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Precursors possessing Ti-N bonds were pre-
pared by the reactions between Ti(NMe,), and
each of three diamines H,NCH,CH,NH,,
Me(H)NCH,CH,N(H)Me, HN(CH,CH,),NH
(Ti(NMe,)4:diamine = 1:2), and were converted
into ceramics by pyrolysis. The reactions with
H,;NCH,CH,NH, and HN(CH,CH,),NH led to
the formation of insoluble solids, whereas a
soluble oil was obtained by the reaction with
Me(H)NCH,CH,N(H)Me. The pyrolyses under
argon gave carbon-rich Ti(N,C,0) phases,
but those under NH;- N, resulted in the
formation of Ti(N,C,0) phases with higher
nitrogen contents. Despite the difference in
precursor structures the pyrolysis behavior of
three precursors under argon was rather simi-
lar, suggesting that the precursor obtained from
Me(H)NCH,CH,N(H)Me was effectively cross-
linked durmg pyrolysis. © 1998 John Wiley &
Sons, L

Keywords: tetrakis(dimethylamino)titanium;
amminolysis; precursor; pyrolysis; titanium
nitride
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INTRODUCTION

Titanium nitride (TiN) exhibits excellent proper-
ties, such as high hardness, high melting point,
corrosron resistance and high electrical conductiv-
ity.! It has been used for various applications,
including wear-resistant coatings and solar control

* Correspondence to: Kazayuki Kuroda, Department of Applied
Chemistry, Waseda University, Ohkubo-3, Shinjuku-ku, Tokyo
169, Japan.

E-mail: kuroda@mn.waseda.ac.jp
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~ were converted into TiN powders via pyrolysis.

coatings for windows.>™ Also, TiN has attracted
mcreasmg attention because of 1ts use as diffusion
barriers in integrated circuits.>® Traditional syn-
thetic procedures for TiN are the nitridation of
titanium metal and carbothermal reduction of TiO,
under nitrogen, but recent studies on TiN synthesis
have focused on chemical vapor deposition (CVD)
processes for film preparatlon 1 TiN ﬁlms have
been prepared mamlx in TiCl;~NH;" and
Ti(NR;),—NH; systems,™” and a vanety of com-
pounds possessing Ti-N bonds'® other than
Ti(NR3),4 can also be used as precursors.

Another synthetic route to TiN is the pyrolysis of
inorganic and organometallic compounds posses-
sing Ti—N bonds. This chemical route is capable of
TiN-film pl;reparatron, if precursors are soluble or
spinnable.”” Insoluble polymeric precursors were
prepared by the ammonolysis of Ti(NMez)s, aznlg
Aminolysis of Ti(NMe,), led to the formation of
soluble polymers which appeared to have ladder-
like structures,'*'® and such precursors were
converted into TiN powder and film via pyroly-
sis.!*! TiN precursors were also prepared by the
reactions between Ti(NMe,); and diamines
(RHNCH,CH,NH)R, R=H, Me, Et).’¢
R=H, the product was an insoluble polymer,
whereas the use of diamines with R = Me and Et
resulted in the formation of soluble precursors. TiN
precursors can also be prepared electrochermcally
using titanium metal as a starting material,"”

This paper describes the preparation of TiN via
reactions between Ti(NMe,), and three different
kinds of diamines [H.NCH,CH,NH,,
Me(H)NCH,CH,N(H)Me and piperazine
(HN(CH,CH,),NH)]. Precursors were character-
ized spectroscopically, and were pyrolyzed under
argon and NH;-N, atmospheres. Emphasis is
placed upon the pyrolyzed products, which were
characterized by compositional analysis and X-ray
powder diffraction (XRD).

CCC 0268-2605/98/100787-06 $17.50
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- EXPERIMENTAL

All the procedures were performed under a
protective nitrogen atmosphere using a standard
Schlenk technique or a globe box filled with
nitrogen. Benzene and diamines (except pipera-
zine) were freshly distilled using appropriate drying
agents before use. Piperazine was dried under
reduced pressure before use. Tetrakis(dimethyl-
amino)titanium, Ti(NMe,),, was used as received.

Precursors possessing Ti~N bonds were prepared
on the basis of a previous report'S by the reactions
of Ti(NMe,), with diamines (DAs) with
Ti(NMe;)4:DA = 1:2. For ethylenediamine and its
dimethyl derivative (N,N'-dimethylethylenedia-
mine), an ideal reaction can be expressed by Eqn
(1L '

Ti(NMe,), + 2R(H)NCH,CH,N(H)R a
—1/n[Ti(RNCH,CH,NR),], + 4Me,NH

where R = H or Me. About 4 g of liquid Ti(NMe,),
was dissolved in 50ml of benzene in a 200-ml
three-necked flask. DA dissolved in 20ml of
benzene was dropped slowly into a Ti(NMey),
solution at room temperature with stirring. Then the
resulting solution was gradually heated, and finally
refluxed at 78 °C for 20 h.

When  Ti(NMe;); was reacted  with
HzNCI‘IzCHzNHz and IW(CH2CH2)2NH, insoluble

yellow precipitates were collected after the removal-

of the solvent and the volatile components under
reduced pressure. By reaction between Ti(NMe,)4
and Me(H)NCH,CH,N(H)Me, however, a viscous
black solution was obtained with the formation of a
small amount of an insoluble precipitate, which was
removed by filtration. The removal of the solvent
gave a black oily product.

The precursors were characterized by IR spectro-
scopy (Perkin-Elmer FTIR-1640), and 'H NMR
(270 MHz, C¢Dg) spectroscopy was also applied for
a soluble precursor. Thermogravimetric (TG)
analyses of the precursors were carried out with a
Shimadzu TGA-50 thermobalance at a heating rate
of 10 °C min™! under a helium flow. '

The precursors were pyrolyzed in a tube furnace.
About 0.5 g of precursor was placed in an Al,O;
boat, which was then introduced into an Al,O5 tube
filled with argon or NH;. For pyrolysis under argon,
the precursor was heated at 600, 1000, and 1500 °C
for 2h with a flow rate of 100 mlmin.~* For
pyrolysis under NH;3-N,, the precursor was first
heated at 600 °C under NH; (30 mL min~?), and
cooled to room temperature. Then, the product

© 1998 John Wiley & Sons, Ltd.
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Figure 1 IR spectra of (a) Ti(NMe,)s, and of the reaction
products of Ti(NMez)4 with (b) HzNCHzCHzNHz(Pl‘GH), (C)
Me(H)NCH,CH,N(H)Me(PreMe) and (d) HN(CH,CH,),NH(PreP);
the spectra (a) and (c) were obtained in the neat state, and the
spectra (b) and (d) were obtained in Nujol.

pyrolyzed under NH; was heated again at 1350 °C
for 8 h under N, (100 ml min~?). The heating and
cooling rate was 5 °C min.™!

The pyrolyzed residues were analyzed by XRD
(CuKa Mac Science diffractometer). The
lattice parameters of the pyrolyzed residues were
calculated by the non linear least-squares method.
The amounts of nitrogen, oxygen and carbon in the
pyrolyzed residues were measured with LECO TC-
436 and CS-444LS instruments. The pyrolyzed
residues were dissolved by treatment with aqua
regia in a Teflon decomposition vessel at 130 °C for
24 h, and the amounts of titanium were determined
by inductively coupled plasma emission spectro-
scopy (ICP; Nippon Jarrell Ash ICAP-575 II).

.RESULTS AND DISCUSSION

The precursors prepared with H,NCH,CH,NH,
and piperazine [HN(CH,CH;),NH] (hereafter PreH

Appl. Organometal. Chem. 12, 787-792 (1998)
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_and PreP, respectively) were obtained as insoluble
solids, implying that they possess cross-linked
structures. However, the average molecular weight
should be much lower for the liquid precursor
obtained from Ti(NMe,), and
Me(H)NCH,CH,N(H)Me (PreMe). -

The IR spectra of the precursors, as well as that
of Tl(NMe2)4, are shown in Fig. 1. After the
reactions w1th each of the DAs, the v(Ti-N) band
intensities'® of Ti(NMe,), (at 588 cm™?) decrease
dramatically, and new bands appear at 558-
650 cm™". "Bradley and Gitlitz studied the IR
spectra of Ti(NMey)s., (N°Pry),, and reported that
mixed species showed two v(Ti-N) bands near the
position for Ti-NMe, and that for Ti- N"Pr,.'? Since
only one v(Ti-N) band is observed for each of PreH
and PreP, we assume that most of the NMe, groups
are lost during the syntheses of PreH and PreP. This
is further supported by the fact that the o(CH3)
band'® of the NMe, groups (~1250 cm™?) is hardly
detected in the IR spectra of these two precursors.
In the IR spectrum of PreMe, a few bands
assignable to v(Ti-N) are observed at 558, 584,
and 650 cm™". In addition, bands attributable to the
3(CHs) mode are observed at 1242 and 1274 cm ™!
(as shown by arrows). Thus, PreMe appears to
contain a small proportion of unreacted NMe,
groups.

In the IR spectrum of PreH, weak bands due to
v(N-H) and 6(NH;) modes are observed. The
number of H atoms attached to N (i.e. the number
of NH) is twice the number of the NMe, groups in
the Ti(NMe,),~H,NCH,CH,NH, system (in the
other two systems, the number of NH is equal to
that of the NMe, groups). Hence, the NH groups
should be present even after the complete removal
of the NMe, groups (which can be achieved with
the equivalent number of NH groups; see Eqn [1] in
the Experimental section). Based on the loss of
most of the NMe, groups and the nominal NH,:
NMe, ratio (1:1), the presence of 6(NH;) bands
indicates that some nitrogen atoms should be
present as imido bridges (Ti-N-Ti), which partly
accounts for cross-linked structure formation.
Imido-bridge structures have also been proposed
for the precursors prepared between Ti(NR;)4 and
primary amines, RNH,.'*'7 It should also be
expected that some of the H,NCH,CH,NH, acts
as a chelating agent 6 and forms bidentate ligands
bridging two titanium atoms (A).

(T ilTCHzCI'IzIrTi) (A)
The IR spectrum of PreP shows the absence of

© 1998 John Wiley & Sons, Ltd.
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Figure 2 TG curves of the reaction products of Ti(NMe,),
with (a) H,NCH,CH,NH,(PreH), (b) HN(CH,CH,),NH(PreP)
and (c) Me(H)NCHzCHZN(H)Me(PreMe) under He at a heating
rate of 10 °Cmin~".

NH groups, which is consistent with the loss of
most of the NMe, groups. Since piperazine cannot
act as a chelating reagent, piperazine should bridge
two Ti atoms to form a cross-linked structure.

Oily PreMe is the only product that can be
analyzed with 'H NMR. Many sharp signals were
observed at 2-5 ppm (not shown), indicating the
presence of various environments for the methyl
groups. It should also be noted that no broad signals
were observed, suggesting that the product is not
highly polymeric. Seyferth and Mignani prepared
TiN precursors in the same and very similar
systems, and observed the formation of monomeric
[Ti(RNCH,CH,NR),] with ohgomers 16 Therefore
we assume that PreMe consists of mixtures of
monomeric and oligomeric species. The IR spec-
trum of PreMe shows the presence of a v(N-H) band
at 3290cm™’, consistent with the presence of
remaining NMe, groups.

The pyrolysis behavior of these three precursors
was investigated by TG analyses (Fig. 2). All the
precursors showed a two-step mass loss (room
temperature to ~500°C and ~700 °C upwards).
The ceramic yield of PreMe is the lowest based on
the TG results (40%, up to 900 °C), and the other
two precursors show quite high ceramic yields of
over 50% (the ceramic yield of PreH is higher than
that of PreP).

When the precursors were pyrolyzed at 1500 °C
under argon, black residues were obtained. The
ceramic yields of the precursors (Table 1) are
between 20 and 30%, and these values are much

Appl. Organometal. Chem. 12, 787-792 (1998)
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Table 1 Ceramic yields and characteristics of the pyrolyzed products for pyrolysis under

Ar at 1500°C for 2h
Precursor
PreH PreMe PreP

Ceramic yield (mass%) 26 21 27
Loss of Ti (mass%) 33 44 31
Elemental analysis (mass%)*

Ti 76.0 (1) 67.5 (1) 527 (1)

N 2.1 (0.09) 4.2 (0.21) 5.4 (0.35)

C 18.7 (0.98) 25.2 (1.49) 34.7 (2.63)

0 1.5 (0.06) 1.6 (0.07) 7.0 (0.40)

Total (mass%) "~ 983 98.5 99.8
Lattice parameter (nm) 0.4321 0.4285

* Molar ratio in parentheses.

lower than the corresponding values obtained by
TG analysis up to 900 °C. The ratios of Ti lost
during pyrolysis are estimated from the amounts of
Ti in the precursors and those in the 1500 °C
pyrolysis residues (Table 1). PreMe shows the
lowest ceramic yield and the highest Ti loss
(consistent with TG results), but these values (yield
and Ti loss) are not very different from those of the
other precursors. Based on the difference in the
precursor structures, PreMe, which appears to
consist of monomeric and oligomeric species, is
expected to show a much lower yield than those of
the other cross-linked precursors. In addition, as
shown in Fig. 2 the TG curve profile of PreMe is
similar to those of the other two precursors, and no
sharp mass loss (indicative of volatilization) is
observed. Thus, we assume that the pyrolysis of
PreMe leads to the formation of a cross-linked
structure without considerable volatilization, and is
finally converted into ceramic residue with a
reasonable yield. Thus, PreMe is the most attractive
precursor among the three examined because of its
solubility.

