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The structural organization of nitridic ceramics in the system Si/B/N/C on an intermediate
length scale is studied using °Si{''B} rotational echo adiabatic passage double resonance
(REAPDOR) and 'B{?°Si} rotational echo double resonance (REDOR) NMR spectroscopy.
The experiments are performed on a 100% 2°Si enriched 2°SizB3N-; ceramic material, obtained
by ammonolysis and subsequent pyrolysis of the single-source precursor molecule ((trichlo-
rosilyl)amino)dichloroborane (TADB, CIl3s?°SiNHBCI,). Simulations of the resulting double
resonance curves on the basis of multiple spin interactions are presented. The double
resonance data is supported by additional !B and 2°Si static dipolar spin—echo experiments.
The combined results obtained from the different experimental approaches indicate an
unexpected connectivity motif in these ceramics, characterized by regions of mainly Si—N—
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Si linkages and islands of predominantly B—N—B connectivities.

Introduction

Amorphous ceramic materials in the system B/C/N/
Si have gained considerable importance as high-
performance materials due to their fascinating thermal
and mechanical properties.?2 Among these materials,
those obtained by polycondensation and subsequent
pyrolysis of molecular single-source precursors exhibit
an improved resistance to phase separation and crystal-
lization during the pyrolysis process,® and their resis-
tance to oxidation is unprecedented among the non-
oxidic ceramic materials.#> The structural characteri-
zation of these amorphous networks is a prerequisite
for an understanding of the chemical and physical
properties of these materials and the fine-tuning thereof.
A lot of effort has been put into the characterization of
these materials, among these especially the ternary
SizB3N7 and the quaternary SiBN3C. While the short
range order has been studied successfully using stan-
dard MAS NMR techniques® (2°Si, 11B, 1°N), XANES
spectroscopy,” and X-ray and neutron diffraction tech-
niques® revealing BN3 and SiN4 units as the polyhedra
constituting the network, the ordering on a distance

scale down to 9 A has been accessed by means of energy-
filtered transmission electron spectroscopy (EFTEM)
and electron spectroscopic imaging (ESI).° These studies
found that the ceramics SizBizN; and SiBN3C are
homogeneous with respect to the elemental distribution
on a subnanometer scale. However, the important
intermediate-range (2—6 A) ordering of the network-
forming polyhedra SiN,; and BN3z has not yet been
accessible.

Double resonance NMR techniques have proven to be
a powerful tool for the characterization of intermediate-
range ordering phenomena in amorphous solids. These
techniques utilize the dipole—dipole coupling strength
between two nuclear spins | and S to obtain information
about I-S internuclear distances. While the rotational
echo double resonance (REDOR)°-14 approach works
well if the dephasing nucleus is a | = %/, nucleus, the
method works only insufficiently for quadrupolar (I >
1/5) nuclei, since only spin populations in the central
transition contribute to the dephasing, thus severely
complicating data analysis. In these cases, transfer of
populations in double resonance (TRAPDOR)*~1% and
rotational echo adiabatic passage double resonance
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(REAPDOR)?°-22 gpectroscopy have been shown to
overcome the shortcomings of REDOR.

In the present study, we use 2°Si{1'B} REDOR and
REAPDOR spectroscopy to study the intermediate
range order in the ceramic SizB3N7 and discuss an
analysis of the obtained REDOR and REAPDOR curves
on the basis of single and multiple spin interactions.
The reverse experiment—B{?°Si} REDOR—is ham-
pered by the low natural abundance (4.7%) of the 2°Si
isotope but would be highly desirable as a second source
of information for the intermediate-range order in these
ceramics. We therefore used a 100% 2°Si-enriched
sample of SizB3N7 for our experiments. Finally, we will
present 1B and 2°Si static dipolar spin—echo NMR
experiments which measure the homonuclear dipolar
couplings, thus exploring homonuclear intermediate-
range order. Analysis of these experiments supports the
findings concluded from the double resonance data.

