
Journal of the European Ceramic Society 25 (2005) 129–135

11B and15N solid state NMR investigation of a boron nitride preceramic
polymer prepared by ammonolysis of borazine

Christel Gervaisa,∗, Eric Frameryb, Christophe Duriezc, Jocelyne Maqueta,
Michel Vaultierc, Florence Babonneaua

a Laboratoire de Chimie de la Mati`ere Condens´ee, UMR 7574, Universit´e de Pierre et Marie Curie, 4 place Jussieu,
T54-E5, F-75252 Paris, Cedex 05, France
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Available online 11 September 2004

Abstract

A poly(aminoborazine), precursor for hexagonal boron nitride (h-BN) obtained by reaction of borazine BN H with ammonia, and its
p ding
t that a
s tion, which
a formation.
©

K

1

a
i
o
I
c
p
t
r
e
s
B

c
a

o the
gy is

unc-
es.
or

with
uch

s and
t can
er-

been
icu-
cu-

t-

se
ge of
nse-

ni-

0
d

3 3 6

yrolysis derivatives have been extensively characterised by15N and11B MAS NMR. The various B and N sites have been identified accor
o their first neighbouring atoms, as well as to the second ones in the case of15N, and have also been quantified. This study demonstrates
uitable choice of NMR techniques together with the use of isotopic enrichment can lead to a large improvement in spectral resolu
llows a better understanding of such complex BN preceramic polymer structures and permits to follow the polymer-to-ceramic trans
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Polymeric approach to refractory non oxide ceramics is
process of great interest offering possibilities of obtain-

ng composite and shaped materials such as fibers, films
r bulk pieces from soluble or fusible starting polymers.1

t has first been developed to produce SiC or SiCN-based
eramics, starting from polysilanes, polycarbosilanes and
olysilazanes.2,3 More recently, this approach was extended

o the preparation of hexagonal boron nitride (h-BN), a ce-
amic widely used in high temperature technology.4 Differ-
nt families of polymeric precursors have been developed by
everal groups, starting from borazine5 (B3N3H6); or N- and
-substituted borazines.4,6–8

While polyborazilene has proven to be an excellent pre-
ursor for the production of boron nitride coating, films
nd shaped materials, this cross-linked polymer appears less

∗ Corresponding author.
E-mail address:gervais@ccr.jussieu.fr (C. Gervais).

adapted to applications requiring melt-processing due t
need to control the dehydrocoupling reactions. One strate
to reduce the number of reactive BH and NH groups, by f
tionalising the polymer with suitable substituents as amin9

A good knowledge of the structure of fusible polymers
copolymers seems to be the key to obtain BN fibers
high properties. It is therefore essential to control as m
as possible the polymerisation and ceramisation step
consequently to have effective characterisation tools tha
follow the changes in local environments during polym
to-ceramic conversion. Solid-state NMR studies have
shown to be extremely useful in this field and more part
larly, 11B and15N solid-state NMR techniques are parti
larly relevant to probe BN-based materials.10,11

15N is a spin 1/2 with a very low sensitivity in na
ural abundance (3.8× 10−6 compared with1H) but this
drawback may be overcome by15N enrichment and the u
of Cross Polarisation (CP) techniques, taking advanta
the 1H–15N dipolar coupling. These techniques are co
quently very sensitive to the proton environment of the
955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.07.010
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trogen sites through the1H–15N distances and to molecular
motion.

11B is an abundant isotope (80.22%) but measurement of
high-resolution spectra of this half-integer quadrupolar nu-
cleus (I = 3/2) can be difficult because of the second order
quadrupolar interaction which distorts the signals and can
only be partially averaged by MAS.12 Moreover, the11B
chemical shift range observed in BN compounds is relatively
small.13 Nonetheless, recording spectra at higher field per-
mits to minimise the second order quadrupolar broadening
since the intensity of the quadrupolar interaction is inversely
proportional to the static field. Using different fields will also
improve the confidence in the simulation of the resonance
signals.

