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Abstract

BCN ceramics were prepared from pyrrolidine±borane
complex. Its complex was a new product and has not
appeared on the market. The chemical compositions
of the BCN ceramics were BC1�5N0�4 obtained at
1000�C in Ar, BC0�9N0�4 obtained at 1000�C in NH3.
Boron was a mixture of trigonal and tetragonal BÿN
bonds. Electrical conductivity, of the BCN ceramics
showed semiconductive properties.# 1999 Published
by Elsevier Science Limited. All rights reserved
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1 Introduction

In synthesis methods of BCN ceramics the CVD
method is widely used.1±4 However, bulk forming
and large-scale preparation are di�cult in this
method. Bulk forming is necessary for evaluating
various properties of BCN ceramics. Accordingly
the precursor method has been focused on break-
ing through these problems.5 This method can be
applicable for the preparation of ceramics from
organic macromolecules as starting material. It is
expected that the coordination number and chemi-
cal composition in the BCN ceramics could be
controlled by dealing with starting materials. Bill
et al. reported that BCN ceramics were prepared
by this method from a pyridine±borane com-
plex.6±8 Amorphous ceramics of BC4N and BN
composition were prepared at 1050�C in Ar and in
NH3, respectively. Boron coordinations for both
BC4N and BN were trigonal and exist as BÿN
bonds in the ceramics. The heat-treated specimen in

Ar atmosphere showed semiconductive properties
and the energy gap was 0.07 eV. The heat-treated
specimen in NH3 was an insulator. In the case of
the piperazine±borane complex as a starting mate-
rial. the composition was BC2N at 1050�C in Ar
and contained also trigonal BÿN boron atoms
identical with the pyridine±borane complex. But,
the other heterocyclic compounds cannot be
examined as starting materials because these start-
ing materials are not available on a commercial
basis. Therefore, the object of these works was to
prepare a new pyrrolidine±borane complex from
the reaction of pyrrolidine and a borane±dimethyl
sul®de complex as a ®rst stage. In this study, the
authors have attempted to investigate the struc-
tural correlation between precursor and ceramics.

2 Experimental

2.1 Synthesis of a pyrrolidine±borane complex
Borane±dimethyl sul®de complex [0.1mol (50ml)]
in 2M toluene was dropped into 0.1 mol (10ml) of
pyrrolidine at 0�C in 0.1MPa Ar and the solution
was stirred for 24 h and cooled by using ethanol
with dry ice. The toluene was removed and the
pyrrolidine±borane complex was obtained as
precipitation product.

2.2 Synthesis of a pyrrolidine±borane derivative
(preceramic)
The pyrrolidine±borane complex obtained was
heated at 100�C for 5 h in 0.1MPa Ar, then at
200�C for 10 h, at 300�C for 24 h and at 400�C for
a further 24 h continuously. The colorless and
transparent liquid changed to a brown liquid, and
then to a brown solid. The brown solid obtained
was milled (<75�m) and pyrrolidine±borane
preceramic powder was prepared.
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2.3 Synthesis of BCN ceramics
The powdered pyrrolidine±borane preceramic was
heated at 1000�C for 2 h (heating rate: 250�C hÿ1) in
Ar (purity: 99.99%) and NH3 (purity: 99.9%) (¯ow
rate: 0.5 1minÿ1, 0.1MPa). The specimen was
washed by ethanol and a BCN ceramic was prepared.

2.4 Analysis
The analysis of the ceramics obtained was eval-
uated by TGA (Sinku-Riko TCD-9800A carrier
gas: Ar, ¯ow rate: 50ml minÿ1, heating rate: 250�C
hÿ1), gas chromatograph (Yanaco G3810TCD Col-
umn: Porapack N, carrier gas: He,¯ow rate: 50ml
minÿ1), FT±IR (Jasco FT±IR 5300 type fouler
transfers infrared spectroscopy), 11B solid state
NMR (Jeol JNM-GX270), elemental analysis (N, O:
Horiba Oxygen/Nitrogen analyzer 550, 650 series,
C, S: Carbon/Sulfur analyzer 510, 511, 512) and X-
ray di�raction (CuK�1/40KV/20mA, 2�=10±80�).