Experimental Section

The 100% 2°Si-enriched SizB3N; sample was synthesized as
follows: 2°Si was reacted with lead(l1) chloride (PbCl,, Fluka)
to 2°SiCly. 2°SiCl, was then added to hexamethyldisilazane
(Me3SiNHSiIMe;, Fluka) to give 1,1,1-trichloro-3,3,3-trimeth-
yldisilazane, which then was reacted with boron trichloride
(BCls, Fluka), resulting in the desired single source precursor
molecule ((trichlorosilyl)amino)dichloroborane (TADB). Am-
monolysis and polycondensation was achieved by addition of
liguid ammonia. Ammonium chloride as a byproduct was
removed by sublimation at 500 °C prior to pyrolysis at 1400
°C.

All NMR experiments were performed on a Bruker DSX 400
spectrometer operating at 9.4 T using a 4-mm triple resonance
(H XY) probe. The resonance frequencies were 79.46 and
128.33 MHz, respectively. All spectra were recorded at spin-
ning speeds of 5—10 kHz. Rf fields were set to 29.4 kHz for
29Sj and 48—89 kHz for 1*B, corresponding to 7/2 (liquid) values
of 8.5 us and 2.8—5.2 us for 2°Si and !B, respectively.

Figure 1 shows the pulse sequences used in this work. In
REDOR (Figure 1a), the reintroduction of the heteronuclear
dipolar couplings, normally averaged out under the conditions
of MAS, is accomplished by introducing rotor-synchronized
m-pulses for the dephasing (1) nucleus. Among the various
REDOR versions, the sequence using a conventional rotor-
synchronized spin—echo on the observe channel (S) was
applied. REAPDOR, a combination of REDOR and TRAPDOR,
was designed for optimal performance when the dephasing
nucleus (I) is a half-integer quadrupolar nucleus. In this
experiment, the reintroduction of the heteronuclear dipolar
coupling is achieved by an adiabatic rf pulse in the middle of
the pulse sequence (Figure 1b). The length of the dephasing
pulse was set to one-third of the rotation period.

Results

Typical 11B{?°Si} REDOR and 2°Si{!1B} REAPDOR
spectra are plotted in Figure 2. The 1B line shape is
indicative of a second-order quadrupolar powder pattern
(Co = 2.9 MHz; n = 0.1). The top spectra represent
results of 1B (Figure 2a) and 2°Si (Figure 2b) MAS
spin—echo experiments defining the corresponding ref-
erence intensity Sp; middle spectra were obtained by
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Figure 1. Pulse sequences used in this work: (a) REDOR,
(b) REAPDOR.
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Figure 2. Typical 'B{?°Si} REDOR and ?°Si{1'B} REAPDOR
spectra for the studied SisBsN; ceramic. Experimental de-
tails: vgre(?°Si) = 29.4 kHz; vgre(*B) = 89 kHz; vmas = 10 kHz
(REDOR) and 5 kHz (REAPDOR). Spectra: top, B (left) and
295j (right) MAS spin—echo spectra; middle, 1'B{?°Si} REDOR
(left) and 2°Si{*'B} REAPDOR (right) spectra; bottom, REDOR
and REAPDOR difference spectra.

applying the REDOR (Figure 1a) and REAPDOR (Fig-
ure 1b) sequence giving the decreased echo amplitude
S, while the bottom spectra represent difference intensi-
ties. The magnitude of the normalized difference signal
(So — S)/Sp depends both on the strength of the dipolar
coupling and the length of the dipolar evolution time
NTgr, Tr being the rotor period and N the number of
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Figure 3. Experimental ?°Si{!'B} REAPDOR curves for
vmas = 5 kHz, vre(*B) = 89 kHz (filled circles) and vyas = 6
kHz, vre(*'B) = 48 kHz (open circles). vgre(?°Si) = 29.4 kHz in
both experiments.
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Figure 4. Experimental 2°Si{*'B} REDOR (open circles) and

1B{?°Si} REDOR (filled circles) dephasing curves for 2°SizBs-
N7: VMAS = 5 kHZ; VRF(MB) = 89 kHZ; VRF(zgSi) = 29.4 kHz.

