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Soluble precursors possessing both Al-N and B-N backbones have been prepared from LiAlH4, LiBH4, and
RNH,-HCI (R = Me and Et) in one pot. The infrared (IR) and nuclear magnetic resonance (NMR) spectra of the
precursors indicate that the precursors possess Al-H and B-H groups as well as Al-N, B-N, Al-(u-H),—Al, and Al-
(-H),—B bonds. TG analysis reveals that the ceramic yield of the precursor [AB11_Me (LiAlH4/LiBH4/MeNH; -
HCl = 1/1/2)] up to 1000°C under an argon atmosphere is 74.4 mass %. The transmission electron microscopic
(TEM) images and the X-ray diffraction (XRD) pattern of AB11 Me that was pyrolyzed at 1600 °C indicate that the
average size of crystalline aluminum nitride (AIN) is about 14 nm and that crystalline AIN particles are distributed
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homogeneously in an amorphous matrix.

Pyrolytic conversion of precursors, so-called preceramic
materials, is a chemical route to obtaining non-oxide ceramics
and ceramic-based composites.'™ Using this approach, high-
purity materials with a homogeneous distribution of compo-
nent elements on an atomic scale and a controllable micro-
structure can be obtained at relatively low temperatures. When
preceramic materials are fusible at relatively low temperatures
or soluble in common organic solvents, this process can also
offer fabrication routes to desirable shapes, including coatings
and fibers, which are essentially unattainable by a conventional
powder process.*

Aluminum nitride (AIN)-boron nitride (BN) composites
possess many attractive properties, including high thermal
conductivity and high electrical insulation as well as excellent
machinability and lubricativity.3!° These properties suit them
various applications,” such as electromagnetic window mate-
rials, heat sinks, and protective coatings of communication and
detection equipment on aircraft. AIN-BN composites are gen-
erally prepared by a conventional powder process.''”!> The
powder process generally results in substantial anisotropy in
their microstructures, however, and, consequently, in their
various properties.'!

Recently, a few studies have reported the preparation of
AIN-BN ceramic-based composites by pyrolytic conversion
of precursors. In an approach using metalorganic compounds,
the precursors were synthesized by the reaction between
(Et,AINH;); and B(NEt); to form homogeneous composites
composed of crystalline AIN and turbostatic-BN by pyrolysis.’
In another approach, gels for AIN-BN composites were pre-
pared by the ammonolysis of H3BOj3, AlCl3, and (NH;),CO

in aqueous solutions.'® As a one-pot synthesis approach, Dou
et al. prepared precursors by reacting metal hydrides (HszAl-
NMe; and H3;B-NH3) with ammonia.!” Although homogene-
ously dispersed AIN-BN composites were considered to be
obtained by this approach, all of these precursors were insolu-
ble in common organic solvents.

Here, we report a one-pot synthesis of soluble precur-
sors by the reactions involving lithium tetrahydridoaluminate
(LiAlHy), lithium tetrahydroborate (LiBH4), and alkylamine
hydrochloride (RNH,-HCI; R = Me and Et). AIN precursors
with AI-N backbones can be directly synthesized from LiAlHy
and alkylamine hydrochlorides,'® while borazines [(HBNR)s;
R = H or alkyl] can be prepared from sodium tetrahydroborate
(NaBHy) and alkylamine hydrochlorides (RNH,-HCI) [or
ammonium chloride (NH4CI1)]."?

nLiAlH, + nRNH, -HCI
— (HAINR), + nLiCl + 3nH, (R = alkyl), (1)
3NaBH, + 3RNH, -HCI
— (HBNR); 4 3NaCl + 9H, (R = H or alkyl),  (2)

Thus, it is expected that a precursor possessing both AI-N and
B-N backbones can be directly synthesized from LiAlHy,
LiBHy, and alkylamine hydrochlorides. In this study, we aim
at the preparation of soluble precursors in one pot and their
conversion into homogeneous composites with high ceramic
yields. We report the preparation of precursors, the mechanism
of the pyrolytic conversion and the characterization of the py-
rolyzed residues.
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Table 1. The Precursors Prepared by Reactions of LiAlHy,
LiBH; with Methylamine Hydrochloride, and/or Ethyl-
amine Hydrochloride

