fitting the experi- coordination geometries (“SIsystems”). Figure 2b shows

with

mental REDOR curve to eq 1 then results in a dipal@ole corresponding plots for square planar and tetrahedral environ-

coupling constand, from which the internuclear distancean ments in S systems. These particular spin geometries were

be calculated from eq 3. (Other symbols carry their usual chosen for the simulations as they may be present in our glasses,

meanings.) where three- and four-coordinated units are interlinked by
(50) Samoson, A.; Kundla, E.; Lippmaa, E.Magn. Reson1982 49, (52) Naito, A.; Nishimura, K.; Tuzi, S.; Saitél. Chem. Phys. Left994

350 229, 506.
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oxygen. While the comparison of the dashed and solid curvestrends in the?’Al—11B heterodipolar interaction strength can
in both parts a and b of Figure 2 reveals that the dephasingbe analyzed and discussed in terms of the quafitig).

curves are highly dependent on the geometry of the spin system 2-D Cross-Polarization Heteronuclear Correlation under
considered, these curves do converge at short evolution timesMagic Angle Spinning. Another double-resonance technique
where the relative dephasitgy'S, does not exceed the limiting  for probing spatial proximity is the CPMAS experiment (Figure
value of 0.2. Thus, these simulations show that, for a given 1c). As previously discussed by several authors, the specific
order of a spin system, the geometry dependence of thechallenge for CPMAS involving two different quadrupolar spin
dephasing curves is negligible in the limit of short dipolar systems, | and S, is to realize Hartmairtiahn matching
evolution times. In this limit, the REDOR dephasing curves can conditions at rf field strengths (and rotor frequencies) where

be approximated by a simple analytical functién: the central coherences belonging to both spin species remain
spin-locked under MAS for several millisecor@®$8 Thus, a
AS_ E(NTr)Z[Dlz + D22 + .+ Dn2] (42) detailed charact_erization of _the spin-lock behavior of the two
S 15 quadrupolar spin species is necessary prior to conducting
CPMAS experiments. Furthermore, when the MAS spinning
where3 Di? can be related to the dipolar second momi?, frequency exceeds the strength of the homonucleainiterac-
resulting in the expression tions (commonly known as the “fast spinning limit"), the
Hartmann-Hahn matching condition at which an efficient
A_S:i(NTr)z les (4b) coherence transfer from spins | to spins S could occur is
S 37 modified to b&5-57

Equation 4 allows the dipolar coupling to be quantified in spin Vi — Vig= MY, (6)
systems of unknown order and geométhAs an important
feature of REDOR, site-selective heterodipolar second momentsor
are obtained due to the high resolution afforded by MAS.

The second major complication in the present aluminoborate
glass system arises from the fact that b8 and?’Al are | >
1/, nuclei. Due to strong quadrupolar interactions, the various
Zeeman transitions are anisotropically broadened and shifted
relative to each other. A relatively simple situation arises in
the (not uncommon) cased? < Hy < Ho®. In this case, the
first-order quadrupolar splitting is sufficiently large that the 180
pulses affect only the spin populations contributing to the centra
|Y/,0< |=1/,0Otransition, while the line broadening due to the
second-order effects is moderately small, such that the centra
transition is uniformly excited. Provided further that the spin
lattice relaxation times are long on the time scale of the REDOR
experiment, only the | nuclei contributing to the central transition
produce S spin dephasing. While this situation simplifies the
problem conceptually, it is not clear how realistically it can be
accomplished in practice. In fact, the recent simulations by
Chopin et al. cast severe doubts on the “central level assump-
tion”.4” To facilitate a discussion of the present experimental
results, we simply introduce a matrix-element fadt@ < f <
1) into eq 4,

vy T vig= (7)

wherev; is the precession frequency of spifa nuclei in the
applied spin-lock fieldy; is the MAS rotor frequency, and
takes the integer values of 1 or 2. The first condition (eq 6)
corresponds to an energy exchange of two spin species via a
spin flip-flop process assisted by mechanical rotation (hetero-
| nuclear zero-quantum CP), while eq 7 describes the double-
qguantum CP analogue (flip-flip or flop-flop). In our previous
Icommunication, it has been shown that double-quantum CP is
particularly well-suited for quadrupolar nuclei with significant
second-order quadrupolar broademgaking into account the
effective precession frequencies (nutation frequenéfeé§the
Hartmann-Hahn condition for the double-quantum CP between
central transitions of quadrupolar spin systems becéimes

v (1 +Y,) + v, S+ ) =rw, (8)