rotor cycles. The resulting 1'B{2°Si} REDOR, 2°Si{11B}
REDOR and REAPDOR curves, each obtained by plot-
ting the MAS echo difference signal amplitudes AS/Sg
as a function of the dipolar evolution time NTg, are
shown in Figures 3 and 4. Figure 3 shows the results of
two different 2°Si{!'B} REAPDOR experiments on
Si3B3Ny. Solid circles correspond to experimental condi-
tions vmas = 5 kHz and vgg = 89 kHz, and open circles
to an experiment performed with vyas = 6 kHz and vge
= 48 kHz. Note that REAPDOR difference intensities
are higher for the experiment with the higher 1B RF
field and lower MAS frequency. This observation is
confirmed by additional data (not shown) and is a
manifestation of the dependence of the dephasing ef-
ficiency on the adiabaticity parameter o = v?gre/vovmas
introduced by Vega.?3

The main characteristic of the 2°Si{ 1B} REDOR curve
(Figure 4; open circles) is a leveling off at a AS/Sy value
near 0.5. A comparison with the REAPDOR curves in
Figure 3 confirms the superior dephasing characteristic

(23) Vega, A. J. J. Magn. Reson. 1992, 96, 50.
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of the REAPDOR pulse sequence relative to REDOR.
Since in the REAPDOR experiment principally all spin
states of a quadrupolar nucleus are involved in dipolar
dephasing, the dephasing is much more efficient than
in the corresponding REDOR experiment, where mainly
the central transition is involved.

The results of a 11B{2°Si} REDOR experiment, moni-
toring the second coordination sphere of a central boron
atom, are presented as filled circles in Figure 4. The
REDOR curve shows a quadratic dependence at short
evolution times and a leveling off near AS/Sy = 1.

While the REAPDOR and REDOR experiments ex-
plore the heteronuclear intermediate-range ordering in
the nitridic ceramic SizBzN7, 2°Si (and 11B) static spin—
echo decay spectroscopy experiments can be used to
study homonuclear ordering phenomena on intermedi-
ate-distance scales. This approach has been shown to
work for spin 1/, nuclei?* as well as for noninteger
quadrupolar nuclei.?®> The spin—echo decay at short
evolution times can usually be described by a Gaussian
according to 1/lp = exp(—(27)2M>/2).2> M, denotes the
second moment, given by the well-known van Vleck
equation Mz = P(uol4m)?y*1(1 + 1)A2yri;=6,26 where v, |
and rj; are the gyromagnetic ratio, the spin quantum
number, and the internuclear distance, respectively. The
prefactor P can adopt values between 4/15 (inhomoge-
neous case, quenching of the flip-flop term in the dipolar
Hamiltonian) and %/s (homogeneous case). Due to the
1/r6 dependence the contribution of the second coordina-
tion sphere usually amounts to 90—95% of the total
second moment. Therefore, an estimation of the second
moment M, principally allows for a calculation of the
number of (homonuclear) second-nearest neighbors,
thus being a further independent source of information
with respect to the intermediate-range ordering motif
in these ceramics. Figure 5a presents the normalized
29Si spin—echo intensity as a function of the evolution
time 27 obtained in a static 2°Si spin—echo experiment;
Figure 5b summarizes the 1B static spin—echo data for
29Si3B3N- together with data for the reference compound
h-BN.

Discussion

The presented data enable us to discuss the ordering
phenomena in the nitridic ceramic SizB3N7 up to inter-
mediate-distance scales. The short-range order in these
materials is characterized by the presence of tetrahedral
SiNy4 units and trigonally planar BN3 polyhedra as the
building units of the SizsB3N7; network, as has been
confirmed by !B line shape analysis and comparison
to crystalline model compounds.?”—2°

While this short-range ordering motif in related
nitridic ceramics has been demonstrated using different
experimental approaches (vide supra), information about
the structural organization of the network forming
polyhedra SiN4 and BN3 on an intermediate-distance
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Figure 5. (a) 2°Si static dipolar spin—echo data (filled circles).
The solid line corresponds to a fit resulting in M, = 3.1 x 108
rad? s72. (b) !B static dipolar spin—echo data for 2°SizB3N-
(filled circles) and h-BN (open circles). Solid lines correspond
to M; values obtained by fitting the initial part of the decay
curves (2t < 200 us).

scale is only available on the basis of the presented
REDOR and REAPDOR results. These experiments
track the dipolar coupling strength between 1B and
29Si, hence principally supplying the number and dis-
tance of heteronuclei in the second coordination sphere.