LiAlH,/LiBHy/
CH;3NH, -HCl/ .
Sample C,HsNH, -HCI Notes
(molar ratio)
AB11 Me 1/1/2/0 white solid, soluble
white viscous
ABI1.MeEt /11 liquid, soluble
transparent viscous
ABILEt 1/1/0/2 liquid, soluble
Experimental

All the manipulations were performed under protective nitro-
gen atmosphere (purity: >99.9995%) using standard Schlenk
techniques? or a nitrogen-filled glove box. Toluene (Kanto Chem-
ical) was distilled over sodium and benzophenone under nitrogen
atmosphere.

Preparation of the Precursors. The precursors were synthe-
sized by the reactions of lithium tetrahydridoaluminate (LiAlHy,
Wako Pure Chemical Industries) and lithium tetrahydroborate
(LiBH4, Wako Pure Chemical Industries) with methylamine
hydrochloride (CH3NH, - HCI, Tokyo Kasei Kogyo) and/or ethyl-
amine hydrochloride (C;HsNH,-HCI, Tokyo Kasei Kogyo). The
molar ratios in the preparation of precursors are listed in Table 1.

The preparation of AB11_Me is described below as a represen-
tative example, since the other precursors were prepared in a sim-
ilar manner. The reaction was conducted in a three-necked round-
bottomed flask equipped with a gas inlet tube, a glass stopper, and
a reflux condenser. In a glove box, LiAlH, (4.212 g, 0.111 mol)
and LiBH, (2.418 g, 0.111 mol) were added to the flask. After it
was carefully purged with nitrogen, the apparatus was charged
with distilled toluene. Methylamine hydrochloride (14.98 g, 0.222
mol) was dried under reduced pressure for 3h and added to this
suspension. The resulting suspension was stirred overnight at 0 °C
and then gradually heated to 110°C. After stirring at 110°C for
16 h, the suspension was filtered to remove insoluble components.
Toluene was removed from the clear solution by trap-to-trap dis-
tillation under reduced pressure to yield a white soluble solid
[Caution: The precursors react vigorously with water to emit flam-
mable (or toxic) gases (such as hydrogen, ammonia, etc.). Thus,
the precursors should be kept under an inert atmosphere.].

Pyrolysis of the Precursor AB11 Me. For pyrolysis at 1600
°C, the precursor AB11_Me was placed on a BN boat in an alumi-
na tube under flowing argon (purity: >99.999%). The heating rate
was 10°C min~! from room temperature to 200 °C and 5°C min~!
from 200 to 1600 °C. The temperature was held at 1600 °C for 2 h.
The pyrolyzed residue was then cooled to room temperature at
5°Cmin~!.

Characterization of the Precursors and the Residue Pyro-
lyzed at 1600 °C. The precursors were characterized by infrared
(IR) spectroscopy (JASCO, FT/IR-460) and nuclear magnetic res-
onance (NMR) spectroscopy (JEOL, JNM-Lambda 500). The IR
spectra of the precursors (except for AB11_Et) were recorded
using the hexachloro-1,3-butadiene (C4Clg; hcb) mull technique.
The ""BNMR (160.35MHz) spectra of the precursors were
recorded for a benzene-ds solution using diethyl ether—boron
trifluoride (1/1) (BF3-Et,O, Oppm) as an external standard. The
27 AINMR (130.20 MHz) spectra of the precursors were recorded

using [Al(H,0)¢]>" (Oppm) as an external standard. Thermogra-
vimetry (TG, Perkin-Elmer, TGA-7) was carried out at a heating
rate of 10°C min~! under flowing argon (90 mL/min) up to 1000
°C. TG-mass spectrometry (MS, ANELVA, M-400GA-DM) anal-
ysis under flowing helium (40 mL min~", purity: >99.9999%) was
performed in the range from 10 to 400 amu for the detection of
the volatile species during pyrolysis. No fragments larger than
125 amu were observed.