In this paper, we report therefore a detailed solid-state
NMR characterisation of a poly(aminoborazine) obtained by
reactions of borazine B3N3H6 with ammonia and its pyrolysis
derivatives. This polymer offers several advantages for the
impregnation of matrices,14 and could be a good candidate
in the formation of new generation BN fibers.

2. Experimental

2.1. Sample preparation
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7 mm ZrO2 rotors filled up in a glovebox under dried ar-
gon atmosphere. All15N CP MAS experiments were per-
formed under the same Hartmann-Hahn match condition, set
up by using a powdered sample of NH4NO3: both RF chan-
nel levelsω1H/2π andω15N/2π were carefully set so that
|ω1H|/2π = |ω15N|/2π = 42 kHz. Proton decoupling was al-
ways applied during acquisition and a repetition time of 10 s
was used. The15N Single Pulse Experiment (SPE) MAS
NMR spectra were recorded with a pulse angle of 90◦ and a
recycle delay between pulses of 100 s. Chemical shifts were
referenced to solid NH4NO3 (10%15N enriched sample,δiso
(15NO3) = −4.6 ppm compared to CH3NO2 (δ = 0 ppm)).

11B MAS NMR experiments were performed at room tem-
perature on a Bruker MSL-400 spectrometer, at a frequency
of 128.28 MHz, using a Doty CP-MAS probe with no probe
background. Solid samples were spun at 10 kHz, using 5 mm
ZrO2 rotors filled up in a glovebox under dried argon atmo-
sphere.11B MAS experiments were also performed at 18.8 T
on a Bruker DSX800 spectrometer using 4 mm ZrO2 rotors.
A 1 �s single-pulse excitation (while thet90◦ measured on
BF3OEt2 is 8�s) was employed, with repetition times of 5 s.
All 11B chemical shifts were determined relative to liquid
BF3OEt2 (δ = 0 ppm). Spectra were simulated using the DM-
FIT program.17
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.1.1. Poly(aminoborazine) POL(NH3)
Under an atmosphere of dry nitrogen, 1.30 g (76.5 m

f NH3 (Alphagaz, 3.6 nv) were condensed at−80◦C in a
eactor. When the temperature was warmed to−40◦C, 2.00 g
25.0 mmol) of15N-enriched borazine were added. A qu
ne-step procedure to obtain borazine from sodium b
ydride NaBH4 and ammonium sulfate (NH4)2SO4 was re-
ently proposed.15 The15N enriched polymer was obtain
rom enriched borazine synthesized with ammonium su
5N enriched at 10 at.% purchased from Isotec. The
ure was warmed to room temperature in 1 h. The c
as only composed of a white powder, dried under vac

0.05 mmHg) to remove the trace of borazine. 2.90 g
hite solid were collected (88% weight yield). The isoto
nrichment was evaluated by mass spectrometry and w

imated to 10%. The structure of this poly(aminoboraz
olymer is compared to a polyborazilene POL(�) prepared
y a procedure proposed in the literature16 that consist

n thermal dehydropolymerisation of borazine. Pyrolysi
hese polymers was then performed by inserting a quartz
oaded in the glovebox and equipped with a dried argon
ow into a tubular furnace. The heating rate was 10◦C/min.

.2. NMR experiments

15N CP MAS experiments were performed at room t
erature on a Bruker MSL-300 spectrometer, at a frequ
f 30.41 MHz (15N) and 300.13 MHz (1H), using a Bruke
P-MAS probe. Solid samples were spun at 5 kHz, u
-

. Results

.1. Chemical analysis

The results of the elemental analysis of the sam
yrolysed at various temperatures are summarised inTable 1
nd were obtained from Service Central d’Analyse du CN
Vernaison, France). The poly(aminoborazine) POL(N3)
xhibits a higher degree of protonation than POL�)
repared by thermal dehydropolymerisation of boraz
uggesting a smaller degree of crosslinking. Moreover
olar ratio N/B remains fairly constant with temperat
nd the main evolution observed is a deprotonation o
ystem. Finally, it is worth noticing that, from 200◦C,
ompositions of the two systems become quite close.