In the present study, these concepts will be applied to alumi-
noborate glasses for probifdgB < 27Al dipole—dipole cou-
plings through 2-D heteronuclear correlation (HETCOR) spec-
2o 1S troscopy, which can be accomplished by the experiment ;hown
5 Q(N-ﬁ) M, %) in Figure 1d. Here, the contact peritds preceded by chemical
shift evolution of the | spin magnetization for an incremented
evolution periodf;. Fourier transformation with respect to the
ime variableg; andt, produces a 2-D correlation plot, in which
—S interactions owing to site connectivity or spatial proximity
show up as cross-peaks. In addition, variable contact time
CPMAS experiments will be reported. Although to date there

strength, and (4) experimental imperfections such as finite rf is no comprehensive theoretical description of the CP dynamics

pulse lengths, pulse length missets, and phase errors. The result@fmt?]r'g ?ugdrtti]p(:l?t: Sp": sy?te.ms, ||tb|s.|tge WOtI’kI;‘]lg {assu:n?tlon
of the present study (see below) indicate that there is very little or this study that the rate ot signal bufidup at short evoiution
variation in the'!B and 27Al quadrupolar coupling constants times is an exponential function of the contact time, reflecting

among the different samples. Furthermore, special care WaSmalnly the heterodipolar coupling strengths and the number of

taken to ensure that all of the REDOR results were obtained  (55) Meier, B. H.Chem. Phys. Lettl992 188 201.
under identical experimental conditions (rf power and spinning _ (56) Stejskal, E. O.; Schaefer, J.; Waugh, JJSMagn. Reson1977,

speed). Therefore, it is safe to assume, in each type of REDOF%ZS'(é;))S,'\,l‘,ﬂrkS D.; Vega, SJ. Magn. Resan1996 118A,157.

experiment, thaf possesses a constant value for all of the  (s8) sun, W.; Stephen, J. T.; Potter, L. D.; Wu, ¥. Magn. Reson.

samples investigated in the present study. Thus, compositionall995 116A 181.

(59) Kentgens, A. P. M.; Lemmens, J. M. M.; Geurts, F. M. M.; Veeman,
(54) Bertmer, M.; Eckert, HSolid State Nucl. Magn. Resob999 in W. S.J. Magn. Resonl1987, 71, 62.

press. (60) Samoson, A.; Lippmaa, Phys. Re. 1983 B28 6567.

AS_ 4

taking into account the reduced probability of | nuclei in the
noncentral Zeeman states to contribute to the REDOR dephasing%
of S spin coherence. In principle, the numerical valué ofil

be determined by (1) the magnitude of the quadrupolar splitting,
(2) the spinning frequency, (3) the radio frequency (rf) field
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Table 1. Compositions and the Measurég Values of the Glasses Table 2. Hartmann-Hahn Matching Conditions Observed in the

under Study H1B{?7Al} CPMAS Experiments
composition, (mol %) glass vr(kHz) wvig(l + ) (kHz) via(S+ ) (kHz) A2 (kHz)

glass NaO CaO MgO BO; AlLO;  Ty(°C) Na-I 12 8.9 3.2 0.1
Na-| 20 50 30 484 cal 12 76 6.2 1.8

Mg-I 12 8.3 6.2 2.5
Ca-l 25 50 25

Na-II 12 7.1 4.6 -0.3
Mg-I 25 45 30 665

Ca-ll 12 8.3 4.2 0.5
Na-ll 40 40 20 376 ol 1 85 g as
Ca-ll 40 40 20 9 : : :
Mg-II 40 40 20 661 aThis quantity, defined agy g(l + /) + v1a(S+ 2) — vg, indicates

the deviation from the double-quantum CP mechanism.

land S spins involved. Based on this assumption, qualitative AlO, AlO; AlO, BO, BO,
trends will be explored for the present series of samples.

Experimental Section M_I /F\L
Sample Preparation and Characterization.The glasses under study

were prepared by melting the starting materials@®®@; (99%, Fluka),

MgO (97%, Merck), AbOs (99%, Merck), and BOs (99%, Merck) Ca-1

separately in platinum crucibles. The melts were then quenched to room

temperature by pouring onto a water-cooled copper block. The samples

were visually transparent and did not show any sharp X-ray powder m 1

diffraction peaks. Weight losses were in close agreement to calculated J / 7

values, indicating that the chemical compositions of the glasses are

close to the batched ones. Glass transition temperatligesyere

measured by differential scanning calorimetry (Netzsch DSC 200). Na-II

Table 1 summarizes the glass compositions and§values obtained.
Solid-State NMR Experiments.Solid-state NMR experiments were

carried out on a Bruker DSX-500 spectrometer. At the field strength N_H [\

of 11.74 T, the resonance frequencies are 130.3 and 160.5 MHz for

27Al and 1B, respectively. All the spectra were recorded using a 4-mm

Bruker triple-resonance probe. MAS experiments were performed at a
rotor frequency of 12 00Gt 2 Hz, at ambient temperaturé’Al Mg-1I
SATRAS spectra were obtained under the following conditions:
I Sb 6 ppm ! 2‘0 6 ppm‘

spinning speed, 12 kHz; pulse length, @$§ recycle delay, 1 s. All

the 2’Al TQMAS spectra were obtained at a spinning rate of 12 kHz

by thezfiltering sequencé? The rf field strengths of the first two hard ~ Figure 3. 27Al and 1B MAS NMR spectra of all the glasses studied.