The residue of AB11_Me that was pyrolyzed at 1600 °C was
characterized by solid-state NMR spectroscopy (JEOL, NM-GSX
400), Raman spectroscopy (Thermo Electron, Nicolet Almega
XR) and X-ray diffraction (XRD, Rigaku, Rint-2500) analysis.
The solid-state NMR spectrum of the pyrolyzed residue was re-
corded at 128.28 MHz (!'B) and 104.17 MHz (*’Al) using only
the MAS technique. The external standards for solid-state !B and
2AINMR were the same compounds as for liquid-state NMR.
Five hundred scans were accumulated with a pulse delay of 5s
("'B) or 1s (*’Al) and a spinning rate of 9kHz (''B and 2" Al).

The X-ray diffraction pattern of the pyrolyzed residue was ob-
tained using monochromated Cu K« radiation. Microstructure
characterization of the pyrolyzed residue was performed with
a transmission electron microscope (TEM, JEOL, JEM-1011,
100kV). The amounts of aluminum and boron in the precursor
and the pyrolyzed residue were determined using inductively cou-
pled plasma emission (ICP) spectrometry (Variant, Vista-MPX).
The amounts of carbon, nitrogen and hydrogen in the precursor
were measured with a Perkin-Elmer PE 2400-II instrument, and
those of carbon, nitrogen and oxygen in the residue obtained by
pyrolysis at 1600 °C were measured with LECO CS-444LS and
TC-436 instruments.

Results and Discussion

TG curves of the precursors performed under flowing
argon are shown in Fig. 1. The ceramic yields of AB11 Me,
AB11 MeEt, and AB11_Et up to 1000°C are 74.4, 68.5, and
39.1 mass %, respectively. Since AB11_Me exhibits the high-
est ceramic yield among these precursors, most of the study
was devoted to the spectroscopic characterization of the pre-
cursor AB11_Me and its pyrolyzed residue.

Spectroscopic Characterizations of the Precursors.
Figure 2 shows the IR spectrum of AB11 Me. The IR
spectrum exhibits adsorption bands at 3245cm™' (vny),?!
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Fig. 1. TG curves of (A) AB11_Me, (B) AB11_MeEt, and
(C) AB11_Et under flowing argon.
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Fig. 2. IR spectra of (A) AB11_-Me, (B) AB11_MeEt, and

(C) AB11_Et. The bands marked by asterisks are due to
hexachloro-1,3-butadiene (hcb).
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Fig. 3. Proton-coupled and decoupled ''B NMR spectra of
(A) AB11_Me, (B) AB11_MeEt, and (C) AB11_Et.

2960-2860cm™! (vey),?' 2480-2360cm™! (vgy,),?>? 2180
cm™! (UB(M_H)),H’B 1860 cm™! (UAlH,),ls 1490-1470 cm™!
(Valumy-B + Scny),2? 1460 and 1380cm™! (vpn),!?2! 1320
em™! (Wargene-aD,? 1240em™" (O, + ven),?! 1123 cm™!
(8Bm,),22 1020cm™! (ven),?! 878 cem™! (pgy,),22 and ~725
em~ ! (van)®* (H, donates the terminal hydrogen atom). This
result indicates that AB11 Me possesses Al-H and B-H
groups, and Al-N and B-N bonds as well as Al-H-B and
Al-H-Al bridging bonds.

To characterize the molecular structures of the precursors
further, multi-nuclear liquid-state NMR analysis was em-
ployed. Figure 3 shows both the proton-coupled and the decou-
pled "B NMR spectra of AB11_Me. In Fig. 3, four signals are
present at 41, 35, —3, and ~ —38 ppm. The signal at 35 ppm,
which is a doublet in the proton-coupled spectrum and a singlet
in the decoupled spectrum, can be assigned to an HBN, envi-
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Fig. 4. ?AINMR spectrum of AB11_.Me. The signal
marked by an asterisk is caused by the glass tube.

ronment.?> The coupling constant (Jgy) of this signal is
131 Hz. From the '"BNMR spectra of borazines [(HBNR)3;
R = H or alkyl], B-alkenylborazines [(RCH=CH,)-B3;N3Hs;
R = alkyl] and their polymerized compounds possessing a
[B3N3] ring, the coupling constants (Jgy) of the HBN; reso-
nances were determined to be 130—140 Hz.!%25-27 Thus, the sig-
nal at 35 ppm in the ''B NMR spectrum of AB11_Me is attrib-
uted to the HBN; environment in the [B3N3] ring.