The pyrolyses of the precursors under argon at
1500 °C resulted in the formation of well-crystal-
lized single-phase rock-salt-type products. The
XRD pattern of the product from PreH is shown
in Figure 3 (c) and the lattice parameters of all the
products are listed in Table 1. TiN is known to
possess a rock-salt-type structure, and can form
solid solutions with TiC and TiO2*> The
observed lattice goarameters are close to that of
TiC (0.4327 nm)* rather than those of TiN
(0.4240 nm)* and TiO (0.4178 nm).>* The compo-
sitions of the products (Table 1) also reveal that the
N:Ti ratios are very low [0.10:1 (PreH),0.21:1
(PreMe) and 0.35:1 (PreP)], and considerable
amounts of carbon are present. The presence of

© 1998 John Wiley & Sons, Ltd.

0.4314

carbon remaining in the residues obtained by
pyrolysis under argon has also been reported
previously.167

It should be noted that the initial N:Ti ratios in
the precursors should be 4:1 for PreMe and PreP
[since the NMe, groups in Ti(NMe,), are replaced
by the same number of -NMe (PreMe) or=N
(PreP) groups, the N:Ti ratio should be maintained
during the precursor synthesis] or equal to or above
2:1 for PreH [the N:Ti ratio ranges from 4:1 (the
value for the 1:1 reaction) down to 2:1 (assuming
that one NH; group reacts with two NMe, groups to
form each imido bridge)]. Thus, it should be
concluded that large amounts of nitrogen are lost
during pyrolysis. In order to obtain further
information, PreH was pyrolyzed at lower tem-
peratures (600 and 1000 °C). After the pyrolysis at

Intensity /a.u.
IOF O

- .40 50”'60””70
20 P (CuKa)

Figure 3 XRD patterns of the reaction product of Ti(NMe,)s

with H,NCH,CH,NH;(PreH) pyrolyzed under argon at (a)

600 °C, (b) 1000°C, (c) 1500°C; and (d) pyrolyzed under NHa—
N, (for conditions see the Experimental section).

Appl. Organometal. Chem. 12, 787-792 (1998)
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Table 2 Compositional characteristics of the reaction product of Ti(NMe,), with H,NCH,CH,NH(PreH) pyrolyzed under argon

Elemental analysis (mass%)

Pyrolysis temp.(°C) Ti N 0 Total Empirical formula
600 50.7 13.0 13.7 974 TiNo.s8C1.5800.51
1000 514 85 9.9 9.7 TiNg.57C1.6300.58

Table 3 Ceramic yields and characteristics of the products of pyrolysis under NH5-N,
(at 600 °C for 2 h under NH; and subsequently at 1350 °C for 8 h under N,)

Precursor
PreH PreMe PreP

Ceramic yield (mass%) 41 25 19
Loss of Ti (mass%) 1.0 27 34
Elemental analysis (mass%)®

Ti 7.2 (1) 743 (1) 71.6 (1)

N 16.0 (0.77) 19.2 (0.89) 14.5 (0.69)

C 3.1 (0.17) 1.4 (0.08) 9.6 (0.54)

o 4.7 (0.20) 4.4 (0.18) 43 (0.18)

Total 95.0 99.3 100
Lattice parameter (am) 0.4244 0.4243 0.4250

* Molar ratio in parentheses.

600 °C, the product was amorphous, as shown by its
XRD pattern [Fig. 3 curve (a)]. Since the N:Ti ratio
is 0.88:1 (Table 2), a considerable amount of
nitrogen was lost during the pyrolysis up to 600 °C.
After the pyrolysis at 1000 °C, a poorly crystalline
rock-salt-type phase was detected by XRD [Fig. 3
curve (b)]. A lower N:Ti ratio (0.57:1) indicated a
further loss of nitrogen at 600—1000 °C (Table 2);
this may be ascribed to the loss of nitrogen during
the crystallization from an amorphous phase. The
much lower N:Ti ratio for the 1500 °C pyrolysis
product (0.10:1) shows that additional loss of
nitrogen occurred at high temperature, consistent
with the lower ceramic yield for the 1500 °C
pyrolysis.

The pyrolyses under NHx-N; resulted in the
formation of light-brown solids. The XRD pattern
of the pyrolyzed residue obtained from PreH is
shown in Fig. 3 curve (d); all the pyrolyzed residues
were single-phase Ti(N,C,0). All the lattice para-
meters of the products listed in Table 3 are close to
that of TiN (0.4240 nm).?® The yields range from
41% (PreH) to 19% (PreP), and are comparable
with the reported value for the precursor prepared
in the Ti(NMe,),-Me(H)NCH,CH,N(H)Me system
in the same way.' The compositional analysis
reveals that N:Ti ratios range between 0.69:1 and
0.89:1 (Table 3). It is also revealed that the carbon
contents are much smaller than those of the

© 1998 John Wiley & Sons, Ltd.

corresponding products pyrolyzed under argon,
consistently with the previous studies on TiN
precursor pyrolysis.'®!” For the AIN precursor
prepared in an AIR;-H,NCH,CH,NH, system,
the amine-exchange reaction during pyrolysis
under an NH; atmosphere was reported; NHj
reacted with EtAINCH,CH,NAIEt to release
H,NCH,CH,NH,.Z Thus, it appears that amine-
exchange reactions also occur in the present
systems, and the removal of DAs leads to the
decrease in the carbon contents in the pyrolyzed
products. The amount of Ti lost during the pyrolysis
is very low for PreH (Table 3), which might be
ascribed to the effective amine-exchange reaction
and subsequent conversion into a highly cross-
linked structure at lower temperature.

CONCLUSIONS

Precursors possessing Ti-N bonds have been
prepared form Ti(NMe,)s,~DA (diamine) systems
using three different kinds of DAs
[HzNCHzCHzNHz, MC(H)NCH2CH2N(H)MC,
HN(CH,CH,),NH; Ti(NMe,),:DA = 1:2], and their
pyrolytic conversion processes and resultant cera-
mic residues were studied. The pyrolyses of these
three precursors at 1500 °C under argon led to the
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formation of carbon-rich products with ceramic
yields of 20-30%. For all the precursors, the only
crystalline phase was Ti(N,C,0), whose lattice
parameters were close to that of TiC. Although the
structure of the oily precursor using
Me(H)NCH,CH,N(H)Me was very different from
those of the other two cross-linked precursors, the
pyrolysis results (TG curve, ceramic yield from
1500 °C pyrolysis and the amount of Ti lost during
pyrolysis up to 1500 °C) were quite comparable
with the corresponding values of the other two
precursors; the ‘precursor obtained from
Me(H)NCH,CH,N(H)Me appeared to be converted
into a cross-linked structure during pyrolysis.
Pyrolysis under NH5—N, effectively reduced car-
bon contents, and led to the formation of nitrogen-
rich single-phase Ti(N,C,0).
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Abstract

Aluminum nitride (AIN) was prepared via pyrolysis of cage-type poly(alkyliminoalane) [(HAINR),
(R=Et, iPr)] under Ar or NH3-N: atmospheres. Both (HAIN¢Pr), and (HAINEL),, were converted
into ceramic residues with relatively high ceramic yields. The ceramic residues obtained via pyrolysis
of the precursors under an Ar atmosphere contained considerable amounts of carbon, while most of
carbon was removed during the pyrolysis under an NH3-N; atmosphere. The only obtained crystalline
phase was AIN, whose lattice parameters showed that isostructural Al;OC was rarely dissolved in
the lattices of the 2H wurtzite-type structures.

Introduction

Aluminum nitride (AIN) is one of the important nitride materials because of its high thermal
conductivity [1]. AIN has been prepared mainly by the nitridation of Al metal and carbothermal
reduction of alumina [2,3]. Chemical vapor deposition (CVD) processes have also been developed
for AIN thin films [4].

Recently, the pyrolytic route to non-oxide ceramics attracts increasing attention, since this route
can be used for various applications including fiber preparation and coating formation [5]. There
have been various reports on the preparation of silicon carbide (SiC), silicon nitride (SiaN,), and
boron nitride (BN) [5-8]. AIN can also be prepared by the pyrolytic route, and various systems have
been reported [5,9,10]. A RiAl-NHj system was studied extensively, and it was reported that the
initially formed adduct R3Al:NH;3 was converted into AIN via the formation of an intermediate
(R2AINH:2);3 [11-15]. A R:Al-H:NCH2CH2NH: (en) system was also examined with various RaAl:en
ratios, and the structures of the precursors and their pyrolytic conversion were investigated [15-18].
A AlHa-NH; system is also capable for precursor synthesis, and different kinds of precursors were
prepared by varying the AIHa:NH;j ratio [19-22].  AIN precursors can also be prepared
electrochemically [20,23-27].

For AIN precursors, it is very difficult to prepare soluble polymers showing reasonable yields;
thus most of AIN precursors were basically insoluble polymers, if they exhibit reasonable yields {20-
22,26,27]. Some soluble oligomeric precursors can be converted into the precursors showing relatively
high ceramic yields via their thermolysis at relatively low temperaturcs, but their solubility decreased
simultancously [16-18].

It is well-known that some compounds possessing Al-N bonds have cage-type structures.  Such
compounds are known as poly(alkyliminoalane) [(HAINR),]. and their preparation and structures
have been well-established [28-32]. Cage-type compounds can be formed if R is bulky cnough
(such as ethyl (CH3CHa, Et) groups and isopropyl ((CH3)-CH, /Pr) groups), and the types of the
cages depend on the bulkiness of the R groups [28-32]. On the contrary, if the bulkiness of R group
is not sufficicnt (R=CHas, Me), (HAINMe), becomes a cross-linked polymer [33]. These compounds
appear to be suitable for AIN precursors, and we have already reported preliminary pyrolysis results
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of one of cage-type poly(alkyliminoalane), poly(isopropyliminoalane), under an Ar atmosphere [34].

This report describes the preparation of AIN from cage-type poly(alkyliminoalane), (HAINR),
(R=Et, iPr). The precursors were converted into ceramic residues via pyrolysis under a reactive
NHai-N: atmosphere as well as an inert Ar atmosphere. Resultant ceramic residues were characterized
by X-ray powder diffraction analysis (XRD) and elemental analysis. The morphology of the ceramic
residues was studied by scanning electron microscopy (SEM).

Experimental

All the procedures for precursor synthesis and handling were performed under protective nitrogen
atmosphere using the standard Schlenk technique {35] or a glove box filled with nitrogen. Preparation
of the prccursors was based on the following reactions [28-30];

nLiAlH; + niPtNH; ——e= (HAIN¢Pr), + nLiH + 2nH,

mLiAlIHy + mEtNH>HCl —& (HAINE),, + mLiCl + 3mH>
The rcaction between LiAIH, and ‘PrNH; at reflux gave a white solid after the removal of LiH and
the solvent (heptane): 1H NMR(C¢Dg) 6 1.40 (d, CHa), 3.61 (sept, CH), 4.6 (br, AlH); 27AIl NMR &
131 (HAIN3); MS m/e=495 ([M-15]*, 100 %); IR (v(al.iy) 1854 cm-1. The reaction between LiAlH,4
and EINH;-HCI at reflux also gave a white solid after the removal of LiCl and the solvent (benzene):
TH NMR(C¢Dg) 6 1.27 (tr, CHa), 1.37 (tr, CHa), 3.10 (q, CHz2), 3.22 (q, CH>), 4.4 (br, AlH); 27Al
NMR § 133 (HAINz); MS m/e=568 (M+, 28 %), 567 ([M-1]*, 100 %), 566 ([M-2]*, 78 %); IR (v(ai.
1) 1867 cm-1, 1823 cm-!. These results indicate that the main species were (HAIN/Pr), and (HAINEt)3
[28-31]. In 'H NMR spectra of both (HAIN/Pr), and (HAINE),,, additional weak peaks due to Et
and Pr groups were observed, indicating the presence of other oligomeric species, though their amounts
should be small. It should also be noted these two precursors were soluble in common organic
solvents.

About | g of a precursor on a BN boat was placed in an Al;O; tube and was pyrolyzed. (HAIN{Pr),
was converted via two-step pyrolysis under Ar; it was initially pyrolyzed at 1000 °C for 2 h and
subsequently heated at 1600 °C. For the pyrolysis of (HAINEL),, under Ar, the precursor was heated
at 1600 °C for 2 h. The Ar flow rate was 100 mL/min for these pyrolyses. For the pyrolysis under
NH3-N2, the precursor was heated at 600 °C for 2 h under an NH3; tflow (30 mL/min), and cooled to
room temperature. Then the product pyrolyzed under NH3 was heated again at 1350 °C for 8 h under
an Na flow (30 mL/min). The heating and cooling rate was S °C/min in all the pyrolysis schedules.

The ceramic residues were characterized by XRD (Mac Science, MXP?) using monochromated
CuKaradiation. The amount of aluminum was determined using inductively-coupled plasma emission
spectroscopy (ICP; Nippon Jarrell Ash, ICAP-575 11). Typically, about 20 mg of a ceramic residue
was dispersed in 30 mi of 12 mol/L HCl, and the mixture was heated at 120 °C for 4 h using a teflon
decomposition vessel [36]. The amounts of carbon, nitrogen and oxygen were determined by using
Horiba EMIA-520SP and EMGA-2800 instruments. The morphology of the ceramic residues was
studied using Hitachi S§-2150 or JEOL JXA-8600 instruments.