pulses and the third soft pulse corresponded to nutation frequencies of

approximately 135 and 6 kHz, respectively, for a liquid sample. The “'B{*’Al} and*’Al{*B} CPMAS, respectively. All of the CP experi-

optimized pulse widths were determined to be 3.0, 1.0, and 4.5  Ments were conducted with spin temperature inversion. In addition,

for the three consecutive pulses. A 72-step phase cycle was employedhe CP signals were authenticated by routinely conducting null

to select the TQ coherences and cancel all transverse magnetizatiorfXperiments (without pulses on the decoupling channel). Isotropic

after the second hard pulse. Typically 576 transients were accumulatedchemical shifts of’Al and 'B are reported with respeat il M AICIs

for eacht; increment, and a total of 64 increments were done at steps and BR-Et:0, respectively.

of 5 us. A relaxation delay of 0.2 s was employed. Quadrature detection .

in the F, dimension was achieved by the hypercomplex approach. The Results and Data Analysis

sheared spectra were apalyzgd by projecting each individual site.onto Single-Resonance NMRFigure 3 shows thélB MAS and

theF, andF, axes. Chemical shifts and quadrupolar shifts were obtained 274| pAS spectra of all of the glasses. Note the facile distinction

according to published procedur®@s. bet three- and four- dinated b it The three-
1B{?"Al} and?’Al{*'B} REDOR studies were carried out using the etween three- and Tour-coordinated boron sSites. The three

standard pulse sequence (Figure 1b) with the XY8 phase &)e. coordinated B@; units are dominant and are identified by a

check for artifacts, the experimental conditions were systematically Structured'B MAS NMR line shape governed by second-order

varied (spinning frequencies 6 and 12 kHz). Also, the effect on the S nNuclear electric quadrupolar interactions. In addition, a sharp

spin dephasing of the rf power level used for applying°1@Ppulses line is observed attributable to tetrahedrally coordinated boron
was tested. Typical power levels corresponded to® 0se lengths (BOy2 units). Because of their more symmetric local environ-
of 6.0 us, for both'B and 2’Al. ment, their'!B resonances are sharp and unaffected by second-

_ Al CPMAS experiments were recorded in the limit of weak order quadrupolar effects. Table 3 summarizes the respective

irradiation, conforming to approximate fulfilment of the double-quantum percentages of both types of units, extracted by standard line

sggzﬁqne':tgﬁ‘;nvenaﬁ;h'?f aﬁ?é'{dz'gﬁg} (ggw?isTg; ecrionqg'r:'tor(‘)fv‘{;as shape simulation techniquésThese simulations also yield
chemical shift and quadrupolar coupling parameters, which are

polycrystalline sample of NB4O-.*® For the present glasses, it is . - . .
necessary, however, to make minor empirical adjustments to this summarized in Figure 4. Note that, with the exception of glass

condition for optimizing signal enhancement. The nutation behavior Na-l, the percentages of B@units are very similar from sample
was carefully characterized in order to determine the rf field strengths t0 sample.

at each HartmanaHahn matching condition. Specifically, the Hart- In contrast to thé'B NMR results, Figure 3 reveals striking
mann-Hahn conditions for each set of CPMAS experiments are differences in thé’Al NMR spectra of the glasses: while in
reported in Table 2. Typically, 2048 transients were accumulated for the sodium aluminoborate glasses the overwhelming majority
each CPMAS spectrum. Relaxation delays were 0.2 and 5s for of gluminum species are four-coordinated, the calcium and

(61) Fernandez, C.. Amoureux, J. P.; Chezeau, J. M.; Delmotte, L.; Magnesium aluminoborate glasses contain, in addition, substan-

Kessler, H.Microporous Mater.1996 6, 33. tial fractions of AlIG; and AlGs units. Their relative proportions
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Table 3. Quantification of Local Structural Units in the Samples
Studied

J. Am. Chem. Soc., Vol. 121, No. 22, 19943

Table 4. NMR Parameters for the Glasses Determined by TQMAS
and MAS Experiments

% Al* structural  Co(MHZ) % (MHz)  diso (Ppm)
%BOy, % BOy, % AlOur AlOs AlOs glass units (£ 0.02) n (£ 0.02) (+£1.0)
glass  (£10%)  (£10%)  (£5%)  (£5%) (+5%) Na-Ib B0y 2.68 0.23 17.4
Na-| 2.6 97.4 83 15 2 BOu 0.8
ca-l 10.8 89.2 83 11 6 AlOap 4.3 63.9
AlOs 4.6 37.1
Mg-I 8.0 92.0 49 41 10