As for the assignment of the broad signal centered at
41 ppm, the chemical shift in this range can be generally as-
signed to the HBN, environment.?> This broad signal is a sin-
glet in the proton-coupled spectrum, however, and thus it
should not correspond to a usual HBN, environment. Bulak
et al.?® reported that the '"BNMR spectra of the compounds
possessing an [-N=B(H)-] skeleton exhibited barely resolved
doublet signals at 39-41 ppm in the proton-coupled spectra in
spite of the existence of the B-H groups. The line width of the
signal, which can be assigned to the HBN, environment in the
[-N=B(H)-] skeleton, in the decoupled spectrum was still
broad in comparison with the width in the proton-coupled
spectrum.” In Fig. 3, the broad signals at 41 ppm in the pro-
ton-coupled and decoupled spectra are singlets and the line
widths of the signals are very similar to each other. Thus, it
is concluded that the signal at 41 ppm corresponds to the HBN,
environment in the [-N=B(H)-] skeleton. In addition, the
broad signals centered at —3 ppm and at & —38 ppm in the
"B NMR spectrum of AB11_Me can be assigned to the H,BN,
and BH, environments.?>%

Figure 4 shows the ?? AINMR spectrum of AB11_Me. Sig-
nals are observed at ~124, 114-118, and 97 ppm with one
shoulder at ~91 ppm. With respect to the signals in the range
from 114 to 118 ppm, Akitt reported that the chemical shifts
from 116 to 120 could be assigned to the H,AIN, and H3AIN
environments.’® It is therefore suggested that the signals in
the range from 114 to 118 ppm are assignable to the H,AIN,
and/or H3AIN environments. The signal at 124 ppm is assign-
able to the HAIN; environment.?! The signal at 97 ppm and the
shoulder at 291 ppm in the 2 AINMR spectrum of AB11_Me
can be assigned to the six-coordinate A/Hs and HsAIN environ-
ments.?
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Table 2. The Compositions of AB11 Me and the Residue Pyrolyzed at 1600 °C

Elemental analysis/mass %

Sample Al B N C T 0 Total Compositional formula
AB11_Me 27.9 85 260 282 84  — 99.0  AlIBg77N; 50Ca25Hs 05
Calc.(AB11-Me) 27.6 11.0 28.6 24.5 8.2 — 100.0 AIBN,C,Hg
1600°C 52.0 5.0 21.7 13.4 — 5.6 97.7 AlBy24Np.80Co.5800.18
The aluminum tetrahydroborate derivatives, such as [ Hoy

Al(BHy)3 and (=N)-HAI(BHy),, possess six-coordinate alumi- HMe\N—Al’
num atoms and Al—(i4-H),—B bonds.??> AI(BHy); has three Al- H’\A'/ \N-\Me/
(u-H),—B bonds in the six-coordinate A/Hg environment, M e\\N/— Al/ Al—
which exhibited a resonance at 97.4 ppm in the 2’ AINMR spec- 4 H o hL Me
trum.?? The derivative (=N)-HAI(BH,), on the contrary, has ~ /\)\,\\ /\AT’H B
two Al—(/4-H),—B bonds in the six-coordinate HsAIN environ- Me—N N " \/N/ \NMe
ment, whose resonance appeared at 94.1 ppm in the 2’ AINMR Hoa //AI\N//eA]\ H H Me
spectrum.?? The "B NMR spectra of both derivatives exhibit- HM9/| M e HH HH N ’
ed BH, resonances at ~ —37 ppm.?>?> AB11_Me correspond- by H A AT N\TAE H B e
ingly exhibits the signals at &~ —38 ppm in the ''B NMR spec- \‘|3 H Me._ /B\H \B\,L ,L
trum and the signal at 97 ppm and the shoulder at ~91 ppm in ,,"\ H T H T N// Ml S e
the 2’ AINMR spectrum. In addition, the Va1 p band is H\T Al 45/ “Me °
observed at 1490-1470cm™' in the IR spectrum of AB11_ Rl _HH/ N\ Ch
Me. Thus, it is suggested that AB11_Me contains the Al- H>B//H ’ H--Ng~ HH;//\KH--—-B—H
(BH4)3 and (=N)-HAI(BHy), groups possessing Al—(u-H),— H “H