An analysis of the REAPDOR and REDOR curves has
to account for multiple spin interactions.3°=32 Trigonally
planar coordinated boron can be connected (via nitrogen)
to up to six silicon atoms, while silicon may be coordi-
nated to up to eight boron atoms in the second coordina-
tion sphere. Distribution of bond lengths and angles in
amorphous networks further complicate interpretation
of the data in smearing out the characteristic oscilla-
tions of the REAPDOR and REDOR curves at longer
evolution times. Due to the low dephasing efficiency in
the 2°Si{11B} REDOR experiment we restrict the discus-
sion to the 2°Si{1'B} REAPDOR and 'B{?°Si} REDOR
data. Analysis of the double resonance data was per-
formed using self-written computer code, following the
work of Naito et al.?® and Chan et al. (REDOR)3! and
the simulation package SIMPSON.32 Prior to the analy-
sis of the presented data we performed numerous
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Figure 6. Compilation of calculated REAPDOR dephasing
curves for a SiB; three-spin system. A distance B—Si of 2.74
A was assumed. The angle spanned by the two dipolar vectors
was varied from 20 to 180°. Key: open circles, 20°; filled
triangles, 40°; open diamonds, 60°; filled circles, 80°; filled

diamonds, 100°; open triangles, 120°; filled squares, 180°.

simulations of REDOR and REAPDOR curves, varying
geometry and distribution for a given multiple spin
interaction. Figure 6 contains a compilation of calcu-
lated REAPDOR curves for a BSi, three-spin system,
varying the angle between the two dipolar vectors. We
found that the initial parts of the REAPDOR and
REDOR curves (in our case up to AS/Sp = 0.5—0.6) are
fairly independent of the exact angle in a given geom-
etry (see Figure 6) and distribution effects. Conse-
guently, the obtained REDOR and REAPDOR curves
can be analyzed in terms of number and distance of
heteronuclei even if the exact geometry is unknown,
provided the analysis is restricted to short evolution
times. The simulation of the REAPDOR curves (Figure
7) was performed by assuming an internuclear distance
Si—B of 2.74 A, a value which is suggested by evaluation
of neutron diffraction data.® Taking the natural abun-
dance of the 1B isotope (80.4%) into account, a single
29Gj—11B dipolar coupling corresponding to a distance
of 2.74 A (380 Hz) produces the dashed lines, plotted in
Figure 7a,b. Simulation of a three-spin interaction 2°Si—
11B, with the two internuclear 2°Si—11B vectors span-
ning an angle a of 54° (corresponding to a trigonal
planar NSiB, fragment), again assuming an inter-
nuclear distance of 2.74 A, yields REAPDOR curves
presented as dotted lines in Figure 7a,b. The experi-
mental data can be simulated by a weighted superposi-
tion of both, according to 1.8 + 0.1 boron neighbors in
the second coordination sphere of a central silicon atom.
In this calculation, the natural abundance of the B
isotope has been taken into account. Assuming 80% of
silicon connected to two boron atoms and 20% of silicon
connected to only one boron, this leads to 0.8 x 0.8 x
0.8 = 0.512 as the fraction of silicon atoms which are
connected to two B nuclei (0.8 x 0.8 = 0.64 is the
probability that both neighbors are 1B isotopes; the

(32) Goetz, J. M.; Schaefer, J. J. Magn. Reson. 1997, 117, 147—
154.

(33) Baks, M.; Rasmussen, J. T.; Nielsen, N. C. Presented at the
40th Experimental Nuclear Magnetic Resonance Conference, Orlando,
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Figure 7. Simulation of the 2°Si{1'B} REAPDOR curves: (a)
VMAS = 5 kHZ, ’VRF(llB) = 89 kHZ, (b) VMAS = 6 kHZ, VRF(llB) =
48 kHz. Dashed lines: REAPDOR dephasing calculated for a
single 2°Si—'B dipolar coupling. Solid lines: REAPDOR
dephasing curves calculated for a SiB; three-spin system with
o = 54°. Note that the dephasing curve for the SiB, three-
spin system is actually a superposition of the dephasing curves
for a two-spin and a three-spin interaction due to the natural
abundance of the B isotope (80.4%).