Na-l! 13.7 86.3 >99 cau g'g; v67 om0 2o
Ca-ll 12.0 88.0 80 11 9 a RO : : 18
Mg-II 8.9 91.1 61 32 7 AlO4n 5.2 64.7
aThe jons AP+ exist as five- or six-coordinated aluminum sites; AlOs 6.0 43.1
data for the boron site were corrected according to Massiot's proce- AlOs 5.7 10.7
dure®s Mg-I BOsp 2.67 0.38 18.5
BOu 1.6

AlQ, AlOy4p 57 65.9

AlO,  AlO, Alo, > AlG; AlOs 5.0 375

i \ X AlOg 4.6 8.3

AlQ, M\ i \/\ Na-Ilb  BOg; 2.72 0.05 17.8

‘ BOu» 1.2

\/J AlOy4 4.3 69.5

: T T T T T T T AlOs 3.9 41.6

100 50 [} ppm 1900 1800 1700 ppm Al()6 3.1 10.1
Ca-ll BOsp2 2.66 0.35 19.7

BOus 1.9

AlOy 5.1 69.8

AlOs 4.4 36.4

AlOg 3.0 3.8

Mg-Il BOs3p, 2.66 0.36 19.1

BOu 1.7

AlO 4 5.7 68.1

T T T T T T | ; T AlOs 4.8 38.5

8000 6000 4000 2000 0 -2000 —4000 —6000 —8000 ppm AIOe 38 6 3

Figure 4. 27Al central and satellite transition spectra of the Mg-Il glass.

The complete spectrum with the sidebands is shown together with the

an expanded scale.

ppm F1

AlO;
> D 50
AlOy

AlO,
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Figure 5. Typical 2’Al TQMAS spectrum of the Mg-Il glass.
Spectroscopic features typical of four-, five-, and six-coordinate
aluminum are specifically indicated. Minor peaks are spinning sideband
artifacts.

aThe?’Al and B NMR parameters were determined by TQMAS
. " and MAS experiments, respectively. The quadrupolar coupling of the
central resonance (top left) and four selected sidebands (top right) ongo,, site is weak  ~ 500-700 kHz).? Data taken from ref 43.

resolution to the central transition spectra (inset, top left),
allowing reliable estimates of Alg, AlOs, and AlQs concen-
trations to be obtained. The aluminum speciation deduced in
this fashion is included in Table 3. Figure 5 shows a representa-
tive result from?’Al TQMAS spectroscopy. In this two-dimen-
sional plot, the regular MAS spectrum along fiedimension
is correlated with an isotropic dimension alokg, in which
the resolution is markedly improved owing to the elimination
of second-order quadrupolar effects. From the locations of the
cross-peaks, values of isotropic chemical shifts and the qua-
drupolar parameters can be determined; these values are sum-
marized in Table 4 and should be considered aver&geke
question of how these various types of units are linked to boron
is addressed in the double-resonance studies discussed below.
Rotational Echo Double ResonanceDipolar couplings
between the various types of boron and aluminum sites were
probed by2’Al{1B} and!B{2’Al} REDOR experiments for
all of the six glasses studied. The results are summarized in
Figures 6 and 7, respectively, where the MAS echo difference
sighal ASS is plotted as a function of dipolar evolution time

are hard to estimate from the central transition spectra in Figure NT.. The 2’Al{*!B} experimental results are shown in Figure
3, because the resolution is limited by second-order quadrupolar6. The curves displayed there were found to be fairly indepen-
broadening effects. As mentioned above, however, second-ordeident of the experimental conditions (spinning speed, rf field
effects can be suppressed in #al NMR spectra by using ~ strength) used. Furthermore, no significant differences were
either the SATRAS or the TQMAS techniques. Representative found between th&'B dipolar field strengths at the three types
data are shown in Figures 4 and 5, demonstrating that theof aluminum sites (data not shown). This result shows that
expected resolution improvement can, indeed, be realized in theAlO42, AlOs, and AlG; units are all well-integrated into the

glassy state. Figure 4 showgl spinning sideband manifold
associated with thg/,> <> [3/,> transitions, which is produced
by the anisotropy of the first-order quadrupolar interaction. Each

glass structure and do not form phase-segregated regions of
aluminum oxide.

To extract more quantitative information on the strength of

individual set of sidebands (inset, top right) shows much superior the 11B—27Al dipole—dipole couplings, the approximate eq 5
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1o (again, the data range® AS'S, < 0.2 was used). These values
(@) * B L o (Table 5, second and third columns) show that theyB€ites

interact much more strongly witHAl than the BQ,; sites do.
Other results not shown here indicate that this is consistently
true for glasses within the entire compositional region of the
sodium aluminoborate system. In contrast, the results for the
Mg glasses (Figure 7, top) indicate that both the,Bé&nd BQy»
sites interact about equally strongly withAl nuclei, and the
correspondingfM, values are found to be identical within
experimental error. To address the question of whether this effect
is related to the presence of large amounts ofg/d@d/or AlG
units (Figure 4), 2-D CPMASHETCOR experiments were
carried out.