able 1
hemical analysis data and molar compositions of the polymers heat-t
t different temperatures

yrolysis
emperature (◦C)

Element (wt.%) Empirical
formula

B (±0.2) N (±2) H (±0.1)

OL(NH3) 33.6 45.0 9.5 B1.0N1.1H3.1

00 29.8 50.0 4.8 B1.0N1.1H1.7

00 34.3 50.5 3.1 B1.0N1.1H1.0

00 35.1 59.0 1.8 B1.0N1.3H0.5

OL(�) 37.6 53.2 5.1 B1.0N1.1H1.5

00 31.3 55.5 3.7 B1.0N1.3H1.3

00 29.8 50.8 3.4 B1.0N1.3H1.2

00 38.6 55.0 1.2 B1.0N1.1H0.3

450 42.7 54.1 0.2 B1.0N1.0H<0.05
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Fig. 1. 15N MAS NMR spectra of POL(NH3) (a) SPE spectrum; (b) CP
spectrum (contact time: 5 ms); and (c) IRCP spectrum (contact time: 5 ms;
inversion time: 125�s).

3.2. Preceramic polymer

3.2.1. 15N NMR study
The 15N SPE MAS NMR spectrum of POL(NH3)

(Fig. 1(a)) shows a composite signal in which two do-
mains in chemical shift can be distinguished: from−250 to
−330 ppm for tricoordinated N atoms N[III] and from−330
to−400 ppm for tetracoordinated N atoms N[IV].18 POL(�)
consists only of N[III] sites at−257, −268, −284, −294,
−302,−311 and−326 ppm10 while POL(NH3) presents a
large distribution of N[III] and N[IV] sites. An elegant way
to assign more precisely the various N sites with the same co-
ordination number is the use of the Inversion Recovery Cross
Polarisation (IRCP) technique19,20 permitting to distinguish
the N sites from their proton environments. This sequence
has already been successfully used to identify15NHx sites
(x = 0–3) in aminoboranes13 and in POL(�).10 IRCP MAS
NMR spectra of POL(NH3) were thus recorded for various
inversion timesti ranging from 5�s to 1 ms (Fig. 1). All the
signals are inverted forti = 1 ms as observed in POL(�).
Nonetheless, it is clear that all the individual components do
not invert at the same rate. We have tried to simulate all the
spectra with a single set of peaks, by keeping the chemical

Table 2
CP characteristic times of POL(NH3) signals extracted from the15N IRCP MAS s

δ (�s) (± t

−
−
−
−
−
A of the15N SP

Fig. 2. Evolution vs. inversion time of the15N IRCP MAS NMR signal
intensities of different sites of the polymer POL(NH3) (solid lines correspond
to the simulations according toEq. (1)).

shifts, linewidths and shapes constant and by fitting only the
amplitudes for each spectra. It was necessary to introduce six
peaks in order to reproduce the shape of the spectra for each
inversion time (Fig. 1). The integrated intensities of each sig-
nal were then normalised and plotted against inversion time.
The resulting polarisation curves show a two-regime inver-
sion behaviour with a rapid decrease of the magnetisation
at low inversion time (Fig. 2). They can thus be interpreted
within the frame of the I*-I-S model,21 where strongly cou-
pled I-S spin pairs interact with an abundant I* spin reservoir
through homonuclear I–I* dipolar coupling. In that case, the
polarisation inversion behaviour can be simulated with the
following equation:19,20

MS(ti ) = M0(tc)

[
2

n + 1
exp

(
− ti

TD

)

+ 2n

n + 1
exp

(
− 3ti

2TD

)
exp

(
− t2i

T 2
C

)
− 1

]
(1)

whereTC is related to dipolar coupling to nearby protons
(I-S) leading to a coherent transfer of polarisation,22 TD de-
scribes the decay caused by isotropic spin diffusion between
I and I* spins (TC 	 TD) and n corresponds to the num-
ber of strongly coupled protons. The results of the simu-
iso (ppm) (±1) TC (�s) (±2) TD (ms) (±0.1) t0i

288 55 1.1
309 57 1.0
343 55 0.5
357 56 0.5
369 62 1.0
ssignment and partition of these sites extracted from the simulation
pectra