B bonds.

The 2’ AINMR spectrum of AB11_Me suggests the presence
of the four-coordinated aluminum species [H AIN4_, (x =
1-3)] groups possessing Al-H groups. Since the Vaj_(y-H)-al
band is observed at 1320cm™!, single hydrogen bridges [i.e.,
Al—(u-H)-Al bonds] and/or double hydrogen bridges [i.e.,
Al—(j4-H),—Al bonds]?* could be present in AB11_Me. For
the Al-(u-H)—Al bonds, the adsorption band at 1200 cm~!,
as well as that at 1320cm™', should be observed,?? while no
adsorption band at 1200 cm™~! is observed in the IR spectrum
of AB11 _Me. Thus, it is likely that only the Al—(u-H),—Al
bonds are present in AB11 Me. It should be noted that the
Al-(ju-H),—Al bonds in AB11_Me can be located at both the
six-coordinate Al environments (A/Hg and HsAIN) and/or the
four-coordinate Al environments [H,AIN4_, (x = 2,3)], but
the formation of Al-(u-H),—Al bonds at the A/Hg and HsAIN
environments could hardly occur.?? Based on these considera-
tions, it is reasonable to assume the presence of Al-(/-H),—
Al bonds in the H AIN4_, (x = 2, 3) environments.

Table 2 shows the composition of AB11_Me. As shown in
Table 2, the boron/aluminum ratio was determined to be
0.77 by an ICP measurement. The boron content decreased
during the preparation of AB11 Me, indicating that the vola-
tile N-methylborazine (HBNMe);, which was identified by the
IIBNMR spectrum of the distillate (not shown), was formed
by reaction of LiBH4 with MeNH,-HCI. The average mass
of AB11_Me was about 1.4 x 10? as determined by cryoscopy.
Based on these observations, the local structure of AB11_Me
can be proposed as illustrated in Fig. 5.

The molecular structures of AB11_MeEt and AB11_Et are
also discussed on the basis of the spectroscopic results. All
of the IR spectra exhibit similar adsorption bands, as shown
in Fig. 2. Additionally, as shown in Fig. 3, the '"BNMR
spectra of AB11 MeEt and AB11_Et exhibit profiles similar
to that of AB11_Me. Based on these observations, AB11_Me,

Fig. 5. The local structure of AB11_Me. Formal cherges on
B, Al, and N atoms are omitted for clarity in this figure.
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Fig. 6. Solid-state 2’AINMR spectrum of AB11_Me
pyrolyzed at 1600°C. Spinning side bands are marked
with asterisks.

AB11 MeEt, and AB11 Et appear to possess similar local
environments.

Characterizations of the Residue Obtained by Pyrolysis
at 1600°C. The residue of AB11_Me that was pyrolyzed at
1600 °C was characterized by solid-state NMR spectroscopy,
Raman spectroscopy, XRD, TEM, ED, and elemental analysis.
Table 2 summarizes the compositions of the precursor AB11_
Me and its pyrolyzed residue. The formula of the residue is
AlB(24N0.80Co.5800.13. Figures 6 and 7 show the solid-state
27Al and "B NMR spectra of the pyrolyzed residue, respec-
tively. The solid-state 2’ AINMR spectrum of the residue
shows one narrow signal at 110 ppm, which can be assigned
to the AIN, environment.’? In the solid-state ''"BNMR spec-
trum of the residue (Fig. 7), two broad signals centered at 11
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Fig. 7. Solid-state '"BNMR spectrum of AB11_Me
pyrolyzed at 1600°C. Spinning side bands are marked
with asterisks.
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Fig. 8. XRD pattern of AB11 Me pyrolyzed at 1600 °C.