Results and Discussion

When (HAIN/Pr), was pyrolyzed under the Ar atmosphere, a black residue was obtained. (the
ceramic yield; 32 %) On the contrary, its pyrolysis under the NH3-N; atmosphere resulted in the
formation of a white residue with a higher ceramic yield of 47 %. The pyrolysis of (HAINE),, under
the Ar atmosphere led to the formation of a black solid with a ceramic yield of 50 %. The pyrolysis
under the NHz1-Na2 atmosphere led to the conversion into ceramic residue with a relatively high ceramic
yield (57 %). For both the precursors, the ceramic yields for the pyrolysis under the Ar atmosphere
are smaller than the corresponding yields for the pyrolysis under the NH3-N; atmosphere. Table 1
lists the yiclds for all the pyrolysis.

The elemental analysis results of the ceramic residues are also summarized in Table 1. All the
ceramic residues contained 20.8-23.5 % of nitrogen even after the pyrolysis under the Ar atmosphere,
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Table 1. Ceramic yield, loss of aluminum, elemental analysis, lattice parameters for (HAIN¢Pr),

and (HAINE),, pyrolyzed under Ar and NH3-N2

(HAINP1), (HAINE®),
Ar NH3-N» Ar NH3-N»

ceramic yield /mass% 32 47 50 57
loss of aluminum /% 55 14 36 7
elemental analysis

Al /mass% (molar ratio) 45.2(1) 58.1 (1) 48.5 (1) 61.9(1)

N/mass% (molar ratio) 20.8 (0.89) 28.9 (0.96) 23.5(0.93) 28.7 (0.89)

O /mass% (molar ratio) 5.5 (0.20) 7.5 (0.22) 3.7 (0.13) 5.6 (0.15)

C /mass% (molar ratio) 20.6 (1.03) 0.5 (0.02) 17.1 (0.79) 0.1 (0.004)
total /mass% 92.1 95.0 92.8 96.3
lattice parameters/nm

a 0.311(5) 0.31009) 0.311(2) 0.311(0)

c 0.498(5) 0.497(6) 0.498(1) 0.497(7)

indicating that the nitrogen in the precursor was at least partly remained in the ceramic residues. On
the contrary, the amount of carbon depends on the pyrolysis atmosphere; the pyrolysis under the Ar
atmosphere led to the ceramic residues containing 17.1-20.6 % of carbon, while the carbon contents
are less than 1 % for the ceramic residues pyrolyzed under the NH3-N» atmosphere. 1In addition to
-nitrogen and carbon, some amounts of oxygen were detected for all the ceramic residues.

Based on the aluminum contents in the ceramic residues (Al), the theoretical aluminum contents
in the precursors (Al,), and ceramic yield (Y), the ratios of aluminum lost during the pyrolysis (AAl/
Aly) can be calculated by the following equation and are listed in Table 1;

AAVAl=[(Al-YxAl:)/Al]x100
During the pyrolysis of (HAIN¢Pr), under the Ar atmosphere, more than half of aluminum (55 %)

Intensity /a.u.

A

A

oo

20

Tt
50 60

26/° (CuKa)

70

80

Fig. 1 XRD patterns of the ceramic residues: (a) (HAIN/Pr), under Ar, (b)
(HAIN/Pr), under NH3-N3, (¢) (HAINE),, under Ar and (d) (HAINE),,

under NH3-N».
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was lost. The amount of aluminum lost during the pyrolysis was considerably reduced to 14 %, if
the pyrolysis atmosphere was NH3-N,.  Similarly, the amount of aluminum lost for the pyrolysis of
(HAINE),, (7 %) under the NH3-N; atmosphere was much smaller than that for the pyrolysis under
the Ar atmosphere (36 %). The lower Al loss for the pyrolysis under the NH3-N; atmosphere should
be ascribed to the formation of cross-linked structures via trans-amination reactions, which should
lead to the release of amines (EtNH; and {PrNH,).

Fig. 1.shows the XRD patterns of the ceramic residues. All the XRD patterns of the four ceramic
residues are consistent with the formation of single-phase 2H wurtzite-type compounds. 1sostructural
ALLOC, whose lattice parameters (a=0.319 nm, ¢=0.509 nm) are slightly larger than those of AIN, is
known to form solid-solutions with AIN [37,38]. Since the ceramic residues contained aluminum,
nitrogen, oxygen, and carbon, the possibility of the formation of AIN-Al,OC solid solutions should
be considered. Hence, the lattice parameters of the 2H wurtzite-type compounds were precisely
determined. All the values listed in Table 1 are consistent with the previously-reported values for
AIN (4=0.310-0.3114 nm, ¢=0.496-0.4986 nm) [37,39]; the 2H wurizite-type compounds in the
ceramic residues should be essentially pure AN, and oxygen and carbon are hardly present in the 2H
wurtzite-type structures. Thus, carbon in the ceramic residues pyrolyzed under Ar is probably
present as amorphous free carbon.  Oxygen, which should not be present in the precursors ideally,
may be introduced via the oxidation during handling and pyrolyzing of the precursors and/or the
hydrolysis of the ceramic residues after exposure to air; the presence of oxygen is probably ascribed
to the formation of hydroxide, oxide and/or oxynitride of aluminum. This is consistent with the N/
Al ratios below unity for all the ceramic residues (Table 1).

Fig. 2 shows scanning electron micrographs of the ceramic residues obtained by the pyrolyses of
(HAIN/Pr), and (HAINEL),, under the Ar atmosphere. Both the ceramic residues show very smooth
surface. These two ceramic residues actually consist of small particles.

Conclusions

We have demonstrated that the cage-type compounds of poly(alkyliminoalane) [(HAINR), (R=Et,
iPr)] are excellent AIN precursors because of their relatively high ceramic yields and their high
solubility in common organic solvents. The pyrolysis under the Ar atmosphere led to AIN

(a) — i () I
30 um 30 um

Fig. 2 Scanning electron micrographs of the ceramic residues;

(a) (HAIN'Pr),, under Ar and (b) (HAINELt), under Ar.
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crystallization with the formation of considerable amounts of amorphous free carbon, while esscntially
carbon-free AIN was obtained via pyrolysis under the NHa-Na2 atmosphere.  These results revealed
that the cage-type compounds (HAINR), (R=Et, ‘Pr) are promising AIN precursors, though they do
not possess polymeric structures.
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Pyrolytic preparations of Ti-Al-N ceramics from three blended precursors were investigated. The precursors were
prepared by stirring (HA1N'Pr)_ and an aminolysis product of Ti(NMe,), with MeHNCH,CH,NHMe in C;H,. IR
and 'H NMR analyses suggested that essentially no Ti-N-Al bonds were present in the precursors. Pyrolysis of the
precursors under NH,-N, led to the formation of brown solids with ceramic yields of about 30%, and the Ti-Al ratios
in the pyrolyzed products were close to those of the precursors. XRD analysis of the pyrolyzed product from the pre-
cursor with Ti:Al=5:1 indicated the formation of a NaCl-type compound as the only crystalline phase. Pyrolysis of
the precursor with Ti:Al=2:1 led to the formation of AIN besides the major NaCl-type compound. A ceramic compos-
ite containing AIN and the NaCl-type compound was formed by pyrolysis of the precursor with Ti:Al=1:2.

Key Words : Ceramic composite, Aluminum Nitride, Titanium Nitride, Precursor, Pyrolysis -

I Introduction

n recent years, considerable attention has been given to
Iceramic composites because of their superior properties
compared to single-component ceramics.*” Ceramic com-
posities consisting of two or more binary nitrides often
exhibit improved properties.>® TiN-AIN ceramic compos-
ites are expected to be useful for antifriction materials
and heating materials because of their high thermal con-
ductivity, high hardness, excellent wear resistance and
excellent oxidation resistance.”” Powder techniques are
the traditional synthetic procedures for TiN-AIN ceramic
composites. However, chemical vapor deposition (CVD)
processes have been applied to study the preparation of
TiN-AIN composite films recently.®

Pyrolytic conversion of precursors has been widely ap-
plied for the preparations of the simple carbides and
nitrides of various main group elements and transition
metals,**'® and is currently being investigated as an al-
ternative route for the preparations of non-oxide ceramic
" composites.” The use of such a preceramic route in prepa-
ration and processing ceramic composites offers several
potential advantages, including improved control over
composition, grain size, homogeneity, and lower process-
ing temperatures.*' In addition, the route provides a me-
thod for the formation of shapes, such as fibers and coat-
ings, if the preceramic materials are soluble or fusible.”
Syntheses of non-oxide ceramic composites using precur-
sors have been mainly reported for systems such as Si-C-

16

N, Si-B-C-N, and Si-Al-N.*"'? Although considerable re-
searches on precursors for TiN, TiC and AIN have been
reported,*®® there is only one report on the preparation
and pyrolysis of a precursor for a ceramic composite in a
Ti-Al-N system as far as. we know.'®

Most of preceramic approaches that have been explored
for composite preparation are the syntheses of single-sour-
ce molecular precursors that contain heterogeneous link-
ages such as M-N-M, because a molecular level homoge-
neity of the components in the initial precursor system
can be obtained through these approaches.*'*'*!® How-
ever, if the single-component precursors are miscible lig-
uids or solids soluble in organic solvents, the homogeneity
can also be achieved by blending two precursors with the
desired composition at a molecular level.' The blended
precursors are usually soluble in organic solvents since no
reactions between the two single-component precursors
are expected. Syntheses of ceramic composites using blend-
ed precursors have been reported for systems such as
boron containing Si,N/BN and Si,N/AIN composites.*'?

This paper describes the preparations of Ti-Al-N ceram-
ics by the pyrolysis of the precursors essentially without
T4-N-Al bonds. We have previously reported the prepara-
tions of AIN and TiN by the pyrolysis of a cage-type com-
pound (HAIN'Pr)_ and an aminolysis product of Ti(NMe,),
with MeHNCH,CH,NHMe, respectively.'*'” Herein, they
were employed as sources to AIN and TiN respectively.
Pyrolytic conversion of the blended precursors was inves-
tigated by compositional analysis, X-ray powder diffrac-
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. tion (XRD) and scanning electron microscopy (SEM).

II. Experimental

All the procedures were performed under a protective
nitrogen atmosphere using a standard Schlenk technique
or a glove box filled with nitrogen. All the organic sol-
vents and amines were freshly distilled by using appropri-
ate drying agents before use.

The AIN precursor (HAIN'Pr)_ was prepared based on a
previous report.!® Examinations of this (HAIN'Pr)_ by 'H,
B¢, and Al NMR revealed that it was present mainly as
a cage-type hexamer. In addition, signals due to tetramer
were also observed in 'H and *C NMR. The IR spectrum
showed the presence of a (Al-H) stretching band at 1860
cm™.® The bands at 1165, 1139, 834 cm™ and the bands
at 1379, 1365cm™ were assigned to-CH(CH,), skeletal
bands and bending bands respectively.'®

The TiN precursor possessing Ti-N bonds was prepared
based on a previous report by the reaction of Ti(NMe,),
with N,N'-dimethylethylenediamine with Ti(NMe,),:dia-
mine=1:2.2" Examinations of the black oily product by 'H,
3C NMR suggested that it was a mixture of monomeric
and oligomeric species with various environments of the
methyl groups. The IR specturm showed the presence of a
few bands assignable to Ti-N stretching bands at 556, 590
650 cm™. In addition, the presence of C-H blanding bands
at 1242, 1274 cm™ and a N-H stretching band at 3290 cm™
suggested that the product contained a small amount of
unreacted-N(H)Me groups.™?

The blended precursors were prepared as follows. After
the TiN precursor was dissolved in 30 ml of benzene in a
100 ml three-neck flack, the AIN precursor was added
with approximate molar ratios of Ti:Al=5:1, 2:1 or 1:2. The
mixed solution was stirred for 1h to ensure homogeneity.
Removal of benzene gave the blended precursors.

The precursors were pyrolyzed in a tube furnace. About
0.5 g of each precursor was placed in a BN boat, which
was then introduced into an AlQ, tube filled with NH,.
The precursor was first heated at 600°C for 3h under
NH, (30 ml/min), then cooled to room temperature. The
product pyrolyzed under NH, was heated again at 1350°C
for 8h under N, (100 mL/min). The heating and cooling
rates were 5°C/min.

The precursors were characterized by using IR (Perkin-

.Elmer FTIR-1640), 'H and C NMR (JEOL JNM-270X,
270.16 MHz) spectroscopy. Thermogravimetric (TG) analy-
sis of the precursors was carried out by using a Shi-
madzu TGA-50 thermobalance at the heating rate of 10°C/
min under a He flow. The pyrolyzed products were ana-
lyzed by using XRD (Cu Ko; Mac Science MXP® diffracto-
meter). The lattice parameters of the pyrolyzed products
were calculated by the non-liner least-squares method.
The amounts of nitrogen, oxygen and carbon in the pyro-
lyzed products were measured by using LECO TC-436
and CS-444LS instruments. After the pyrolyzed products
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were dissolved with aqua regia in a teflon decomposition
vessel at 130°C for 24 h, the amounts of titanium and alu-
minum were determined by inductively coupled plasma
emission spectroscopy (ICP, Nippon Jarrell Ash ICAP-575
II). The morphology of the pyrolyzed products was investi-
gated using SEM (Hitachi S4500-S).