10) n (±0.5) Proportions (±2%) Assignmen

160 0.7 28 NHB2
170 0.7 32 NHB2
70 1.0 22 NH2B2

70 1.1 4 NH2B2

85 0.9 14 NH3B
E MAS spectrum.
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Fig. 3. Schematic representations and calculated15N chemical shifts of ni-
trogen environments in hydrogen-saturated cut-outs of h-BN according to
first and second coordination spheres.23

lation are summarised inTable 2. The observedTC values
are quite similar for all the detected15N sites, and close
to those observed for protonated nitrogen environments13

suggesting for each detected site, the existence of a strong
15N–1H heteronuclear dipolar coupling. Moreover, signals
appearing at−288 and−309 ppm show inversion time val-
uest0i (corresponding to a magnetisation equal to zero) very
similar to those observed for NHB2 sites in POL(�). A
more precise assignment of both sites can be proposed ac-
cording to ab initio calculations performed by Gastreich and
Marian on model clusters23 and proposing six distinct15N
chemical shift values for tricoordinated N sites with differ-
ent first and/or second neighbouring atoms (Fig. 3). The sig-
nals at−288 and−309 ppm could therefore be tentatively
attributed to (V) and (VI) environments. Signals at−343 and
−357 ppm exhibit much shorter inversion time valuest0i and
their chemical shift values strongly suggest NB2H2 environ-
ments while the site at−369 ppm has a position typical of
a B-NH3.13 Regarding the IRCP behaviour of this last sig-
nal, the observed dynamics can be explained by the mobility
of the NH3 group partially averaging the1H–15N dipolar
interaction.

It can be noticed that no NB3 signals could be clearly
identified: this is in good agreement with the comparison be-
tween quantitative SPE and CP MAS spectra (Fig. 1(a) and
( ns.
U PE
s ised
f t of
N var-
i tive
S

Fig. 4. Experimental and simulated11B MAS NMR spectra of (a)
POL(NH3) recorded at 9.4 T; (b) POL(NH3) recorded at 18.8 T; and (c)
POL(�) recorded at 18.8 T.

3.2.2. 11B NMR study
The 11B MAS NMR spectrum of POL(NH3) recorded

at 9.4 T (Fig. 4(a)) shows two chemical shift ranges corre-
sponding to tricoordinated B[III] atoms (from 0 to 40 ppm)
and to tetracoordinated B[IV] atoms (from−40 to 0 ppm).
Two sites around−10 and−25 ppm can be clearly identified
among B[IV] atoms and assigned to BN2H2 and BNH3.18

The deconvolution of the B[III] sites is more difficult because
of the large quadrupolar interaction that broadens the peak
over a large chemical shift range. To overcome this prob-
lem, the11B MAS spectrum of the polymer was recorded
at 18.8 T (Fig. 4(b)). The quadrupolar interaction scales in-
deed inversely proportional to the applied magnetic field so
is reduced at higher fields.25 In the area of B[III] sites, the
spectrum recorded at 18.8 T shows two signals at 27 ppm (CQ
= 2.7 MHz,η = 0.1) and 31 ppm (CQ = 2.9 MHz,η = 0.1) that
can be attributed toBN3 andBN2H sites, respectively, by
comparison with previously obtained results on POL(�)10

(Fig. 4(c)). The extracted percentages of the different boron
sites are summarised inTable 3.

Table 3
Proportions of the different boron sites obtained from the simulation of the
11B MAS spectra of POL(NH3)

δiso (ppm) (±2) CQ (MHz) η (±0.1) Proportions Attribution

−
−

b)) showing very similar tricoordinated signals proportio
nprotonated NB3 signals would be more intense in the S
pectrum and underestimated at short contact times optim
or protonated N.24 It strongly suggests that the amoun
B3 environments is very small. The percentages of the

ous sites extracted from the simulation of the quantita
PE MAS spectrum are summarised inTable 2.
(±0.1) (%) (±2)