Fig. 9. TEM images [(A) bright-field image and (B) dark-field image] and (C) the ED pattern of AB11_Me pyrolyzed at 1600 °C.

and 22 ppm are observed, which can be assigned to the BNj
environment.*> The Raman spectrum of the residue exhibits
two bands at 1337 and 1595cm™!, which are attributable to
amorphous carbon.>*3 Figure 8 shows the XRD pattern of
the pyrolyzed residue. The XRD pattern of the residue is con-
sistent with that of crystalline AIN,? and no reflection due to
crystalline BN phase is observed. The average size of the crys-
talline AIN particles is calculated as approximately 13 nm by
Scherrer’s formula.

Although the BNj resonance is observed in the solid-state
""BNMR spectrum, no reflection of crystalline BN is ob-
served. In addition, the presence of amorphous carbon in the
residue is detected by Raman spectroscopy. Thus, the amor-
phous phase seems to contain boron, nitrogen, and carbon.
On the contrary, the only crystalline phase in the residue is
AIN, judging from the XRD result. As shown in Table 2, the
N:Al ratio is 0.80:1, whereas the N:Al ratio in crystalline
AIN is 1:1. If all of aluminum in the residue was present as
crystalline AIN, the amount of nitrogen in the residue would
not be sufficient. Even if all of nitrogen in the residue was
present in the crystalline AIN and aluminum was present as
both AIN and alumina (Al,Os3), latter of which has an Al:O
ratio of 1:1.5, the amount of oxygen would not be sufficient.
Thus, the amorphous phase should possess a certain amount
of aluminum, as well as boron, nitrogen, carbon, and oxygen.
It is consequently assumed that the crystalline phase in the res-
idue is AIN and that the amorphous phase in the residue is an
Al-B-N-C-0O material. It should be noted that, in the solid-
state ''B and >’ AINMR spectra, it appears to be difficult to
observe weak signals of asymmetric environments related to

amorphous oxynitrides, possibly N,BOs_, (x = 1,2), N,BO4_,
(x = 1-3) and/or N,AlO4_, (x = 1-3) environments, because
both boron and aluminum are quadrupolar nuclei.

Figure 9 shows the TEM images and the electron diffraction
(ED) pattern of the residue obtained by pyrolysis at 1600 °C.
The selected ED pattern of the residue [Fig. 9C] in the
bright-field image [Fig. 9A] shows ring patterns, which can
be assigned to that of AIN. The bright area in the dark-field
image [Fig. 9B] corresponds closely to the dark area in the
bright-field image. The dark area in the bright-field image,
consequently, corresponds to crystalline AIN particles, which
are dispersed homogeneously in an amorphous matrix. The
average size of the crystalline particles is about 14 nm, which
is in good agreement with the particle size calculated from the
XRD pattern by Scherrer’s formula.

Mechanistic Study of the Conversion of the Precursor
AB11 Me into Ceramics. As shown in Table 2, the boron/
aluminum ratio decreases from 0.77 in AB11_Me to 0.24 in the
pyrolyzed residue. It is therefore assumed that a large portion
of boron was volatilized during pyrolysis. In order to clarify
this behavior, TG-MS analysis of AB11_Me was carried out.