third 0.8 is the fraction of silicon connected to two boron
atoms). In a similar vein, 0.8 x 0.2 x 0.8 + 0.2 x 0.8 x
0.8 = 0.256 is the fraction of silicon atoms which are
connected to two boron atoms but only connected to one
11B nucleus. Correspondingly, an average number of
1.8 boron neighbors per silicon site would produce a
REAPDOR curve according to AS/Sptotal = 0.512(AS/
Spthreespin) - 0. 416(AS/Se™osPin), While these simulations
do not categorically exclude any contributions from
higher spin systems (SiBs, SiBy, ...), they do indicate
that the majority of silicon atoms is coordinated via
nitrogen atoms to two boron sites. This implies that the
network in the studied SizB3N7 ceramic is far from being
homogeneous on an atomic level on the studied inter-
mediate distance scale. Such a scenario would imply a
mean number of four boron atoms in the second coor-
dination sphere of silicon.

While the 2°Si{!1B} REAPDOR experiments eluci-
dated the number and species of next nearest-neighbors
of silicon, the reverse experiment, 1'B{2°Si} REDOR,
monitors the second coordination sphere around a
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Figure 8. Experimental 1'B{?°Si} REDOR data together with
simulated REDOR dephasing curves under the assumption of
(a) one single B—Si dipolar coupling, d = 2.74 A (dotted line),
(b) two B—Si dipolar couplings, d = 2.74 A (three-spin system
BSi,; oo = 66° (dashed line)), and (c) weighted superposition of
(a) and (b) according to AS/Sy = 0.44AS/S, (BSi,) + 0.56AS/S,
(BSi).

central boron atom. Analysis of the resulting REDOR
curve was performed using the standard equation for
REDOR dephasing® and adopting the approach of
Naito3® for multiple spin interactions. A weighted
superposition of a two-spin and a three-spin interaction
(with an angle o = 66° between the two dipolar vectors)
succeeds in simulating the experimental data, resulting
in 1.4 + 0.1 silicon atoms in a distance of 2.74 A per
boron atom (Figure 8). Again a connectivity motif,
characterized by preferred Si—N—Si and B—N—B link-
ages, emerges, leading to a network consisting of regions
with predominantly B—N—B and regions with predomi-
nantly Si—N—Si bonding.

The results of the 2°Si{11B} REAPDOR experiments
(1.8 boron atoms in the second coordination sphere of a
central silicon) and the value of 1.4 silicon atoms in the
second coordination sphere of a boron site found in the
11B{?°Si} REDOR experiment perfectly support one
another, considering the different coordination numbers
of silicon and boron, resulting in a maximum possible
number of atoms in the second coordination sphere of 6
and 8 for boron and silicon, respectively.

Even further support for our findings can be obtained
when analyzing the dipolar static spin—echo behavior
for 11B and 2°Si. The experimental spin—echo decay of
the 2°Si resonance in Si3B3Ny is plotted in Figure 5a.
The solid line corresponds to a M, of 3.1 x 106 rad? s~2.
This value can be related to the number of silicon atoms
in the second coordination sphere of a central silicon
atom as follows. A single 2°Si in a distance of 2.98 A
(concluded from neutron diffraction data®) contributes
(0.26—0.56) x 106 rad? s=2 to the second moment,
depending on the value of the prefactor P. Although an
a priori estimation of the prefactor is not possible, the
value should be close to that for the homogeneous case,
considering the narrow line width of the static 2°Si

(34) Bennet, A. E,; Griffin, R. G.; Vega, S. NMR Basic Principles
and Progress; Springer-Verlag: Berlin, Heidelberg, Germany, 1994;
Vol. 33.
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spectrum. With this assumption the number of silicon
neighbors around a silicon site amounts to a (minimum)
value of 6. This agrees well with the results of the
REAPDOR experiments. Both approaches reveal 1.8
boron atoms and six silicon atoms comprising the second
coordination sphere of a central silicon atom.