II1. Results and Discussion

The blended precursors were dark brown waxy liquid
(T4:Al=5:1) or orange brown highly waxy liquid (Ti:Al=2:1,
1:2). The Ti-Al molar ratios of the precursors determined
by ICP analysis were 4.8:1, 2.3:1, 1:1.8 for precursors with
Ti:Al=5:1, 2:1, 1:2, respectively.

Examination of the blended precursors by IR and 'H
NMR spectroscopies showed that some reactions occurred
during blending the (HAIN'Pr), and the aminolysis prod-
uct of Ti(NMe,), with MeHNCH,CH,NHMe. The 'H NMR
signals at 1.21 ppm due to the -CH, of the (HAIN'Pr),
disappeared and a broad peak appeared at 1.15-1.55 ppm
in the spectra of the blended precursors. The IR spectra of
the blended precursors showed that the bands at 1005 cm™
and 1285 cm™ assignable to the (HAIN'Pr),, also disappear-
ed. Contrary to these spectroscopic changes for AIN pre-
cursors, the 'H NMR spectra of the blended precursors
showed that the profiles of the signals of the "methyl
groups of Ti(NMe,), with MeHNCH,CH,NHMe were es-
sentially unchanged, indicating that the reactions between
the (HAIN'Pr)_ and the aminolysis product of Ti(NMe,),
with MeHNCH,CH,NHMe were very limited. These results
suggest that essentially no Ti-N-Al bonds are formed dur-
ing blending the (HAIN'Pr),, and the aminolysis product of

“Ti(NMe,), with MeHNCH,CH,NHMe.

Table 1. Ceramic Yields and some Characteristics of the
Pyrolyzed products

Precursor/Ti:Al 5:1 2:1 1:2

Ceramic yield/mass % | 30.6 29.6 30.9

Loss of Ti/mass%* 4.1 4.3 8.0

Loss of AVmass%* 7.9 10.2 12.3

Element analysis

Ti/mass% (molar ratio) | 59.82(1) 56.40(1) 34.11(1)

Al/mass%(molar ratio) | 6.77(0.20) |13.41(0.42)| 33.36(1.74)

N/mass%(molar ratio) |18.11(1.03) |17.46(1.06)| 21.20(2.13)

C/mass%(molar ratio) | 4.38(0.29) 5.19(0.37)} 3.45(0.40)

O/mas%(molar ratio) 5.18(0.25) | 5.63(0.30)| 5.77(0.51)

Total/mass% 94.26 98.69 97.89

lattice paramete/nm

NaCl-type compound 0.4243 0.4245 0.4246

2H-wurtzite compound a=0.3111
¢=0.4976

*The loss [E, ] of metal (M=Tior Al) during the pyrolysis was
calculated from the amounts of the metal in the precursor
[Wpaol and in the pyrolyzed residue [Wyqy).

Erao=Weao~Y Wron)/ Wean* 100 Y: ceramics yield
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Fig. 1. XRD patterns of the products pyrolyzed from (a) pre-
cursor AIN, (b) precursor Ti:Al=1:2, (c) precursor Ti:Al=2:1,
(d) precursor Ti:Al=5:1 and (e) precursor TiN,

Thermogravimetric analysis of the precursor with Ti:Al=
2:1 indicated that no sharp mass loss occurred. Fitty
seven of mass loss occurred at the temperature below
~500°C, and only 3% of mass loss was observed at the
temperature range of ~500°C-900°C. This suggested that
the decomposition of the organic groups should occur
mainly at the temperature below ~500°C. The ceramics
yield at 900°C was up to 40%, which is higher than the
theoretical one (about 29% for conversion of all the tita-
nium and aluminum in the precursors into TiN and AIN).
The excessive mass compared to the theoretical yield is
probably due to the fact that carbon has been retained
either as free carbon or as a mixture of free carbon and
.carbide. The presence of carbon remaining in the residue
obtained by the pyrolysis of the AIN precursor or the TiN
precursor under Ar has also be reported previously.'™'”

Pyrolysis of the blended precursors under NH, flow at
600°C for 3 h and subsequently under N, at 1350°C for 8 h
gave brown solids in all cases. All the precursors have
ceramic yields of about 30% that are close to the theoreti-
cal ones (Table 1). The amounts of titanium and alumi-
num lost during the pyrolysis are very small., These
results are probably due to the effective amine-exchange
reactions between the precursor and NH,, and subse-
quent convergion into highly cross-linked structures at
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lower pyrolysis temperature.!™ It is probable that the
formation of the highly cross-linked structures partially
suppressed the loss of Al- and Ti-containing species, which
led to the conversion with a reasonable ceramic yields.

It should also be noted that the Ti-Al molar ratios of the
pyrolyzed products showed in Table 1 are very close to
those of the blended precursors (4.8:1, 2.3:1 and 1:1.8 for
precursors with Ti: Al=5:1, Ti:Al=2:1 and Ti:Al=1:2 respec-
tively). About 5% of carbon is present in the products
(Table 1), even though the amine-exchange reactions dur-
ing the pyrolysis under NH, atmosphere could reduce a
carbon content in a pyrolyzed product.?! Furthermore, con-
siderable amounts of oxygen, which was probably intro-
duced during the pyrolysis, are present in the products
(Table 1). The presence of carbon and oxygen in the TiN/
AIN residues obtained by the pyrolysis of a titanium alu-
minum polyimide under NH, has also been reported pre-
viously.™®

The XRD pattern of the pyrolyzed product from precur-
sor with Ti:Al=5:1 indicates the formation of a NaCl-type
compound as an only crystalline phase (Fig. 1d). As the Al
content in the blended precursor increases, weak 2H-
wurtzite type compound peaks appear in the XRD pat-
tern of the pyrolyzed product from precursor with Ti:Al=
2:1 (Fig. 1c). Pyrolysis of the precursor with Ti:Al=1:2
leads to the formation of a ceramic composite containing a
2H-wurtzite type compound and an NaCl-type compound
in the pyrolyzed product (Fig. 1b). '

The lattice parameters of the NaCl-type compounds in
the products are slightly larger than that of TiN (0.4242
nm?), and unnegligible amounts of carbon and oxygen are
present in the products (Table 1). TiN possesses a NaCl-
type structure and can form solid solutions with TiC that
also possesses a NaCl-type structure with a larger lattice
parameter (0.4327 nm?®); the formation of a TiN-TiC solid
solution will give a larger lattice parameter as compared
to that of TiN.® Ti0(0.4178 nm®) is also soluble in TiN,
and has a little effect on the lattice parameter of TiN
when the content of TiQ is below 40% (molar percent-
age).? Thus, the observed lattice parameters of the NaCl-
type compounds can be reasonably explained by assum-
ing that the NaCl-type compounds are Ti(N, C, O) phases.

A (T4, ADN solid solution is also known as a metastable
phase with an NaCl-type lattice.”® The absence of the
peaks attributable to any Al-containing phase (including
the 2H-wurtzite type compound) in the XRD pattern of
the pyrolyzed product from the precursor with Ti:Al=5:1
implies the possibility of the formation of a (Ti, Al)N solid
solution, besides the possibility that the crystallization of
the 2H-wurtzite type compound has been retarded. If the
(T4, ADN solid solution formed, the lattice parameter of
the (Ti, AN solid solution should be smaller than that of
TiN.® Thus, the observed lattice parameters which are
slightly larger than TiN are not consistent with the for-
mation of (Ti, AI)N solid solution. Since Jaschek and Riis-
sel reported that the (Ti, ADN solid solution was obtained
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(b)

Fig. 2. SEM of the products pyrolyzed from (a) precursor with
Ti:Al=1:2, (b) precursor with Ti:Al=2:1 and (¢) precursor with
Ti:Al=5:1,

by pyrolysis of a titanium aluminum polyimide under NH,
below 1200°C," we can not exclude the possibility of the
formation of (Ti, AN solid solutions from our precursors
at lower temperatures. By pyrolyzing the precursor with
Ti:Al=1:2 at 1000°C, only the NaCl-type compound form-
ed, but the XRD peaks are too broad for closer inspection.
The formation of a Ti-containing solid solution would be
possible by assuming a (Ti, AN, C, O) solid solution,
but, as far as we know, there is no study which reports
the presence of a (T4, AIXN, C, O) solid solution.

The lattice parameters of the 2H-wurtzite type compound
in the pyrolyzed product from precursor with Ti:Al=1:2 are
a=0.311 (1) nm and ¢=0.497(6) nm, very similar to the
reported values of AIN (a=0.310-0.3114nm, ¢=0.496-
0.4986 nm™*?), indicating that the 2H-wurtzite type com-
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pound should be an AIN phase. Thus, as shown in the XRD
pattern, a ceramic composite consisting of a hexagonal AIN
and a NaCl-type compound has formed when the precursor
with Ti:Al=1:2 was pyrolyzed at 1,350°C, consistent with the
previous report.'” The XRD peaks of the 2H-wurtzite type
compound for the product with Ti:Al=2:1 were too broad for
lattice parameter determination, but we assume that the
2H-wurtzite type compound was also AIN with this ratio.

The mean crystallite sizes calculated from XRD patterns
using the Scherrer equation were about 20 nm for the NaCl-
type compounds in all the three products, and about 30 nm
for AIN in the product from precursor with Ti:Al=1:2. These
XRD results are well consistent with the following SEM
results. SEM examination of the pyrolyzed product from the
precursor with Ti:Al=1:2 showed that the product mainly
consists of very fine particles with diameters of 20-40 nm
(Fig. 2a). In addition, some aggregated particles (consisting
of smaller particles of 30-100 nm) were also observed (not
shown). The products from the precursor with Ti:Al=2:1 and
5:1 show morphology similar to the aforementioned one, and
particles with diameters of 20-40 nm are mainly observed
by SEM (Fig. 2b and 2c). Besides the major small particles,
larger spherical particles with diameters of 30-100 nm (Ti:Al=
2:1) or aggregated particles (diameter;: 30-200 nm) consist-
ing of smaller particles (<30 nm) (Ti: Al=5:1) were observed
(not shown). It should also worth noting that the surfaces of
the products from precursor with Ti:Al=5:1 and Ti:Al=2:1
are porous.

IV. Conclusions

Three blended precursors essentially without Ti-N-Al
bonds have been prepared by mixing the (HAlN‘Pr)m and
an aminolysis product of TNMe,), with MeHNCH,CH,-
NHMe homogeneously, and their pyrolytic conversion be-
havior was investigated. Pyrolysis of the precursors un-
der NH,-N, at 1350°C led to the formation of brown sol-
ids with ceramic yields close to the theoretical ones. The
Ti:Al ratios in the pyrolyzed products were consistent
with those of the precursors. Only NaCl-type compound
formed when was pyrolyzed the precursor with Ti:Al=5:1.
On the other hand, pyrolysis of the precursor with
Ti:Al=2:1 led to the formation of AIN besides the major
NaCl-type compound. A ceramic composite consisting of
AIN and the NaCl-type compound has formed when the
precursor with Ti:Al=1:2 was pyrolyzed.
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Abstract:

The pyrolysis processes of poly(isopropyliminoalane) were investigated
by analyzing evolved gases mass-spectrometrically and residual solids
spectroscopically. The major mass loss (between 240 and 540 °C) consisted
of two different pyrolysis stages. At the first stage (240-320 °C), (HAINPr)g
was continuously detected as a gas, and the precursor was converted into a
cross-linked structure. A polymerization mechanism without releasing
organic compounds is proposed, and the formation of (HAINPr)g during
polymerization besides its evaporation is suggested. The second stage (320-
560 °C) involved the formation of various organic compounds, and radical

processes are proposed for their formation.
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l. Introduction

Pyrolytic conversion of preceramic materials, typically organometallic
and inorganic polymers possessing metal-nitrogen and/or metal-carbon
bonds, provides novel routes to non-oxide ceramics.'"3 If preceramic
materials are soluble in organic solvents or fusible at relatively low
temperature, one can obtain ceramic materials with desirable shapes, for
example, fibers and films. The preceramic materials can also be used
potentially for sintering aids and binders.3

Aluminum nitride (AIN) is one of important nitride ceramics because of
its high thermal conductivity.4 In addition, AIN films are currently attracting
ihcreasing attention because of their possible use for electronic and
optoelectronic applications.s' 6 Preparation of AIN via pyrolytic processes
has also been extensively investigated, and many systems have been
reported for the synthesis of AIN precursors so far.3: 7-9
Generally, precursors are polymeric to avoid the loss of the precursors

10 and even small molecules11 can also be

by volatilization,’ but oligomers
converted into ceramics via polymerization during their pyrolysis. Cyclic
oligomers are possible candidates as preceramic materials, if their
volatilization is sufficiently suppressed and effective polymerization occurs
during pyrolysis. For the use of very volatile compounds, such as borazine
(HBNH)3, pressure pyrolysis technique was applied,12 but some cyclic
species have been converted into non-oxide ceramics via usual pyrolysis. As
a borazine-derivative, (CH3NH)3B3N3H3 was converted into BN by the
pyrolysis under NH3.13 Also, cyclic poly(silazane), (MeSiHNH),, was applied
to SizN4/SiC synthesis; (MeSiHNH)n showed low ceramic yield (20%), so that
it was polymerized using KH before pyrolysis to improve its ceramic yield.14
Among AIN precursors, cyclic (RoAINH2)3 was isolated as an intermediate

during the conversion of R3Al:NH3 into AIN° The pyrolysis of (EtoAINH2)3

gave a ceramic residue with a ceramic yield of 28 % (under N2 up to 1000 °C,
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theoretical yield: 40.5%), and the pyrolysis mechanism of (R2AINH2)3 was
proposed to be initiated by ring-opening.15 The cluster compounds
containing five- and four-membered rings were also pyrolyzed to form AIN, but
higher ceramic yields were achieved by polymerizing the cluster compounds
thermally before pyrolysis.16

It has been known for years that some compounds possessing Al-N
bonds exhibit cage-type structures.!” Cage-type corhpounds, as well as
cyclic compounds, can be used as preceramic materials, and we have
reported the successful pyrolytic conversion of these cage-type compounds,
poly(alkyliminoalanes) [(HAINR)n (R=Et, /Pr)], into crystalline AIN.1821 |n .
spite of their relatively low molecular mass, they gave ceramic residues with
moderate ceramic yields (for R=Pr, 32 % (Ar) and 47 % (NH3-N2); for R=Et, 50
% (Ar) and 57 % (NH3-N2)) without polymerization before pyrolysis.21 in
terms of the pyrolysis of poly(isopropyliminoalane) [(HAINPr),] whose major

22 it was shown that

component is a cage-type hexamer (Figure 1),
mineralization was essentially completed by the pyro'lysis at 1000 °C under Ar
to form an amorphous solid containing AIN4 environment.18 To clarify the
conversion mechani-sm, the mineralization step of this precursor should be
further investigated.