3 Results and Discussion

3.1 The pyrrolidine±borane derivative (preceramic)
The FT±IR spectra of the pyrrolidine±borane
complex and preceramic are shown in Fig. 1. NÿH
bonds (3180 cmÿ1) and BÿH bonds (2300 cmÿ1)
exist in the complex. However, both NÿH and

BÿH bonds in the preceramic disappeared by pyr-
olysis. The FT±IR spectra of h-BN, which has tri-
gonal BÿN bonds [de®ned as B(sp2)-N], and the
c-BN, which has tetragonal BÿN bonds [de®ned as
B(sp3)-N] are also shown in Fig. 1. Trigonal and
tetragonal BÿN bonds exist in both the complex
and preceramic. The absorption intensity of h-BN
around 1390 cmÿ1 is strong and c-BN is relatively
very weak.3±9 The trigonal BÿN bond absorption
of the preceramics is weak as shown in Fig. 1. The
tetragonal BÿN bonds also exist in the preceramic,
but it is hard to discuss a ratio of B(sp3)-N to B(sp2)-
N by FT±IR results. The results of 11B solid state
NMR measurement are shown in Fig. 2. The pre-
ceramic shows a single symmetrical resonance the
same as c-BN.10 Accordingly, trigonal BÿN bonds
the same as h-BN and tetragonal BÿN bonds coexist
in the preceramic as shown by FT±IR.
The molar chemical composition of the pyrroli-

dine±borane complex and the preceramic were
B1C4N1H12 (calculated) and B1�0C2�6N0�2H5�0,
respectively. The chemical composition of the pyr-
idine±borane complex and the preceramic were
B1C5N1H5 (calculated) and B1�0C3�7N0�9H7�3,
respectively. The decrease of nitrogen in the pyr-
rolidine±borane preceramic was larger than that of
the pyridine±borane preceramic. Pyrolysis of the
pyrrolidine±borane preceramic may progress further

Fig. 1. FT±IR spectra of a pyrrolidine±borane complex, pre-
ceramics, c-BN and h-BN. B(sp2)-N: trigonal BÿN bond;

B(sp3)-N: tetragonal BÿN bond; * CO2.
Fig. 2. 11B solid state NMR spectra of pyrrolidine±borane

preceramics, c-BN and h-BN.
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because of no conjugated double bonds in the pyr-
rolidine±borane complex as starting material.
The bonds concerning hydrogen such as BÿH,

CÿH and NÿH decreased in the pyrrolidine±borane
preceramic in comparison with the pyridine±bor-
ane preceramic. The chemical composition of the
preceramic was B1�0C2�6N0�2H5�0.

3.2 BCN ceramics
Heat treatment of the pyrrolidine±borane pre-
ceramic was performed in Ar atmosphere and
Fig. 3 shows the thermogravimetric change during
pyrolysis. The y1 axis shows the thermo gravi-
metric change and the y2 axis shows the derivative
curve of y1 The ceramic yield was about 60% by
heat treatment up to 1000�C. The rapid weight
decrease occurred around 400�C. Around this
temperature, the pyrrolidine±borane preceramic
gave o� hydrocarbon (ethane and ethylene) gasses
as detected by gas chromatograph. To determine a
structural change of the pyrrolidine±borane pre-
ceramic, FT±IR and 11B-NMR solid state NMR
measurements were achieved. The FT±IR spectra
of the BCN ceramic obtained in both Ar and NH3

by heat treatment at 1000�C are shown in Fig. 4.
The peaks are indistinct from the pyrrolidine±bor-
ane preceramic because of the broadening and
decreasing of absorption. The existence of trigonal
BÿN bonds can be con®rmed in comparison with
around 1390 and 850 cmÿ1 of h-BN as standard.
However, it is not clear whether tetragonal BÿN
bonds exist or not.
Therefore, 11B solid state NMR spectra are

demonstrated in Fig. 5. The splitted peaks at 0
and 30 ppm of the BCN ceramic prepared at

1000�C in both NH3 and Ar can be assigned as
trigonal BÿN bonds. Considering the FTÿIR
(Fig. 4) and 11B-NMR (Fig. 5), trigonal and tetra-
gonal BÿN bonds coexist, and trigonal BÿN
bonds of the ceramics increase with increasing heat

Fig. 3. TGA and its derivative curves of pyrrolidine±borane preceramics in Ar.

Fig. 4. FT±IR spectra of pyrrolidine±borane preceramics,
BCN ceramics, c-BN and h-BN. B(sp2)-N :trigonal BÿN