Cross-Polarization and Spin-Locking Behavior.Table 2
summarizes the Hartmanttiahn matching conditions optimized
empirically for maximum signal enhancement in the crosspo-
larization experiments. It is interesting to find that the higher
the AIOs and AIGs; content, the larger the deviation of the
empirical Hartmana-Hahn matching (HH) from that of the
double-quantum CP (eq 8). Meier shows that, under magic angle
spinning, the HH sidebands of the double-quantum and zero-
quantum CP are of opposite signs and may partially overlap
under the conditiom;s — v1; < —2vr.5% Therefore, the position
of the resultant HH sideband maximum depends on the extent
of the sideband overlap and could deviate substantially from
the matching condition of pure double-quantum or zero-quantum
CP. Although a formal theory for the cross-polarization between
guadrupolar nuclei is not yet available, it seems that a distribu-
tion in quadrupolar coupling constant will increase the widths
of the HH sidebands and complicate the resultant position of
the sideband maxima.

Figure 8 shows the spin-locking behavior observed for sample
Mg-1l using the above-specified CP conditions. The relaxation
characteristics observed here are typical for all of the samples
studied: (1) both thé'B and?’Al spin-locked magnetizations
decay nonexponentially; (2) under the chosen conditiéB€),,
magnetization decays faster thdBOs, magnetization; and (3)
e/vithin experimental error, Al@,, AlOs, and AIG; units have
édentical rotating frame relaxation behavior. This latter result
Is important for the interpretation of the HETCOR and semise-
lective CPMAS data to be presented below.

0,8

0,6

AS/S,

0,4 4

(b)

0,6 4

AS/S,

0.4 4

0,2

0,0

T T T
0,000 0,010 0,015 0,020

NT, [s]

Figure 6. 2Al{1'B} REDOR curves of (a) glass | series and (b) glass
Il series: Mg ®), Ca ©), and Na {+). No spinning speed influence
was noted.

was used to extradM, (2’Al{11B}) values from the REDOR
curves of Figure 6. The data range chosen was ASS, <
0.2, because in this limit the dephasing curves are independen
of any assumptions made about the spin geometry present (se
the simulations of Figure 2). Fitting the short-time behavior of
Figure 6 to eq 5 yielded théM, (2Al{11B}) values compiled _ i )
in the first column of Table 5. These values are all fairly similar, ~ 2-D Heteronuclear Correlation Experiments.A typical 2-D
indicating that the local magnetic fields created by*Bespins HETCOR spectrum obtained via CPMAS is shown in Figure 9
at the27Al nuclear sites are of comparable magnitude in all of for the sample Na-I. For all of the glasses, the results reveal
the samples studied. This result suggests that the averagdhe presence of magnetization transfer and hence spatial
environment of the aluminum atoms by boron species is rather Proximity of boron and aluminum among all possible combina-
uniform and affected little by the basic glass composition or tions of the various sites present. However, important differences
the cation type. become apparent from a closer inspection of the cross-peaks.
The results of thé1B{27Al} REDOR experiments are sub- N Figure 9, thé”’Al projection from the BQ cross-peak closely
stantially more complicated, showing a nonnegligible influence resembles the regular 1-D MAS NMR spectrum, whereas the
of both spinning frequency (see Table 5) and rf power level >’Al projection from the BQ, cross-peak shows much larger
(not shown) on the steepness of the curves, and thence on th@roportions from five- and six-coordinated aluminum (on a
fM, (11B{27Al}) values obtained. Thus, care was taken to relative basis) than present in the single-putéal NMR
compare only REDOR data sets obtained under strictly identical SPectrum (Figure 3). Since Figure 8 confirms that this effect
experimental conditions. Since Figure 3 reveals that the reso-cannot arise from differences #Al spin-lock behavior (see
nances due to B and BQy, units are well-resolved in the discussion above), these HETCOR data reveal a preference of
113 MAS NMR Spectra' it was possib|e to obtain Separate the BQ/Z units in Na-I to interact with AI@ and Al(}; sites. A
1B{27Al} REDOR curves for both boron types; the data are Similar tendency was noted in glasses Mg-I and Ca-l, but not
represented by filled and open circles, respectively, in Figure in glasses Na-ll, Ca-ll, and Mg-II (data not shown).
7. Examination of the different parts of Figure 7 reveals that, = Semiselective Variable Contact Time Experiments.A

T
0,005

in each of the Na and Ca glasses, #B803{2’Al} REDOR
curves are always steeper than tH8O4{2’Al} REDOR
curves. This effect is also clearly evident in tfid, values

second approach for imparting some site distinction on CP
experiments takes advantage of the fact that, at the low rf powers
used, the efficiency of spin-locking becomes greatly dependent

extracted from the initial decays using eq 5, as described aboveon resonance offset effec®5%8In particular, Figure 10 shows
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Figure 7. *B{?’Al} REDOR curves at a spinning speed of 12 kHz: ;3(l) and BQy, (O).