31 2.9 0.1 10 BHN2

27 2.7 0.1 60 BN3

12 – – 13 BH2N2

22 – – 17 BH3N
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As a conclusion regarding the structure of POL(NH3),
the BN3/BHN2 ratio is estimated at 85/15 suggesting that
the cross-linking of the borazine occurs predominantly by
the boron atoms of the cycle as confirmed by the very
small amount of NB3 environments detected. The BIII /BIV

and NIII /NIV ratios are estimated at 70/30 and 60/40 re-
spectively. The polymer appears richer in BIII and NIII

atoms than in BIV and NIV atoms, indicating that the lin-
ear polyaminoborane (NH2–BH2)n parts should be short.
This suggests that the main step of the polymerisation pro-
cess is the complexation of boron atoms of borazine with
1, 2 or 3 molecules of NH3, then followed immediately by
two rearrangements: (i) borazine ring opening leading to
the formation of borane–ammonia complex NH3·BH3 and
polyaminoboranes –NH2–BH2– groups; and (ii) the forma-
tion of B-aminoborazines. During these rearrangements, the
exchange of nitrogen atoms of borazine cycle with the nitro-
gen atoms of ammonia could not be excluded as described
by Paine and co-workers.26 Borazanaphtalene B5N5H8 and
different borazine ring derivatives connected by short lin-
ear polyaminoboranes (NH2–BH2)n chains could then be
obtained from B-aminoborazine derivatives via successive
reactions with NH3 and the different sources of BH3 such as
NH3·BH3.

The structure of the polymers suggested by the distri-
b s is
p ne
c ount
o zine
c

e) POL(NH3) considering the results of theB and N NMR study.

3.3. Pyrolysis products

3.3.1. 15N NMR study
The15N MAS NMR spectra recorded for the POL(NH3)

and its pyrolysis products up to 600◦C are presented inFig. 6.
Interestingly, it can be noticed that from 200◦C, all tetraco-
ordinated N[IV] sites have disappeared and only N[III] sites
remain. At 600◦C, a main signal corresponding to an NB3
environment in h-BN is observed at−284 ppm.10,23 To pre-
cise the site attributions, a series of IRCP spectra were run
in order to distinguish the N sites from their proton environ-
ments.

200◦C: It was necessary to introduce four peaks in or-
der to reproduce the shape of the various IRCP MAS NMR
spectra for each inversion time. Two of them at−270 and
−284 ppm inverse quite slowly and can therefore be assigned
to NB3 sites while the other two at−294 and−306 ppm
are already inverted for an inversion time of 150�s and ex-
hibit an inversion dynamic characteristic of NHB2 environ-
ments. These assignments are in good agreement with ab
initio calculations23 and these different sites at−270,−284,
−294 and−306 ppm can more precisely be attributed to (II),
(III), (V) and (VI) environments (Fig. 3).

400◦C: The 15N MAS NMR spectrum of the polymer
pyrolysed at 400◦C (Fig. 6(b)) is relatively similar to the
o ◦
w em-
i
g tem-
p

ution of the different nitrogen and boron environment
resented inFig. 5. It shows short linear polyaminobora
hains between borazine groups with a very small am
f borazanaphtalene or more polycondensed bora
ycles.

Fig. 5. Proposed structure for the poly(aminoborazin
 11 15

ne obtained for the sample heat-treated at 200C (Fig. 6(a))
ith a higher proportion of sites appearing at smaller ch

cal shift values and corresponding to NB3 sites. This is in
ood agreement with a progressive deprotonation with
erature.
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Fig. 6. Experimental and simulated15N MAS NMR spectra of POL(NH3)
heat-treated at (a) 200◦C; (b) 400◦C; (c) 600◦C; and (d)15N CP MAS
spectrum of POL(NH3) heat-treated at 600◦C (contact time: 5 ms). Symbols
added refer to the position of different nitrogen environments described in
Fig. 3.