bond; B(sp3)-N :Tetragonal BÿN bond.
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treating temperature.10,11 It is thought to be due to
the thermal stability of trigonal BÿN bonds in the
atmospheric pressure. On the other hand, the BCN
ceramic derived from the pyridine±borane complex
at the same temperature and in the same atmo-
sphere were of trigonal BÿN bonds only. The dif-
ference between the pyrrolidine±borane and an
pyridine±borane-derived BCN ceramic maybe
caused by the bond angle between a lone pair of
the nitrogen and the basal plane of the heterocyclic
compounds as shown in Fig. 6. In other words,
pyridine has a lone pair of nitrogen in parallel to
the facets of a six-member ring. Therefore, when
borane coordinates at a lone pair of nitrogen, BÿN
bonds formed tend to orient in parallel with the
facets, a plane structure of the BCN ceramic is kept
and boron has a trigonal BÿN structure even when
the complex is heated at 1000�C. In the case of the
pyrrolidine±borane complex, the bond angle
between BÿN and basal plane is less than 180� as
shown by Fig. 6. Trigonal BÿN bonds may not be
completely stable because of the smaller bond angle
of the pyrrolidine±borane complex. Therefore, co-
existence of the trigonal and tetragonal BÿN bonds
may result from the smaller bond angle of the
pyrrolidine±borane complex as a starting material.
The results of chemical composition analysis are

shown in Table 1. As compared with the pyrroli-

dine±borane preceramic, the specimens heated at
1000�C in Ar and NH3 atmospheres decreased in
both carbon and hydrogen. This is due to the for-
mation of hydrogen and hydrocarbon gas as
described above. B/N ratio of the preceramic was
smaller than the corresponding ratio of the BCN
ceramic. A part of boron reacted with a very small
amount of oxygen and B2O3 was formed. The
measurement of the chemical analysis was per-
formed after dissolving and removing of B2O3 by
ethanol. Therefore, B/N ratio relatively increased.
The reason for the higher amount of nitrogen in
the ceramic is due to almost no NH3 gas formation
during 1000�C heating. As a result of the hydro-
carbon gas and B2O3 formation, nitrogen content
in the ceramic increased.
The results of X-ray di�raction are shown in

Fig. 7. The typical halo patterns obtained show
graphite-like turbostatic structures for 1000�C
products. The patterns exhibit the (002) di�raction
(2��25�) characterized as interlayer spacing and
the (100) di�raction (2��25�). The graphite-like
turbostatic structure of the pyrrolidine±borane-

Fig. 5. 11B solid state NMR spectra of pyrrolidine±borane
preceramics, BCN ceramics. c-BN and h-BN.

Fig. 6. Electron structures of heterocyclic compounds.

Table 1. Chemical composition of pyrrolidine±borane pre-
ceramics and BCN ceramics (molar ratio)

B C N H

Preceramics 1.0 2.6 0.17 5.6
1000�C, Ar 1.0 1.5 0.40 0.42
1000�C, NH3 1.0 0.90 0.40 0.66
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derived BCN ceramic is similar to other BCN
ceramics obtained from corresponding heterocyclic
compounds.
Figure 8 shows the electrical conductivities of

BCN ceramics performed by a direct current two-
terminal method, and also shown for comparison
is the other BCN ceramic obtained by heat treat-
ment at 1000�C in Ar from the pyridine±borane
complex. Semiconductive property is shown to
increase in both cases according to the rise in tem-
perature. The di�erence in the electrical con-
ductivity of both is because of the di�erence in
carbon content. Theorders of electrical conductivities

are not so high in comparison with graphite. The
existence of BÿN bonds may obstruct the con-
ductivity by carbon network.
Mott's plots are well known to examine a con-

duction mechanism.12±14 Figure 9 shows Mott's
plots for the two types of BCN ceramics. Hopping
conduction is dominant to the BCN ceramic from
the pyrrolidine±borane as by a minus straight line
inclination. On the other hand, inclination is not a
completely straight line in the case of BCN from
the pyridine±borane. This is thought to be mainly
because of the di�erence in carbon content as when
a di�erence in conductivity appears. All six-member

Fig. 7. X-ray di�raction patterns of BCN ceramics derived from pyrrolidine±borane preceramics at 1000�C in Ar and in NH3.

Fig. 8. Electrical conductivities of BCN ceramics prepared at 1000�C in Ar.
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rings which consist of carbon in the parts caused
by a relatively large amount of carbon like a BCN
from the pyridine±borane complex may lead to
higher conductivity by passing through at that
point. However, boron and nitrogen atoms which
act as impurities in conduction in the other parts
may contribute to express a hopping conduction.
The reason for a non-straight line of the WN cera-
mic from pyridine±borane is mentioned above. It is
conjectured a hopping conduction of the BCN
ceramic from pyrrolidine±borane is due to smaller
carbon content than that from the pyridine±borane
complex.

4 Conclusion

Turbostatic BC1�5N0�4H0�42 and BC0�9N0�4H0�66
ceramics were prepared from a pyrrolidine±borane
complex at 1000�C in Ar and in NH3, respectively.
Both BCN ceramics were graphite-like turbostatic
structures which consist of trigonal and tetragonal
BÿN bonds.
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