Figure 10 shows the temperature profiles of the mass frag-
ments. The pyrolytic process of AB11_Me can be divided into
two stages (stage I: below 350°C, stage II: above 350°C).
Figures 10A and 10B show the temperature profiles of the
mass fragments recorded at stage I. As shown in Fig. 10A,
in the temperature range from 150 to 350 °C, the temperature
profile of the fragment at /m/z 30 is similar to those of the frag-
ments at m/z 31 and 28. These fragments can therefore be
assigned to methylamine (MeNH;). As shown in Fig. 10B,
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Fig. 10. Temperature profiles of fragments for (A) methylamine, (B) methylborazine and toluene, and (C) methane.

in the temperature range from 150 to 300 °C, the temperature
profile of the fragment at m/z 123 is similar to those of the
fragments at m/z 122, 81, and 38. These fragments can there-
fore be assigned to methylborazine (HBNMe);. Below 150 °C,
the temperature profile of the fragment at m/z 38 is similar to
that of the fragments at m/z 39, suggesting that these frag-
ments are attributable to toluene. These observations suggest
that toluene (below 150°C), methylamine (150-350°C), and
methylborazine (150-300°C) are evolved during pyrolysis. It
is thus assumed that the evolution of methylborazine gives rise
to the decrease in boron content.

Kim, Babonneau, and co-workers reported that evolution
of borazine (HBNH); was observed during the thermal decom-
position of aminoborane polymer (-H,BNH,-), possessing
[B3N3] rings in the temperature range from 200 to 330 °C.3738
Since AB11_Me also possess [B3N3] rings, as shown in the
"BNMR spectrum, it is assumed that cleavage of the B-N
bonds occurs, leading to the evolution of methylborazine at
this stage (Scheme 1A). On the other hand, Bernard et al. re-

(A) Me
H\ . Te H IL H
H Cleavage of N X
\N/B\N/B\'%N\ -~ BN bos:ms Eﬁ \T
|/ h i _— N N
e M HT | | v NN
MmN~ AN y | ¢
B Me N
| Methylborazine
(B) Me
-MeNH
Me—("—H> bl Me/N\ -
TV B
: /\
/ I\ B-N-B linkage

Scheme 1. Proposed reactions during pyrolysis of AB11_Me
below 350 °C. Formal cherges on B, Al, and N atoms are
omitted for clarity in this Scheme.

ported that the evolution of methylamine is due to the reaction
between two —N(H)Me groups to form several =B-N(Me)—
B= linkages during pyrolysis of poly[2,4,6-tri(methylamino)-
borazine] below 400°C* (Scheme 1B). The evolution of
methylamine implies, therefore, that AB11_Me may contain
-N(H)Me groups.

In Fig. 10C, which represents stage II, the temperature pro-
file of the fragment at m/z 16 is similar to those of the frag-
ments at m/z 15 and 14. These fragments can therefore be
assigned to methane. In previous studies, the cleavage of the
C-N bonds was reported to occur, leading to evolution of var-
ious hydrocarbons in this temperature range.***3 It is therefore
assumed that the cleavage of the C—N bonds in the precursor
leads to evolution of methane above 350 °C.

Conclusion

The soluble precursors have been synthesized from lithium
tetrahydridoaluminate, lithium tetrahydroborate, and alkyl-
amine hydrochloride in one pot. Spectroscopic analysis sug-
gests that AB11 Me contains H,AIN4_, groups (x = 1-3),
Al(BHy4); groups, (=N)-HAI(BHy), groups, H,BN, groups,
and HBN, groups in the [B3;N3] ring. These units are likely
to be connected via an [-N=B(H)-] skeleton as well as Al-
(u-H)>-B and Al-(ut-H),—Al bridging bonds in AB11_Me.
The other precursors, AB11_MeEt and AB11_Et, seem to have
similar local environments, as suggested by IR and ''B NMR.
TG analysis exhibits that the ceramic yield of AB11_Me up
to be 1000 °C under an argon atmosphere is 74.4 mass %. The
decrease in the boron content during pyrolysis of AB11_Me
arises from the evolution of methylborazine below 350 °C.
The results of solid-state NMR, XRD, TEM, ED, and elemen-
tal analysis suggest that the residue of AB11_Me pyrolyzed at
1600 °C exhibits homogeneous distribution of crystalline AIN
(14nm) particles in the Al-B-N-C-O amorphous matrix.
These results indicate that the one-pot synthesis involving
LiAlHy, LiBHy4, and MeNH, -HCl is highly effective in fabri-
cating precursors exhibiting high ceramic yields.
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