This paper describes the detailed investigation on the pyrolysis of
poly(isopropyliminoalane) at lower temperatures. The analyses of evolved
gases and spectroscopic characterization of pyrolyzed residues were
conducted to clarify the pyrolysis processes. In particular, we focus on the

polymerization reactions during the pyrolysis, which should play an important

role for the conversion of oligomeric (HAINPr)n, into AIN.

Figure 1

Il. Experimental Procedure

(1) Preparation and Characterization of (HAIN/Pr),
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All the procedures were performed under a protective nitrogen
atmosphere using standard Schlenk ’cechnique.23 Poly(isopropyliminoalane)
was prepared according to the previous report;24

n LiAlH4 + n PrNHa —» (HAINPr), + nLiH + 2n Ho.

Typically, LiAlH4 (4.3 g, 1.1x10-1 mol) was dispersed in 120 ml of dry n-
heptane, and 'PrNH2 (6.0 g, 1.0x10"1 mol) in dry n-heptane (30 ml) was slowly
added to the suspension. The mixed suspension was stirred at 0°C for 1 h,
and further stirred at reflux for 20 h. After filtration for the removal of LiH, n-
heptane was distilled off to yield a white solid.

The product was characterized by nuclear magnetic resonance
spectroscopy (NMR) using a JEOL NM-GSX-400 spectrometer. 'H NMR (400
MHz, CgDg ) showed the presence of a doublet (CH3) at 1.4 ppm and a septet
(CH) at 3.6 ppm, both consistent with hexamer [(HAIN/Pr)g] formation.24: 25
Weak signals due to other oligomers (mainly tetramer) were also present.24'
26 A very broad signal due to AlH groups was also observed at ~ 4.6 ppm.
13C NMR (135 MHz, CgDsg) results were also consistent with the reported
value for the hexamer (28.0 ppm (CH3), 49.7 ppm (CH)).25 In an 27AI NMR
spectrum (104 MHz, CgDg), a broad signal was observed at 132 ppm. This
was slightly different from the reported value (123 ppm)25 probably due to the
difference in the magnetic fields. Infra-red spectroscopy (IR; Perkin Elmer IR-
1640) revealed the presence of a broad V(a.+) band centered at 1855 cm-!
(see Figure 4 a).27 A mass spectrum of the product (JEOL, SX-102A) was
also consistent with the hexamer formation;2” m/e (El, 70 eV), 496 ([M-14]*,
20), 495 ([M-15]*, 100). Relative intensities of other fragments were less than

10.

(2) Thermogravimetry-Mass Spectrometry (TG-MS) analysis.
A TG curve was recorded on a Shimadzu TGA-50 thermobalance.

About 10 mg of the precursor was heated up to 900 °C at a rate of 10 °C/min

24



under a He flow (30 mL/min). The thermobalance was coupled with a
Shimadzu GCMS-QP1100EX quadrupole mass spectrometer via stainless
steel capillary, which was heated in accordance with the heating schedule of
the thermobalance up to 250 °C. Mass spectra were obtained with an
jonization energy of 70 eV in the range from 10 to 1000 amu, and were
recorded at 9.9 second intervals. The temperature of the ion source was 250
°C.

When various gaseous compounds formed simultaneously, evolved
gases were analyzed by gas chromatography (GC) for separating gases
before mass spectrometric analysis (TG-GCMS). The gases were trapped
during the TG measurement in the temperature range corresponding to the
gas evolution, and the trapped gases were analyzed by GC-MS using the
same instrument (Shimadzu GCMS-QP1100EX). The columns were packed
with silica gel or 2,6-diphenyl-p-phenylene oxide. The trap, which was
cooled by dry ice, was also packed with the materials used for the GC-

columns.

(3) Tube Furnace Pyrolysis.

The precursor was pyrolyzed using a tube furnace under a He flow (100
mL/min) in order to obtain residual solids without exposure to air and to collect
gases evolved during pyrolysis. The precursor was placed on a BN boat, and
introduced into a quartz tube filled with He. Then it was heated at a rate of 5
°C/min up to 300, 400, and 500 °C, and subsequently cooled without holding
time at the highest temperatures. The pyrolyzed products wére analyzed by
IR using nujol (300 "C-pyrolyzed product) and KBr disk (400 °C-and 500 °C-
pyrolyzed products) techniques. IR samples were prepared in a glove bag
filled with nitrogen. The evolved gases were trapped using liquid nitrogen

and analyzed by GC-MS using the aforementioned instrument.

29



lll. Results
Figure 2 shows a typical TG curve of the precursor. The ceramic yield

is typically 39 % up t0 900 °C. Up to 240 °C, a small mass loss (~7 %) is
observed, and a further larger mass loss is observed from 240 °C to 560 °C.
The mass spectra collected during the TG analysis were classified into only
three groups; 1) those collected from room temperature to ~240 °C, 2) those
collected from ~240 °C to ~320 °C, and 3) those collected from ~320 °C to
~560 °C. Thus, we describe the pyrolysis process in the following three

sections.

Figure 2

(1) From room temperature to ~240 °C.

All the mass spectra at this temperature range corresponded to PrNHz
(not shown). When the precursor was pyrolyzed in the tube furnace at 300
°C, however, PrNHz was not trapped. Thus, PrNH2 should form via the
hydrolysis of the precursor by a trace of water in the TG-MS equipment.

When the precursor was pyrolyzed at 160 °C in a three-neck flask
under a nitrogen atmosphere, the precursor melted partially and volatilization
of gaseous species was observed. The TH-NMR analysis of the remaining
product mainly showed the signals due to (HAIN/Pr)g; most of the oligomers
except (HAIN/Pr)g disappeared. Thus, the oligomers except (HAINPr)g (for
example, tetramer) would be converted into (HAIN/Pr)g or other polymeric

structures.

(2) From ~240 to ~320 °C.

Above 240 °C, the intensity of the total ion chromatogram (TIC) became
very intense, consistent with the large mass loss in the TG curve. In this
temperature range, all the mass spectra were similar. Figure 3 illustrates a

mass spectrum collected at 300°C, where the total amount of evolved gases
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was maximum. The base peak is the fragment at m/e 495, which is also the
base peak of (HAINPr)g (its relative molecular mass is 510; the fragment at
m/e 495 corresponds to a [M-15]+ ion (see experimental section)).27 In
addition, during the tube furnace pyrolysis, a white powder was condensed at
the cold downstream part of the reaction tube before the trap, and TH NMR
analysis of the condensed product indicated that the main species in the
condensed powder was (HAINPr)g. Since the molecular mass of (HAIN"Pr)e
is relatively small, it is likely that (HAIN/Pr)g volatilized in this temperature
range. The mass spectrum (Figure 3) also contains small fragments that
cannot be assigned to (HAINPr)g, which appears to be consistent with the
presence of weak unassignable signals in the TH NMR spectrum of the

condensed powder.

Figure 3

The pyrolysis in the tube furnace at 300 °C resulted in the formation of
an yellow powder which is insoluble in benzene, indicating that the precursor
was converted into a polymeric cross-linked structure in this temperature
range. The IR spectrum of the residue pyrolyzed at 300 °C (Figure 4 b) shows
the presence of a strong v(al-H) band at ~ 1850 cm-1.27 Thus, at least a large

portion of Al-H bonds survives after the pyrolysis at 300 °C.

Figure 4

(3) From ~320 to ~560 °C.

All the mass spectra collected by the TG-MS analysis in this
temperature range were similar. Since these spectra can not be interpreted
easily, the gases evolved in this temperature range in the thermobalance
were collected and analyzed using GC-MS (TG-GCMS). GC-MS analysis for
the gases evolved by the tube furnace pyrolysis in the same temperature

range was also conducted. Unsaturated hydrocarbons (C2H4, C3Hg, C4Hs,
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CsH10, CeH10, CaH12), saturated hydrocarbons (CH4, C2He, C3Hs), and
CH3CN were identified by both the techniques.

Since the base peak at m/e 41 corresponds to intense fragments of
most of the species evolved (except CHg4, C2H4, C2Hpg), the temperature
profile of this fragment should reflect the gas evolution behavior (Figure 2 c).
The intensity of this fragment increases rapidly at ~ 320 °C, where the
detected amount of (HAINPr)g was drastically decreased (indicated by the
behavior of the fragment at m/e 495; see Figure 2 b). Above 340 °C, the
intensity of the fragment at m/e 41 decreases gradually, and the fragment is
hardly detected above 560 °C, where the TG curve almost levels off.

IR analysis provides further information on the residual solids (Figure
4). After the treatment up to 400 °C, V(al-H) bands are absent, but the V(C-H)
bands are still observed at around 2900 cm-1 (Figure 4 ¢). Upon heating up

to 500 °C, neither v(c-H) nor V(ai-H) bands are detected (Figure 4 d).

IV. Discussion
The polymerization reactions during pyrolysis at the first pyrolysis stage

(240-320 °C) to form a cross-linking structure is the key issue for (HAINPr)g
with relatively low molecular mass. In the temperature range of 240-320 °C,
(HAIN/Pr)g polymerizes probably with its simultaneous volatilization.
Differential thermal analysis (DTA) results of (HAIN/Pr)g revealed that
(HAINPr)g decomposed above 245 "C,28 which is well consistent with the
onset temperature of the large mass loss observed in the present TG results.
The exothermic peak starting at 245 °C was observed in the DTA curve,?8
indicating that polymerization was detected by DTA (note tHat volatilization
(such as boiling and sublimation) should give endothermic peaks in DTA
curves).29 |

Sauls etal.'® reported that heterolytic cleavage of the Al-N bonds in

[(R2AINH2)]3 (R=Me, Et) occurred even below ~150 °C. Thus, we also
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consider the heterolytic cleavage of the Al-N bonds for the initiation of the
pyrolysis of (HAIN/Pr)g at the fist stage (240-320 °C). An RzAl:NH3 adduct
thermally underwent polymerization by loosing alkane (RH) to give (RAINH)n
via the formation of an intermediate (RzAINH2)3.9’ 5 Onthe contrary, no
organic compounds were observed during the pyrolysis of the precursor at the
fist stage. Thus, we consider the following reaction mechanism without the
formation of organic compounds for the polymerization at this stage. The
heterolytic Al-N bond cleavage in (HAIN/Pr)g results in the formation of
nitrogen terminals (=(Pr)N:) (as shown in Figure 5), which were considered to
attack aluminum atoms.'®:3%  An attack ofa nitrogen terminal to aluminum
atom in another cage could lead to the opening of two cages that are linked by
a newly-formed Al-N bond (Figure 5). This ring-opening reaction also results
in the formation of a new nitrogen terminal that can further attack another
aluminum atom. Repeated cleavage of the Al-N bonds in many cages and
subsequent attacks to other cages should result in the formation of a
polymeric structure. This polymerization mechanism involving no AlH groups
is consistent with the IR results which revealed that a large portion of the AlH

groups remained after the pyrolysis at 300 °C (Figure 4 b).

Figure 5

The formation of small fragments is also possible by the combination of
multiple attacks of nitrogen terminals and Al-N bond cleavage localized at the
same cage (or in a small area for polymerized parts). lItis likely that such
small species tend to aggregate,31 and the most probable species formed via
aggregation is (HAINPr)g, that was continuously detected by TG-MS over 80
°C. When the precursor was converted into ceramic residu.e via two-step
pyrolysis (1000 °C for 2 h and 1600 °C for 2 h) under Ar, 55 % of aluminum in
the precursor was lost.'® Thus, the loss of (HAIN/Pr)g at this stage possibly
via polymerization and volatilization appears to account for the loss of

aluminum mainly.
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Formation of various hydrocarbons at the second stage (above 320 °C)
indicates that the cleavage of the C-C and C-N bonds occurs. (HAINPr)g is
hardly detected at this stage (Figure 2 b), suggesting that the pyrolysis
mechanism is completely changed at 320 °C.