Table 5. Apparent Second Moment§\,8A1) Characterizing the vice versa (a similar but less dramatic effect is also observed
Heterodipolar Interaction Strengths of-AB Connectivities for the 11B carrier frequency. data not shown). Thus. it is pos-
Determined from th&’Al{1!B} and the!'B {?Al} REDOR - i 4 o ) S P
Experiments sible to obtain''B spectra via CP from selected aluminum sites.
This effect offers novel spectral editing opportunities which
were applied to variable contact time experiments. Figures

fMBAL (x 10P s°2)

{?\B]ia E;Bia\?f-b {1?73’3?; {12‘73,6%; {1;%%}'0 11 and 12 show the semiselectiVéB{27Al0,,AlOs} and
s 27 . . " )

glass  (£01) (40.05) (40.05) (+0.05) (+0.05) B{ AIQs,AIOG} CP signal intensities as a function of the
No e 058 028 0.40 0.2 contact time, where th€Al carrier was located at the spectral

a ) ‘ ‘ ’ ’ positions of AlQ, and AIG;, respectively. Each signal buildup
Ca-l 1.4 0.52 0.31 0.34 0.22 . . .
Mg-| 1.4 0.58 0.59 0.44 0.42 curve was normgllzed internally ano! approximated by an
Na-Il 1.0 0.42 0.22 0.27 0.09 exponential function at short contact tinfésAs documented
Ca-ll 11 0.37 0.20 0.24 0.17 by the approximately linear behavior in these semilogarithmic
Mg-Il 16 0.32 0.32 0.26 0.24 plots of In(1— M/Mnay) Vs contact time, crude estimates of the

2Data are independent of spinning spezBata obtained at a  cross-relaxation rate constanfi,)~! can be obtained in this
spinning speed of 6 kHZ.Data obtained at a spinning speed of 12 fashion. It is clear that the signal buildup curves are more

kHz. complicated functions of the spatial proximity, resonance offset,
the 27AI{11B} CPMAS spectra of Mg-I glass at differeftAl Hartmann-Hahn matching offset, quadrupolar coupling effects,
resonance offsets. While locating the carrier at the resonanceand relaxation behavior in the rotating frame of both types of
frequency of the central Al§peak still produces a fairly repre-  nuclei involved. Without a theoretical framework to consider
sentative spectrum, larger offsets lead to substantial deterioratiorthese physical factors explicitly, quantitative interpretations of

of the signal. As Figure 10 illustrates, the magnetization these curves are not warranted. Nevertheless, as discussed above,
belonging to the AlQ), sites cannot be spin-locked effectively Figure 8 reveals that the variod®l coordination sites show

if the 27Al carrier is placed at the AlPresonance offset and more or less identical rotating frame relaxation behavior; this
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including separat&Al projections from the B@and BQy» subspectra. produced by the off-resonance effect.
A CP contact time of 1.5 ms was used. Thgprojections of BQ; are
magnified for comparison. Ca-ll, Mg-Il. This finding is in full agreement with the

found to be th for all of th | wdied. F HETCOR results, confirming in particular the importance of
was found to be the case for all of the samples Studied. FOr aype chemjcal composition effects noted above. It is clear that,

given sample, it is therefore still reasonable to compargghé owing to the underlying assumptions made in the present
values of the""BOs{ AlO42,AI0s} and!BOsi AlOs,AlOg} analysis, theTe,* values listed in Table 6 should be treated
CPMAS experiments with Qach_ other. Likewise, it is pQSS|bIe with great caution, and no further conclusions should be drawn

to compare the correspondifigy 1va|_ues for the B@s units . from those values. In particular, sample-to-sample cross-
OT a given sample. These comparisons are QOcumenlted Incomparisons are not warranted, because each sample possesses
Figures 11 and 12 for all of the glasses studied. The unique rotating frame relaxation rates. Furthermore, the com-

estimates obtained from the slopes of these plots are listed 'nparisons OfTey {(BOsy2) versusTey X(BOy) estimates are also

gable 6. fS_Ict>pe o:!fferenlce?_ Y\t"thtlfrl] ea:ch flgurle '“db'C?“e SOME 1ot legitimate because the rotating frame relaxation curves of
egree ot interaction selectivity, the Sleeper SIope being assOCly, e o poron sites are quite different (Figure 8).
ated with the stronger interaction. To facilitate the subsequent

discussion, Table 6 lists rate ratiéd = Tcy Y(AlO4,AlOs)/
Tep H(AlOs,AlOg) for each type of boron unit. Since all of the
other factors are kept identical, the rate ratios mostly reflect Based on the detailed results presented above, it is now
preferences in spatial proximity. Inspection of this table reveals possible to develop network connectivity models and discuss
that, particularly in glasses Na-l, Ca-l, and MgR lies the pronounced cation effects observed in these glasses. In this
substantially below unity for the B units, suggesting a  connection, the influence of the elemental glass composition
preferential interaction with Al@and AIGs sites. We note that, must be kept in mind. Detailed previous work has shown that
in contrast, no clear tendency is observed for the glasses Na-Il,a particularly important parameter influencing the local structure

Discussion
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19 Mg-II Ca-II Brow and co-workers, and to our knowledge the present study
provides the first experimental evidence for this effect.