600◦C: This sample shows a15N MAS spectrum
(Fig. 6(c)) dominated by a signal at−284 ppm and as-
signed to an environment of type (III) characteristic of h-
BN. But the 15N CP MAS spectrum (Fig. 6(d)) clearly
shows an additional signal at−306 ppm. The obvious over-
estimation of this signal by the CP experiment confirms
that it corresponds to an NHB2 environment of type (VI)
in good agreement with the previous proposed assignment.
An additional signal at−270 ppm also present at 200 and
400◦C can be assigned to a type (II) environment. The main
NB3 signal is very similar to the one observed in h-BN
while the two other sites evidenced, NB3 (II) and NHB2
(VI), exhibit only one proton up to the second coordination
sphere.

The 15N SPE MAS spectra of the samples heat-treated
at 200, 400 and 600◦C (Fig. 6) were then simulated using
the different sites extracted from the IRCP and the percent-
ages of the various sites extracted from these simulations are
summarised inTable 4.

3.3.2. 11B NMR study
The11B MAS NMR spectra recorded for the polymer and

its pyrolysis products up to 600◦C (Fig. 7) show that simi-
larly to what was observed by15N NMR, all tetracoordinated
B[IV] sites have disappeared from 200◦C and all spectra ap-
p ic of

Table 4
Proportions of the different nitrogen sites obtained from the simulation of
the 15N SPE MAS spectra of the POL(NH3) heat-treated at 200, 400 and
600◦C

δiso (ppm) (±2) Proportions (%) (±2) Attribution

200◦C 400◦C 600◦C

−270 10 13 12 NB3 (II)
−284 22 42 69 NB3 (III)
−294 18 2 – NHB2 (V)
−306 50 43 12 NHB2 (VI)

Fig. 7. 11B MAS NMR spectra recorded at 9.4 T of (a) POL(NH3) and its
pyrolysis products at (b) 200◦C; (c) 400◦C; and (d) 600◦C.

tricoordinated boron atoms engaged in a B3N3 six-membered
ring structure27 (δ ≈ 30 ppm,CQ ≈ 2.8 MHz,η ≈ 0). As pre-
viously described, two type of sites corresponding toBN3 (δ
= 27 ppm,CQ = 2.7 MHz,η = 0.1) andBN2H (δ = 31 ppm,
CQ = 2.9 MHz,η = 0.1) are more particularly expected. A
precise simulation is difficult at this field but the main ten-
dency is a large decrease of the intensity of theBHN2 signal
with temperature.

This result is in good agreement with15N experiments and
confirms that the ceramisation process of POL(NH3) leading
to h-BN occurs through a preferential disappearance of BH
linkages. The residual protonated nitrogen site (VI) identified
at 600◦C show indeed no BH bonds.

4. Conclusion

A range of 11B and 15N solid-state NMR techniques
have been used to investigate in details the structure of
a poly(aminoborazine) obtained from ammonolysis of bo-
razine and follow its ceramisation process. Combination
ear quite similar at first sight with a shape characterist
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of 1H–15N cross-polarisation sequences and15N enrich-
ment allows us to distinguish various N sites, revealing
the high sensitivity of this isotope not only to the first,
but also to the second neighbouring atoms. Environments
were proposed based on the comparison between the ex-
perimental chemical shift values and ab initio calcula-
tions already reported in the literature. The11B chemi-
cal shift values are much less sensitive to differences in
first neighbouring atoms. Furthermore, the second order
quadrupolar broadening renders quite difficult the interpre-
tation of the spectra unless recording spectra at a very high
field.

Surprisingly, this polymer contains both tri- and tetraco-
ordinated boron and nitrogen atoms, present in four types
of B sites (BHN2, BN3, BH2N2, BNH3) and three types of
N sites (NHB2, NH2B2, NBH3), if only the first neighbour-
ing atoms are considered. This suggests rearrangement re-
actions and more particularly borazine ring opening lead-
ing to the formation of borane–ammonia complex NH3·BH3
and polyaminoboranes –NH2–BH2– groups. Quantitative
analysis gives the following estimations:BHN2/BN3 =
15/85, BIII /BIV = 70/30 and NIII /NIV = 60/40 suggest-
ing a structure of relatively small polyaminoborane chains
linked to borazine groups by the boron atoms of the
rings.
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