The CaHg formation should involve the C-N bond cleavage, and two
possible mechanisms can be proposed based on the previous reports;

1) the homolytic C-N bond cleavage and the subsequent 8 elimination of a
hydrogen radical:32

=NCH(CHg)2 —# =N* + *CH(CHa3)2

*CH(CHgz)2 —#» CH3-CH=CHz + H".

2) the concerted B elimination:33

=NCH(CH3)2 —#® =NH + CH3-CH=CH2
Generally, radicals play an important role for the thermal degradation of
organic polymers above 300-400 °C.3* In addition, the reactions of
poly(carbosilanes)35 and pon(siIazanes)36 at higher temperature ranges

137 observed

were reported to be radical processes. Furthermore, Distler et a
radical formation during the pyrolysis of AI(NH/Pr)3. Thus, we assume that
the radical processes were dominant in this temperature range, and the C3Hg
formation was ascribed to the reaction path involving the homolytic C-N bond
cleavage (reaction mechanism 1).

During the pyrolysis of poly(silazanes), radicals (R*, H=) formed during

pyrolysis were considered to abstract hydrogen atoms from SiH, NH, and CH
groups.36 Therefore, the formation of C3Hg can be interpreted based on the

above reaction mechanism as follows;
H Abstraction
- CH(CHa)2 # CH2(CH3)2

The formation of hydrocarbons other than C3Hg and C3Hg should involve the
homolytic C-C bond cleavage, and radical reactions (combination, B

elimination, and hydrogen abstraction) are also considered to be involved.
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The loss of the AlH groups up to 400 °C (Figure 4 c) and that of the CH groups
up to 500 °C (Figure 4 d), therefore, could be attributed to hydrogen
abstraction reactions involving radicals.

Finally we point out three characteristics of cage-type (HAIN/Pr)g as a
preceramic material; |
| (1) Its oligomeric structure. Though its molecular mass (510) appears to be
insufficient to suppress the volatilization completely, a part of (HAIN/Pr)g was
involved in the polymerization at = 240 °C.
(2) The cleavage of the Al-N bonds at low temperature to form a polymeric
structure without deposition of aluminum metal. Although AIN formation via
polymerization was also reported for cyclic (R2A|NH2)3,15 simple pyrolysis of
another ring-type compound (H2AINMe2)3 resulted in the formation of
aluminum metals.38: 39 Thus, it is essential that the cleavage of Al-N bonds
leads to the polymerization reaction, not to the Al metal deposition.
(3) The presence of three Al-N bonds per one aluminum or nitrogen atom. It
is known that linear polymers normally show very low ceramic yields.1 On the
contrary, polymers containing rings or cages exhibit relatively high ceramic
yields, because multiple bond cleavage is required for liberation of volatile

molecules.’

Similarly, the advantage of this cage-type compound is the
presence of three Al-N bonds per one atom, which can suppress the liberation

of volatile molecules to a certain extent.

V. Conclusions
We have demonstrated that poly(isopropyliminoalane) was converted
into a ceramic residue via two pyrolysis stages, which were-characterized by
different gas evolution behavior. (HAIN/Pr)g was the main evolved gas at the
first pyrolysis stage (240-320 °C), where the precursor was converted into the
cross-linked structure. The proposed pyrolysis mechanism of the precursor at

this stage involves the heterolytic Al-N bond cleavage and subsequent attack
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of the nitrogen terminal formed to aluminum atoms in other cages. Besides
evaporation, the formation of (HAINPr)g during the polymerization is
suggested. Various organic compounds formed at the second stage (320-
560 °C), and the formation mechanisms of typical gases (C3Hg and C3Hs) are
proposed based on radical processes with homolytic C-N bond cleavage.
These results suggest that the cage-type compounds can be effective
preceramic materials, if their pyrolysis mechanisms involve polymerization for

the conversion of the cross-linked structure at relatively low temperature.
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Fugure 1. Idealized structure of (HAlNiPr)e.
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Figure 4. IR spectra of (a) poly(isopropyliminoalane and (b)-(d) pyrolyzed
poly(isopropyliminoalane) under a He flow (at (b) 300 °C, (c) 400 °C,
and (d) 500 °C). (a) and (b) are collected using nujol technique (bands
due to nujol are marked by asterisks), and (c) and (d) are collected
using KBr-disk technique.
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A novel soluble precursor with a Zr-N-Zr backbone struc-
ture was prepared by an aminolysis reaction of Zr(NEt,), with
Pr'NH,. Pyrolysis of the precursor under NH,-N, atmospheres
led to the formation of ZrN as a main crystalline phase with a
ceramic yield of 45.2%. Aggregated particles consisting of
very minute particles with diameters of 50-300 nm were
obtained.

Zirconium nitride (ZrN) exhibits beneficial properties,
such as high melting point, hardness, excellent chemical dura-
bility and interesting optical properties.! Thin films of ZrN
have been used for various applications, including wear-resist-
ant coatings, diffusion barriers in integrated circuits and coat-
ing for solar control windows.>* ZrN powders have been pre-

_pared commercially by direct nitridation of metallic zirconium
and carbothermal reduction of ZrO, under nitrogen.! Chemical
vapor deposition (CVD) process has been investigated for the
preparation of ZrN films.’

Pyrolytic conversion of inorganic and organometallic
compounds into non-oxide ceramics provides an alternative
route for the preparation of films and fibers via liquid phase,
but it is required that the precursors are soluble or fusible for
such applications.2¢ Extensive work has been reported on the
preparation of carbides and nitrides of various main group ele-
ments, such as SiC, Si;N,, BN, and AIN by this chemical
route.267 This chemical route has also been developed for the
preparation of transition metal nitrides.? Insoluble polymeric
precursors with highly cross-linked structures were prepared
by the ammonolysis of transition metal dialkylamides® or via
an electrochemical route,’ and were converted into transition
metal nitrides via pyrolysis. Soluble precursors which were
converted into TiN or Ti(N,C) powders, fibers and films via
pyrolysis were prepared by the aminolysis of Ti(NMe,),, since
the formation of highly cross-linked structures was suppressed
by the introduction of bulky organic groups into the
precursors.'®12 A soluble precursor which was converted into
8-NbN via pyrolysis was also prepared by an aminolysis reac-
tion of Nb(NEt,),.!* Bartlett investigated the aminolysis reac-
tions of Zr(NEt,), with excess primary alkylamines
(Zr(NEt,),:RNH,=1:15, R=Bu, Pr, Et),'* but the resultant poly-
meric products (proposed formula: {Zr(NR)(NHR),],) were
insoluble in organic solvents. Only one soluble ZrN precursor
[(CH,),Si],NH-ZrCl, was reported, but a corrosive HCI by-
product evolved during the pyrolysis.'

Here we report the preparation of a precursor possessing a
Zr-N-Zr backbone structure by an aminolysis reaction of
tetrakis(diethylamino)zirconium (Zr(NEt,),) with isopropy-
lamine (Pr'NH,). Since isopropyl groups are branched, it is
expected that the aminolysis reaction will lead to the formation

of a soluble product. The precursor was pyrolyzed under NH,-
N, atmospheres, and the pyrolyzed product was characterized
by compositional analysis, X-ray powder diffraction analysis
(XRD), and scanning electron microscopy (SEM).

All the procedures were performed under a protective
nitrogen atmosphere using the standard Schlenk technique'® or
a glove box filled with nitrogen. Zr(NEt,), was prepared and
distilled (b.p. 120 °C at 0.1 mmHg) based on a previous
report.'” The IR and 'H NMR data were consistent with previ-
ous reports for Zr(NEt,),;'® 'H NMR (ppm): 1.11 (triplet, -
CH,CH,), 3.34 (quadruplet, -CH,CH,); IR (cm'): 1000, 1152
(VUNGC,)), 550-578 (WZr-N)). Elemental analysis exhibited an
empirical formula of ZiN, ,C s ;H,,,, Which approximately
corresponds to Zr(NEt,),.

The precursor was prepared by the reaction of Zr(NEt,),
with PrNH, (Zr : PriNH, = 1:5) according to an ideal reaction
expressed by Eq. (1).

Zr(NEY,), + xPPNH, —~
1/n[Zr(NPr) (NE,), ,.], + 2xHNEt, )

Zr(NEt,), was dissolved in toluene in a three-neck flask, and
PriNH, in toluene was slowly dropped into the Zr(NEt,), solu-
tion at about 5 °C with stirring. The mixed solution was stirred
for 2 h at about 5° C. Then the resultant solution was gradual-
ly heated, and finally refluxed for 16 h. An orange solid,
which was soluble in benzene and toluene, was obtained after
the separation of a small amount of insoluble yellow solid by
filtration and removal of toluene under a reduced pressure.

The 'H NMR spectra of the precursor, Zr(NEt,),, and
PriNH, are shown in Figure 1. In the '"H NMR spectrum of the
precursor, a quadruplet at 3.34 ppm due to the -CH,CH, of
Zr(NEt,), is hardly detected, and many weak signals appear at
3.00-4.80 ppm. In the region for a triplet at 1.11 ppm (for
Zr(NEt),) and a doublet at 0.90 ppm (for Pr"NHZ), some dou-
blets and unresolved peaks are observed at 1.12-1.86 ppm. The

©
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Figure 1. 'H NMR spectra of (8) Zr(NE,),, (b) theprecursor, and (c)
PriNH, (C,D,, 270 MHz).
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Table 1, Ceramic yield and characteristics of the product
pyrolyzed under NH,- N,

Ceramic yield / mass%* 452
Elemental analysis / mass%
81.2
N° 11.6
c 0.4
(o 30
Total 96.3
Empirical formula Z1N 5;,C 03002
Lattice parameter / nm* 0.4576

* The ceramic yield (Y) was calculated from the masses of the precursor
(M) and the pyrolyzed residue (M), Y=(M /M )x100. ® The amount was
determined by inductively coupled plasma emission spectroscopy. © The
amounts were measured by using LECO TC-436 and CS-444LS
instruments. ¢ The lattice parameter was calculated by the non-linear least

squared method.
* . * N
® 7ZrO N,
-~ A 71O,
3
=
2
5
E
L J
A A jj@
T T T T LS
20 30 40 50 60 70 80

20/° (CuKa)
Figure 2. XRD pattern of the product pyrolyzed under NH,-N,.

integrated intensity ratio of the signals at 1.12-1.86 ppm to
those at 3.00—4.80 ppm is about 6, corresponding to the proton
number ratio of CH, to CH in the -CH(CH,}, group. All of
these observations indicate that the aminolysis reaction of
Zr(NEt,), with Pr"NH2 occurs and isopropyl groups with vari-
ous environments are present in the precursor. Since no V(N-
H) and &N-H) bands were observed in the IR spectrum of the
precursor, it is reasonable to consider that the nitrogen atoms
in the NPr' groups of the precursor are mainly present as Zr-
N(Pr)-Zr imido-bridges, which is different from the assumed
environment of nitrogen in the polymeric compound
[Zr(NR)(NHR),], reported by Bartlett.!* In addition, although
the presence of Et groups can not be confirmed in the '"H NMR
spectrum of the precursor due to overlapping of signals, a
week shoulder band assignable to v(CH,) mode of the ethyl
groups at around 2829 cm! 9 was present in the IR spectrum
obtained with a hexachloro-1,3-butadiene technique, suggest-
ing that a small amount of NEt, groups remains in the precur-
sor (The other three V(C-H) bands due to ethyl groups show
wavenumbers similar to those of isopropyl groups).

Pyrolysis of the precursor under NH, flow at 600 °C for 2
h and subsequently under N, at 1350 °C for 8 h gave a yellow-
gray residue with a ceramic yield of 45.2%. The characteris-
tics of the product are shown in Table 1. The amount of carbon
is very small (0.4 mass%), while 3.1% of oxygen, which was
probably introduced during the pyrolysis, are present in the
product.

The pyrolysis of the precursor under NH;-N, leads to the
formation of a well-crystallized NaCl-type compound (Figure
2). However, some weak peaks assignable to Zr,O, N, and
Zr0, are also observed,?” which is consistent with the presence
of oxygen in the product. It has been reported that ZtN, ZrC
and ZrO all possess NaCl-type structures with the lattice
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139

Figure 3. Scanning electron micrograph of the product pyrolyzed
under NH,-N,.

parameters of 0.4577, 0.4693 and 0.4620 nm, respectively.?’
7N can form solid solution with ZrC,2! and the formation of a
Z1(N,C.,0) solid solution with an NaCl-type structure was also
reported.22 However, the lattice parameter of the NaCl-type
compound in the present study is 0.4576 nm, very close to that
of ZrN, indicating that the crystallized NaCl-type compound
should be cubic ZrN.