Interpretation of the 1B spin—echo decay (Figure 5b)
is complicated by the presence of the large quadrupolar
interaction for the B nucleus.?53% Gee et al.?> found
that the decay curves can be used to extract second
moments only if analysis is restricted to short evolution
times and selective pulses are used. Even under these
conditions second-order quadrupolar interaction may
lead to a suppression of the flip-flop term in the dipolar
Hamiltonian and consequently to a drastic reduction of
the second moment. We therefore compare the second
moment M, found for the ceramic SizBsN7, to that of
the model compound h-BN. In h-BN,3¢ we find six boron
atoms (in plane) at a distance of 2.51 A, and six further
boron atoms (three in the upper, three in the lower
layer) at a distance of 3.61 A, resulting in a Sr—¢ value
of 2.7 x 105 m~8, Since the quadrupolar line shape in
h-BN is essentially identical to that of the B signal in
SizB3N7, we can assume the prefactor in the second
moment to be identical for both compounds. The experi-
mental second moment for the 1B resonance in SizB3Ny7,
obtained under various experimental conditions (non-
selective and selective pulses), was in all cases deter-
mined to be 60—65% of the corresponding Mx(h-BN)
value, leading to a value of 1.8 x 10% m~ for the Jr 6
part of the second moment. Assuming a B—B distance
of 2.51 A2 the contribution of a single boron atom
amounts to 4 x 1057 m~%, corresponding to 4—5 boron
atoms in the second coordination sphere of a central
boron atom. Together with the 1.4 silicon atoms these
4—5 boron atoms comprise the second coordination
sphere of a central boron atom.

We are now in a position to present a structural model
for the nitridic ceramics. All the presented results,
29Gj{11B} REAPDOR, 11B{2%Si} REDOR, and !B and
29Sij dipolar spin—echo spectroscopy, are consistent with
the following network description.

The short-range order is characterized by SiN4 and
BN3 polyhedra, which are the building blocks of the
network. The ordering motif on an intermediate length
scale (2—6 A) is characterized by formation of Si—N-
rich and B—N-rich regions, respectively. A representa-
tion of the resulting network is sketched in Figure 9,
which illustrates the avoidance of Si—N—B connections,
resulting in the formation of boron-rich and silicon-rich
islands. This structural motif can be explained with the
help of the kinetics of the ammonolysis of the —BCl;
and —SiCl; groups in the precursor molecule TADB. The
higher Lewis acidity of the BCIl, fragment implies a
faster attack of ammonia at the boron site of TADB. As
a consequence, at the beginning of the reaction, only

(35) Haase, J.; Oldfield, E. J. Magn. Reson. 1993, A101, 30.
(36) Pease, R. S. Acta Crystallogr. 1952, 5, 356.
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Figure 9. Proposed structural model for the SizB3zN7 ceramic.
The agglomeration of B—N—B and Si—N-—Si units into boron-
and silicon-rich regions, respectively, can be clearly drawn
from this representation.

—B—NHj> groups are available for the polycondensation.
This in turn leads to an oligomer, which is predomi-
nantly characterized by B—N—B linkages. Si—ClI bonds
are not attacked by ammonia unless the local B—CI
supply is almost depleted. The single B—N—Si linkage,
already present in the precursor molecule, seems to
survive the condensation and pyrolysis process, while
the new linkages seem to be primarily B—N—B and Si—
N—Si connectivities.

Conclusions

29Si{1'B} REAPDOR and 'B{?°Si} REDOR experi-
ments on a 100% 2°Si isotopically enriched sample of
the nitridic ceramic SizBsN; were performed with the
aim of elucidating the structural organization in the
amorphous network on an intermediate length scale.
Analysis of the resulting REDOR and REAPDOR curves
involved multiple spin interactions. The results could
be consistently explained assuming a network which is
characterized by an agglomeration of B—N—B linkages
and Si—N-Si linkages to form boron-rich and silicon-
rich regions. Additional 'B and 2°Si dipolar spin—echo
decay experiments support these results.

The proposed network, concluded from the double
resonance NMR data presented in this work, is consis-
tent with the homogeneous elemental distribution on a
length scale > 9 A found by Heinemann et al.,? since
the diameter of the proposed islands is in the range of
4—6 A. Work to the end of extending these experiments
to the quaternary ceramic SiBN3C is currently in
progress in our laboratory.
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