. Calcium Aluminoborate Glasses.Table 3 and Figure 3
reveal that, in Ca-l and Ca-ll, the structural speciation of
aluminum clearly differs from that in Na-Il but appears to be
. 4 quite similar to that in Na-I. Although the large majority of
02 = BO,(AIO,) aluminum is present as Alfp sites, these glasses contain also
* BOAOY significant fractions of more highly coordinated aluminum, in
10 agreement with previous finding$The1'B{2’Al} REDOR data
(Figure 7, middle) indicate strorfgB—27Al interactions in the
network, although there is a clear difference between thg-BO
and the BQp, units. The HETCOR results (not shown) and the

0.8

e
S

(MM, )
s

206
§, semiselective CPMAS results (Figures 11 and 12) reveal further
e that, in Ca-l, the BQ), sites interact more favorably with the
. 02 @ BO,{AIO,} more highly coordinated aluminum units than with the dominant
¢ BOJAIO] AlOy; sites; the effect is much less pronounced in Ca-Il. Overall,
T Tda 06 o5 To 02 0a g6 o8 1o the results indicate that, as in the sodium-based glasses, the
Contact Time [ms} Contact Time [ms] intermediate-range order of these glasses is characterized by at
Figure 11. 1B{27Al} variable contact time experiments of glass series least partial avoidance of intertetrahedral links.
Il at different®’Al carrier frequency offsets, corresponding to il Magnesium Aluminoborate GlassesThe behavior observed
peak locations indicated. for Mg-1 and Mg-Il is distinctly different from that seen in the

) ] ] ) ) Na- or Ca-bearing glasses with comparable compositions: the
of aluminoborate glasses is theD-to-Al,Oz ratio. This ratio  fractions of AIG; and AlQs units are significantly increased
is near or below unity for Na-1, Ca-I and Mg-I; the compositions  (rijgyres 3-5), and the B@, units interact much more strongly
chosen are near the glass-forming borders for all three sys-yith ajuminum than they do in the other glasses (Figure 7, top).
tems studied. In contrast, HO/Al.0s = 2.0 for glasses Na-Il, A a matter of fact, th&!B{?’Al} REDOR curves show no more
Ca-ll, and Mg-ll, which is much closer to the centers of the gistinction between B, and BOy, units in this experiment
respective glass-forming regions. Thus, the trends observed taple 5). For Mg-I, the CPMAS results (Tables 5 and 6)
within the second series might be considered more representativeyggest that the B units are preferentially surrounded by

in terms of_ the_ principles gpverning local anmttermediate- AlOs and/or AIQs groups. To the contrary, no significant
rangeordering in most aluminoborate glasses. _ connectivity preferences are detected in Mg-Il. These results
Sodium Aluminoborate GlassesThe situation in Na-Ilis jngicate that Lavenstein’s avoidance rule is not obeyed in the

rather simple. As documented by Figure 3, the network structure atter glass, and a structure governed by statistical linking seems
is dominated by trigonal B&» and tetrahedral Al units. The the most appropriate description.

27Al1{11B} REDOR data (Figure 6) and the CPMASIETCOR
data (not shown) reveal that these units are strongly linked, thus,[r
ruling out possible scenarios based on chemical segregation o
phase separation. In addition, th8{2’Al} REDOR experi-
ments (Figure 7, bottom) indicate that the BQunits are very
remote from tetrahedral aluminum sites, suggesting that they
are mostly linked to Bg), groups. The apparent absence of such
intertetrahedral links can be rationalized on the basis of bond
valence argument€. Both the BQj, and AlQy; sites carry
formal negative charges which repel each other. The same
principle is known to govern connectivity in silicate and zeolite
chemistry (Lavenstein rulef? Additional experiments (to be
published separately) indicate that this rule is applicable for most
of the glasses within the N@—B,03—Al,O3 glass-forming
region. An interesting additional effect occurs for glass Na-I
whose composition is close to the glass-forming border. Sin
the NaO/Al,Os ratio is below unity, a substantial fraction of
more highly coordinated aluminum is predicteand found
experimentally by’Al NMR (Table 3, Figure 3). Furthermore,
a comparison of th&€'B{2’Al} REDOR curves (Figure 7, bottom
left vs bottom right) indicates that the B@units in the Na-I
glass show a much stronger interaction with aluminum than
those in the Na-II glass. This effect is easily understood on the Conclusions
basis of the 2-D HETCOR and the semiselective CPMAS data
reported here: both experiments consistently reveal a particu- While the presence of'B and 2’Al quadrupolar splittings
larly favorable interaction between B@units and more highly complicates the execution and interpretation of both REDOR
coordinated aluminum (see Figure 9 and Table 6). This finding and CPMAS experiments considerably, an appropriate strategy
is in excellent agreement with the bond valence predictions by has been designed to retrieve remarkable detail on the structures
(62) Loewenstein, WAm. Miner 1954 39, 92. of aluminoborate glasses. While qdvan_ced _high-resolu_tion solid-
(63) Massiot, D.; Bessada, C.: Coutures, J. P.; Taulelle]. ’dagn. state NMR measurements help in estimating the various types
Reson199Q 90, 231. of local environments present, the connectivities of these sites