The morphology of the product was investigated using
SEM (Figure 3). Aggregated particles consisting of very
minute particles with diameters of 50-300 nm are observed on
the surface of the pyrolyzed product. The calculated mean
crystallite diameter based on the XRD pattern using the
Scherrer equation was 53 nm, consistent with the SEM obser-
vation.
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Synthesis of a Soluble Precursor Possessing an Nb-N Backbone Structure
and Its Pyrolytic Conversion into Niobium-Based Ceramics
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L

Synthesis and pyrolysis of a soluble precursor possessing an Nb—N backbone structure were investigated. The
precursor was prepared by aminolysis reaction of tetrakis(diethylamido)niobium with isopropylamine. The precursor was
soluble in benzene, and had a polymeric structure possessing Nb—~N-Nb imido-bridges. The precursor was pyrolyzed
under NH;3-N; (at 600 °C for 2 h under NH; and subsequently at 1350 °C for 8 h under N3) and Ar (at 1500 °C for 2 h)
atmospheres. -NbN was obtained as a main crystalline phase after the pyrolysis of the precursor under NH;~N3, whereas
pyrolysis of the precursor under Ar led to the formation of NbC as the only crystalline phase. More than 90% of niobium
which was present in the precursor remained in both of the pyrolyzed products.

[

Niobium nitride has attracted considerable attention be-
cause of its desirable properties; these include hardness,
thermal stability, and, particularly in the case of cubic form,
superconductivity.! Niobium nitride has several phases: -
NbN, y-NbN, £-NbN, S-Nb,N, and Nb;N4. However, all
of these phases except -NbN have hexagonal structures.??
The structure of §-NbN is B1(NaCl)-type where the bond-
ing character between Nb and N is metallic.! The §-NbN
is a superconductor with T; of 17.3 K, and has been used
in various devices such as dc-superconducting quantum in-
terference devices, Josephson junctions, and switches for
pulsed power applications.!** The conventional synthetic
procedure of NbN is direct nitridation of Nb metal at high
temperature and high N, pressure.'” Chemical vapor depo-
sition (CVD) processes have also been widely investigated
for the preparation of NbN films.26—*

Pyrolytic conversion of precursors has been widely ap-
plied to the preparation of carbides and nitrides of various
main group elements and transition metals, such as SiC,
SizNy, BN, AIN, and TiN.*—*2 Although this chemical route
provides a method for the preparation of non-oxide ceram-

ics with desirable shapes, such as coatings and fibers, it is .

required for such applications that the precursors are soluble
or fusible." NbN has been prepared by direct ammonolysis
of the niobium halides or niobium dialkylamides and subse-
quent pyrolysis of the resultant polymeric compounds.'>—*
A NbN precursor has also been prepared recently by an elec-
trochemical route in which metallic niobium was anodically
dissolved in a liquid-NH; containing NH4Br solution.'¢
However, since the precursors prepared by these techniques
have highly cross-linked structures, they are insoluble in an
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organic solvent such as pentane,'® pyridine,’” and acetoni-
trile.'!? As far as we know, the synthesis and pyrolytic con-
version of soluble NbN precursors have not been reported.
Aminolysis reactions of a number of transition metal di-
alkylamides of group 4 (M(NR;)4), typically Ti(NRz)4 (R =

. Me or Et), with primary amine R’NH; have been extensively

investigated.'*—2 Since primary amines are bifunctional, the
aminolysis reactions usually occur with the formation imi-
do-bridge (M-N-M) structures in the aminolysis products.
This chemical route provides a possible way to prepare sol-
uble precursors because the formation of highly cross-linked
structures can be suppressed by the introduction of organic
groups into the aminolysis products. However, insoluble
products wiil form if the steric hindrance of R’ groups is too
small.'® The reaction of Ti(NEty)s with Pr"NH; gave an in-
soluble Ti(NPr"),, while the reaction with Bu"NH; led to the
formation of a soluble product with a proposed formula of
Ti,(NBu")y,—2(NEt;)4."* A number of aminolysis products
have been applied to the preparation of TiN or Ti(N,C).*—*
However, no aminolysis reactions of transition metal dial-
kylamides of group S with a primary amine and the pyrolytic
conversion of the aminolysis products have been studied yet.

In this research, a precursor possessing an Nb-N back-
bone structure was prepared by an aminolysis reaction of
tetrakis(diethylamido)niobium (Nb(NE;),4) using isopropyl-
amine (Pr'NH,). Since isopropyl groups are branched, it is
expected that the aminolysis reaction of Nb(NEt;)4 will lead
to the formation of a soluble product. Pyrolytic conversion
of the precursor was investigated, and the pyrolyzed products
were characterized by compositional analysis, X-ray powder
diffraction (XRD) and scanning electron microscopy (SEM).
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Experimental

All the procedures were performed under a protective nitrogen
atmosphere using the siandard Schlenk (echmqu::'2 or in a glove
box filled with nitrogen. The solvents, n-pentane and benzene, were

freshly distilled over sodium/benzophenone prior to use. Diethyl-

amine and isopropylamine were freshly distilled over potassium
hydroxide prior to use. Niobium chloride (NbCls) was used as
received.

1 Synthesis of Nh(NEt;)4. Tetrakis(diethylamido)niobium
(Nb(NEtz)4) was prepared according to the following reaction based
" on the previous report:*

NbCls + SLiNEt; —
Nb(NEt;)4 + 1/2HNE1; + 1 /2EtN=CHMe + 5LiCl (1)

Distillation of the obtained red viscous liquid gave a purple-brown
viscous liquid product (bp 120 °C at 13.3 Pa). The IR spectrum
(Fig. 1) of the distilled product shows the presence of a v(Nb-N)
band at 583 cm™! (as shown by arrow) and two v(NC;) bands
at 1001 and 1154 cm™", consistent with those in the previous
report for Nb(NEt;)s.* Elemental analysis exhibits an empirical
formula of NbN4,Cis.0H3s.2 (Table 1), which approximately cor-
responds to Nb(NEt2)s. The mass spectrum of the product was
consistent with a previous report for the formation of Nb(NEt;)4:2
m/z (M*, EI), 381 (Nb(NE,)s*, 20), 380 (Nb(NEt3); [NE{(C; Ha)1*,
32), 352 (Nb(NEt)3(NEt)", 43), 337 (Nb(NEt;);(NCH,)*, 43),
276 (Nb[NEt(CH=CH.)]2(NEt)*, 58), and 58 (EtNCHj*, 100).

Table 1. Compositional Characteristics of the Nb(NEt;)4
and the Precursor

Elemental analysis/mass%

Nb N C H Total Empirical formula

Nb(Ntz2)a 242 148 499 99 988 NbN;oCisoHis2
Precursor 35.5 142 376 8.1 954 NbN3¢Cs Hap,

Precursor Route 10 Niobium Based Ceramics

However, although Nb(NEt2)s does not show any signal in the
NMR spectrum because of its paramagnetic property, the ' H NMR
spectrum of this viscous product showed the presence of small
amounts of two diamagnelic compounds, tris(diethylamidojcthyl-
imidoniobium (EtzN); Nb(=NEt) and tris(diethylamido)azapentane-

|
2,3-diylniobium (Et:N);Nb(EtNCHMe)** (The 'H NMR data ob-
tained in this study are shown in References). The presence

1

of (EtzN)3sNb(=NEt) and (EtzN);Nb(EINCHMe) as minor com-
ponents in distilied Nb(NEt;)s was also reported previously.’26
Because only small amounts of (Et;N)3;Nb(=NEt) and (Et;N)3;Nb-
(EtNCHMe) were present in the viscous product according to the
elemental analysis, we will hereafter refer to the viscous product
simply as Nb(NEt,)4, which was used as a starting material of the
precursor. .

2 Synthesis of a Precursor. The polymeric precursor possess-
ing an Nb—N backbone structure was prepared based on a previous
report,?” by the reaction of Nb(NEt,)s with an excess of isopropyl-
amine (Nb:PrNH, = 1: 5). Anideal reaction can be expressed by
Eq. 2:

Nb(NEt;)s + xPr'NHz — 1/n[(Nb(NPr')x(NEt2)4—2¢]n + 2xHNEt
(2)

Nb(NEt3)s was dissolved in 30 mL of benzene in a 100 mL three-
necked flask, and Pr'NH; in 20 mL of benzene was slowly dropped
into the Nb(NE,)4 solution at about 10 °C with stirring. The mixed
solution was stirred for 2 h at 10 °C. Then the resultant solution
was gradually heated, and finally refluxed at 78 °C for 16 h. A
dark brown solid, which was completely soluble in benzene, was
obtained after benzene was removed under reduced pressure.

3 Pyrolysis.  The precursor was pyrolyzed in a tube furnace.
About 0.5 g of precursor was placed in an Al20; boat, which was

" then introduced into an AL O; tube filled with Ar or NH;. For

pyrolysis under NH3~N3, the precursor was first heated at 600 °C
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IR spectra of (a) Pr'NH,, (b) Nb(NEtz)4, (c) precursor (hcb technique), and (d) precursor (nujol technique). The meaning of
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for 2 h under NH; with a flow rate of 30 mL min~', and cooled to
room temperature. Then, the resultant product was heated again at
1350 °C for 8 h under N; (100 mL min~'). For pyrolysis under Ar,
the precursor was heated at 1500 °C for 2 h with a fiow rate of 100
mLmin™!

4 Analyses. The precursor was characterized by infra-red spec-
troscopy (IR, Perkin—Elmer FTIR-1640, with nujol technique and
hexachloro-1,3-butadiene (hcb) technique). The amounts of nitro-

- gen, carbon, and hydrogen in the precursor were measured by using
a Perkin-Elmer PE2400 instrument. The pyrolysis behavior of the
Nb(NEt2)s and the precursor was investigated by thermogravime-
try-mass spectrometry (TG-MS) (Shimadzu TGA-50 thermobalance
coupled with a Shimadzu QP1100EX quadrupole mass spectrome-
ter via a stainless capillary). In order to identify the evolved gases
clearly, Nb(NEt;)4 and the precursor were pyrolyzed using a tube
furnace under a He flow; the evolved gases trapped using liquid
nitrogen in a certain temperature range were identified by gas chro-
matography-mass spectrometry (GC-MS) (Hewlett-Packard Model
5890 Séries I Gas Chromatograph coupled with' a 5971A Mass
Selective Detector; the separation was performed on a capillary
column (Chrompack Pora Plot Q, for the gases from Nb(NEt2)4)
or a capillary column (GL Science TC-5, for the gases from the
precursor)). The pyrolyzed products were analyzed by X-ray pow-

der diffraction (XRD, Cu Kas; Mac Science MXP®). The lattice

parameters of the pyrolyzed products were calculated by the non-
linear least-squares method. The amounts of nitrogen, oxygen and
carbon in the pyrolyzed products were measured by using LECO
TC-436 and CS-444LS instruments. The amounts of niobium in the
precursor and the pyrolyzed products were determined by induc-
tively coupled plasma emission spectroscopy (ICP, Nippon Jarrell
Ash ICAP-575 1), after the samples were dissolved with a mixed
solution of 10 mL of HF, 5 mL of H2SOQs, and 5 mL of HNO; at
200 °C for 2 h. The morphology of the pyrolyzed products was in-
vestigated by scanning electron microscopy (SEM, Hitachi $4500-
S).

Results and Discussion

1 Preparation of a Soluble Precursor via Aminolysis of
Nb(NEt;)4. The IR spectrum of the precursor, as well
as those of the Nb(NEtz)4 and isopropylamine, are shown
in Fig. 1. The IR spectrum of Nb(NEt,), shows four strong
(C-H) bands at 2963, 2926, 2865, and 2834 cm™!, which
are assigned to v,5(CH;), %s(CH;), %(CH,), and v%(CH,)
modes of the ethyl groups respectively (Fig. 1b).2® On the
other hand, the IR spectrum of the precursor (Fig. 1c) shows
three strong (C-H) bands assignable to v,s(CHz), v(CH), and
%(CH3) modes of isopropyl group at 2960, 2908, and 2861
cm™!, respectively; only a weak shoulder band assignable
to %;(CHa) modes of ethyl groups is present at around 2832
cm™! (as shown by the arrow). In addition, in the spectrum
of the precursor, the bands at 1155 and 1111 cm™' due
to ~CH(CH3), skeletal bands® are clearly observed. All
of these observations indicate that a large portion of the
NEt; (and NEt) groups in the starting material has been
substituted with NPr' groups. Besides, in the IR spectrum of
the precursor (Fig. 1c), the ¥(Nb—N) band of Nb(NEt,)4 (at
583 cm™! as shown by arrow in Fig. 1b) disappears, and a
new band assignable to v(Nb-N) appears at 613 cm™' (as
shown by the arrow). Because no band is observed at the

Bull. Chem. Soc. Jpn., 73,"No. 5 (2000) 3

typical frequency region of v(N-H) (3300—3500 cm™!)*
in the spectrum of the precursor, Nb~N~Nb imido-bridges
should have formed.

The elemental analysis results of the precursor are shown
in Table 1. The N:C:H molar ratio of the precursor is
1:3.1:8.1, close to that of NPr' group (1:3:7), indicating
that a large portion of the NEt, groups (1:4:10) in Nb-
(NEt2)s has been substituted with NPr' groups. The N/Nb
molar ratio decreases from 4 for the Nb(NEt;)s to 2.6 for
the precursor, which is consistent with the IR results show-
ing that the nitrogen atoms in the NPr' groups are present
as Nb—N-Nb imido-bridges. The empirical formula of
NbN,,6Cs.1Hay,1 indicates that, besides the NPr groups, a
small amount of NELt; groups should remain in the precursor
(assuming that N and C belong to either NPrf or NEt, groups),
also consistent with the IR results. Bradley et al.'® reported
that the aminolysis of Ti(NEt,)4 with n-butylamine led to the
formation of a soluble polymer due to the presence of a small
amount of NEt, groups as chain stoppers. Hence, it is also
probable that the presence of a small amount of NEt, groups
as chain stoppers led to the formation of a soluble polymer
with a postulated structure as shown in Scheme 1.

2 Pyrolysis of the Precursor.  The pyrolysis behavior
of the precursor was investigated by using TG-MS. The
pyrolysis behavior of Nb(NEt;)4 was also studied for com-
parison. "The TG curves and the temperature profiles of the
selected fragments are shown in Fig. 2. The ceramic yields
of Nb(NEty)4 and the precursor up to 900 °C are 37 and
57% respectively, indicating the advantage of the polymeric
structure of the precursor.

In the TG curve of the Nb(NEt,)4, a sharp mass loss is

. observed in the temperature range of ca. 160—ca. 280 °C.

Gas (in the trap-tube), liquid (near the outlet of the tube
furnace and in the trap-tube), and a small amount of yellow
solid (near the outlet of the tube furnace) were obtained
during the pyrolysis of the Nb(NEt,)4 using a tube furnace
in the corresponding temperature range (ca. 160—ca. 280
°C). GC-MS (for gas) and 'HNMR (for liquid) analyses
showed that C;Hy, CyHg, C3Hs, C4Hg, CH3CN, and HNE,
were the main species evolved. ICP analysis showed that the
condensed yellow solid contained Nb.

The temperature profiles for the pyrolysis of the Nb(NEt, ),
show that fragments at m/z 58 (arising from HNEt,), m/z 27
(arising from C;H; and C;Hg) and m/z 41 (arising from
higher hydrocarbons (C,Ha, and C,Hy,4z, 7> 3; e.g., C3Hg,
C4Hs, and C4H|o) and CH;CN) are clearly detected in the
temperature range of ca.’ 160—ca. 280 °C (Fig. 2a). Et,NH
and C,H4 were reported as the major evolution gases dur-
ing the pyrolysis of Nb(NEt;)s at 220 °C.% The main py-

P(i Pfi

E(zN\ » No SNo /NEtz
EuN T"‘ rf NEty
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Scheme 1. The postulated structure of the precursor,
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Fig. 2. TG-MS analysis of Nb(NEt2)s and the precursor

under He. (a) The TG curve of Nb(NEt;)s; the fragment at
m/z =58 arising from HNEt; (—); the fragment at m/z =
27 arising from C;H4 and CyHg (— —); the fragment
at m/z = 41 arising from higher.hydrocarbons (CpH2» and
CnHans2, 12 3) and CHaCN (=-=). (b) The TG curve of
the precursor; the fragment at m/z = 44 arising from Pr'NHa
(~); the fragment at m/z = 41 arising from hydrocarbons
(CnHan and CyHapiz, n 2 3) and CH3CN (= -).

rolysis processes probably involve the elimination of the
NEt, groups through the transfer of hydrogen atom from an
NEt, group to another one, leading the subsequent formation
of a three-membered metallacycle intermediate containing
a Nb-C bond (see Scheme 2). Then C,H; was released
from the three-membered metallacycle intermediate via the
Nb—C bond cleavage. The formation of such a three-mem-

NEt;

(EtzN)sz< —HNEL

—_—i
NEt;

/
(Etz;N)2Nb
2N)2 \I

Precursor Route to Niobium Based Ceramics

bered metallacycle compound has been reported previously
for the pyrolysis of diethylamido complexes of Nb, Ta, V,
and T-l'zs..m_n

On the other hand, a large mass loss is observed at the tem-
perature below ca. 500 °C in the TG curve of the precursor
(Fig. 2b). C3Hg, C4Hg, CH3CN, and PriNH, were the main
species evolved during the pyrolysis of the precursor using
the tube furnace below 500 °C. The temperature profiles
of the fragments at m/z 44 (arising from PriNH;) and m/z
41 (arising from hydrocarbons (C,H;, and C,Hzn42, 72 3;
e.g., C3Hg, C4Hg, and C4H)o and acetonitrile CH3CN) are
shown in Fig. 2b. The fragment at m/z 44 in the temperature
range of ca. 250—ca. 350 °C shows that PFNH; evolved
at this relatively high temperature range. (The evolution of
PrNH, near room temperature is probably due to the hy-
drolysis of the precursor with a small amount of water in
the TG-MS equipment. The precursor is more air-sensitive
than Nb(NEty)4). Laine et al. have reported that the pyroly-
sis of a TiN precursor with Ti-N(Pr‘)-Ti imido-bridges led
to the evolution of C3;Hg through the direct cleavage of the
C~N bond with transfer of f-hydrogen to the nitrogen atom
(reaction 3).2° Since the present precursor possesses M—N-
(Pr')-M imido-bridges which are very similar to that reported
by Laine et al., C3Hg, one of the main evolved species, most
likely arises from the direct cleavage of the C-N bond via
reaction 3, which is different from the formation mechanism
of C3H,4 from Nb(NEt,), via the metallacycle intermediate.

%

}
CH
7/ N\
CH; CH;,

N\
| +
H

B —— CH2=CHCHJ (3)

Pyrolysis of the precursor under NH3 flow at 600 °C for
2 h, and subsequently under N; at 1350 °C for 8 h gave a
yellow-gray residue, while a lavender-gray residue was ob-
tained after the pyrolysis under Ar flow at 1500 °C for 2 h.
Table 2 shows the ceramic yields, compositional characteris-
tics and the lattice parameters of the pyrolyzed products. The
ceramic yields of the precursor are 39.2 and 38.0% for the
pyrolyses under NH3~N, and Ar flow, respectively. Based
on the ceramic yields, the amount of niobium in the precur-
sor, and those in the pyrolyzed products, it can be estimated
that 92.7 and 91.1% of the niobium present in the precur-
sor remain in the products pyrolyzed under NH3-N, and Ar,
respectively. This should be ascribed to the fact that the pre-
cursor possesses double niobium-—nitrogen bridges as shown
in Scheme 1, which makes the degradation of the precursor
into smaller volatile Nb-containing species difficult.

After the pyrolysis under Ar flow, a considerable amount

Et
. —CH
—=2 3 3 (Et;N);Nb=NEt

CH

N
CH;

Scheme 2. The main pyrolysis processes for the pytolysis of Nb(NEt,)4 in the temperature range of ca. 160—ca. 280 °C.
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Table 2. Ceramic Yields and Characteristics of the Products
Pyrolyzed under NH3—Na (at 600 °C for 2 h under NHa, -
and then at 1350 °C for 8 h under N3) and Ar (at 1500

°C for 2h)
Atmosphere NH3-N; Ar
Ceramic yield/mass% 39.2 38.0
Loss of niobium/% 73 8.9
Elemental analysis/mass%
Nb 83.9 85.1
N 11.2 0.1
C 0.8 16.2
0 34 . 0.3
Total - 99.3 101.6
Empirical formula NbNo.gyCo.0800.23 NbNo.g1C1.4700.02
Lattice parameter/nm 0.4394 0.4472

of carbon remains in the residue, and the amount of nitro-
gen is very small (0.1 mass%). In contrast, a considerable
amount of nitrogen (11.2 mass%) and a very small amount
of carbon (0.8 mass%) are present in the product pyrolyzed
under NH3;-N;. The removal of carbon is probably due to
the effective amine-exchange reaction during the pyrolysis
under NH3, i.e., two —-NH; groups displace one =NPr' group
in the precursor and isopropyl amine is liberated.

=NPr’ + 2NH; — 2 -NH; + Pr'NH; @

Removal of carbon during the pyrolysis under NH; due to
amine exchange reactions has been reported for other sys-

- tems such as AIN precursors® and TiN precursors.* It should
also be noted that 3.4% of oxygen, which was probably in-
troduced during the pyrolysis, is present in the product py-
rolyzed under NH;—N,. The pyrolysis of the precursor under
NH;3-N; results in the formation of a NaCl-type compound,
but the presence of some weak peaks, which can be assigned
to NbO,,* accounts for the presence of oxygen (Fig. 3a).
It has been reported that NbN, NbC, and NbO all possess
NaCl-type structures with the lattice parameters of 0.4393,%
0.4470,*" and 0.4211 nm,*® respectively. Besides, niobium
oxynitride NbN, O, ., also possesses a NaCl-type structure,
and the lattice parameter of NbN, O, —, decreases with the in-
corporation of oxygen in the lattice; for example NbNg,0O0o,;
has the lattice parameter of 0.438 nm.* The observed lat-
tice parameter of the NaCl-type compound is 0.4394 nm,
which is very close to that of -NbN (0.4393 nm). Thus, if
all the oxygen was present as NbO,, the pyrolyzed product
should be a mixture of 0.89NbN and 0.1 1NbO, based on the
empirical formula of NbNo_ggCo_ogOo_z;.

The pyrolysis of the precursor under Ar leads to the for-
mation of a well-crystallized single-phase NaCl-type com-
pound (Fig. 3b). The observed lattice parameter is 0.4472
nm, which is very close to that of NbC (0.4470 nm) rather
than that of NbN (0.4393 nm). The composition of the prod-
uct (Table 2) also reveals that the ratios of N/Nb and O/Nb
are 0.01 and 0.02 respectively. Thus, the crystallized NaCl-
type compound should be cubic NbC. The C/Nb ratio of
1.47 (Table 2) suggests that a considerable amount of carbon
is present as free carbon. The presence of a large amount
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Fig. 3. XRD patterns of the products pyrolyzed under (a)

NH3-N; (at 600 °C for 2 h under NH3,and subsequently at
1350 °C for 8 h under N3) and (b) under Ar (at 1500 °C for
2h).

of carbon in the residues pyrolyzed under Ar has also been
reported during the pyrolysis of titanium precursors prepared

~with the aminolysis of Ti(NR;)s.""*

It is interesting that most of the nitrogen is lost during
the pyrolysis under Ar at 1500 °C, although the precursor
possesses the initial N/Nb ratio of 2.6. The precursor has
also been pyrolyzed at lower temperatures in order to obtain
further information about the loss of nitrogen. The com-
positions of the products are shown in Table 3. After the

- pyrolysis at 600 °C under Ar, 60.5% of the nitrogen is lost,

and very broad peaks ascribable to a NaCl-type compound
were observed in the XRD pattern of the residue (not shown).
The ceramic yield was 54.5%, close to the ceramic yield of
57% obtained from the TG curve of the precursor (Fig. 2a).
Nitrogen is lost mainly as PNH; and CH;CN below ca.
600 °C according to the aforementioned TG-MS analysis
results. After the pyrolysis at 1000 °C, a poorly crystalline
NaCl-type compound was detected by XRD (not shown).

Table 3. Compisitional Characteristics of the Products Py-
rolyzed under Ar
Temperature/°C 600 1000
Ceramic yield/mass% 54.5 47.5
Loss of nitrogen™/% 60.5 96.3
' Elemental analysis/mass%

Nb 61.3 68.9
N 10.3 1.1
C 23.6 21.5
0] 1.8 22
Total 96.8 98.8

NbN;.11C29800.18 NbNp.19C2.2800.18

a) The loss of nitrogen {Ey (v} during the pyrolysis was calculated
from the amounts of nitrogen in the precursor [Wp(] and in the py-
rolyzed residues [Wrov)] : ELgny = (Wepny — YWgonl/ Wepo X 100.
Y: ceramic yield.

Empirical formula
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(b)

Fig. 4. Scanning election micrographs of the products py-
rolyzed (a) under NH3-N; (at 600 °C for 2 h under NHj,
and then at 1350 °C for 8 h under N») and (b) under Ar (at
1500 °C for 2 h).

The loss of 96.3% of nitrogen indicates a further loss of ni-
trogen at 600—1000 °C. The loss of nitrogen during the
crystallization from an amorphous phase has also been re-
ported for titanium precursors prepared by the aminolysis of
Ti(NMCz)‘;.m'N

Scanning electron micrographs of the pyrolyzed products
are shown in Fig. 4. Particles with diameters of 0.4—1.0
um are observed on the surface of the product pyrolyzed
under NH3~N,. Particles with diameters of 0.1—0.5 pm are
observed on the surface of the product pyrolyzed under Ar.

Summary.

The precursor possessing a Nb-N backbone structure was
prepared by aminolysis reaction of tetrakis(diethylamido)-
niobium with isopropylamine. IR and elemental analysis
showed that the precursor was a polymer which contained
the Nb—N-Nb imido-bridge structures. The precursor was
soluble in benzene. TG-MS analysis and tube pyrolysis
showed that the large mass loss, with the evolution of C3Hs,
C4Hs, CH;CN, and PrNH, as main species, occurred at a
temperature below ca. 500 °C during pyrolysis of the pre-
cursor under He. The yellow-gray residue with the ceramic
yield of 39.2% was obtained after pyrolysis of the precursor
under NH;—-N,(at 600 °C for 2 h under NH3 and then at 1350

Precursor Route to Niobium Based Ceramics

°C for 8 h under Nj), and the XRD analysis indicated that the
main crystaliine phase was 6-NbN. On the other hand, py-
rolysis of the precursor under Ar at 1500 °C for 2 h led to the
formation of a lavender-gray residue with the ceramic yield
of 38.0%. XRD analysis of the product indicated that NbC
was the only crystalline phase. More than 90% of niobium
present in the precursor remained in both of the pyrolyzed
products. SEM examination showed that the diameters of
the particles obtained by pyrolysis under NH;—IN; and Ar
were 0.4—1.0 and 0.1—0.5 pm, respectively.
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