Composition and Cation Effects.Overall, the experimental
ends discussed above reveal pronounced effects of both
rcomposition and cation type. These trends are summarized
schematically in Figure 13. The cation effect is most clearly
seen within the series Il glasses. As™Na replaced by Ca
and further by Mg", the aluminum speciation becomes more
diverse, and the site connectivity principle changes from strong
chemical ordering to statistical. These effects can be easily
understood in terms of the cation’s polarizing strength, which
increases in the order Na— Ca&"™ — Mg?*. In glasses with
weakly polarizing cations, chemical ordering such as the
avoidance of intertetrahedral links are clearly important; hence,
bond valence models can be used in predicting stable local
connectivities. In contrast, in glasses with high field strength
' _cations such as Mg, these local energy terms become much
€ less important, resulting in randomization. This competition and

interplay of both enthalpy and entropy factors is further highly
dependent on compositional parameters such as theMl,03

ratio: glasses of series | give strong evidence for a chemical
preference of B@; units to interact with more highly coordi-
nated aluminum sites; this is not observed for series Il glasses.
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Figure 12. 1B{?7Al} variable contact time experiments of glass series | at difféf@dtcarrier frequency offsets corresponding to fhal peak
locations indicated. Data for Na-Il are not shown because the amount gfuNi® is negligible in this glass.

Table 6. Cross-Relaxation Rates {Lf) between Boron and
Aluminum Sites of Glasses under Stady

BOx{AIO4 BOs{AlOg}
! (ms™)

BO4{AlOs} BO4{AIOg}
mst (ms™)

glass (ms)) R ( ) R

Na-I 0.81(2) 0.53(2) 15 0.75(11) 0.98(12) 0.76

Ca-l 0.74(3) 0.81(3) 0.91 0.95(8) 1.24(11) 0.77 g

Mg-1 0.70(4) 0.83(4) 0.84 0.80(6) 1.28(7) 0.63 g

Ca-ll 0.77(4) 0.86(4) 0.90 0.90(5) 1.02(13) 0.88 2

Mg-ll  1.07(7) 1.006) 1.1 1.24(12) 1.29(11) 0.96 ;E
o

aData for glass Na-ll are not given since the amount of AI©

negligible in this glass; henc® cannot be calculated.

are probed effectively by REDOR and CPMAS/HETCOR
experiments.

Application of this strategy to the present series of glasses
indicates that the structural speciation and connectivity landscape
of aluminoborate glasses is controlled by both the glass Figure 13. Structural trends in aluminoborate glasses as a function of
composition and the ionic field strength of the alkali or alkaline- M0/AI,O; ratio and cation type. Preferred connectivities for the

earth cation present. For the Na- and Ca-bearing glasses, theetrahedral B@, and AlQy, units are indicated.

REDOR results indicate that intertetrahedral links are largely
avoided. This finding constitutes a remarkable degree of the various types of aluminum sites and among the respective
intermediate-range orderin contrast, magnesium-containing boron sites. For spi, nuclei, this task can be accomplished-
glasses are characterized by a randomization of connectivities With the help of double-quantum MAS NMR spectroscopy.

Detailed'B{?7Al} CPMAS experiments indicate further that,

AlO ( content

Connectivity randomization

Mg

2.
Ca™

Glass 1 Glass 11
BO,, AIO,, All connectivities
) allowed
BO,, AlO, BO, slightly
preferred
BOE, AIO5‘6 BO3 only
T T
0.0 1.0 2.0

% M, 0/ %ALO,

at certain glass compositions (series 1), the tetrahedral units havenvestigation in our laboratory.
a tendency to interact preferentially with more highly coordi-

nated aluminum (Al@ and/or AIG; sites). While the present
study mostly addresses the methodology, future work will b

Transfer of this approach to quadrupolar nuclei is currently under
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