Available online at www.sciencedirect.com

sclsncs@nlnsc-ro Egisas

e
ELSEVIER Journal of the European Ceramic Society 25 (2005) 129-135

www.elsevier.com/locate/jeurceramsoc

118 and™®N solid state NMR investigation of a boron nitride preceramic
polymer prepared by ammonolysis of borazine

Christel Gervai&*, Eric Framery, Christophe DurieZ Jocelyne Maquét
Michel Vaultiel®, Florence Babonne&u

a Laboratoire de Chimie de la Matie Condensé, UMR 7574, Universitte Pierre et Marie Curie, 4 place Jussieu,
T54-E5, F-75252 Paris, Cedex 05, France
b Laboratoire de Mthodologie de Synéise et Macules Bioactives, UMR 5181, Univeesiflaude Bernard Lyon 1,
43 bd du 11 novembre 1918, F-69622 Villeurbanne, Cedex, France
¢ SESO, UMR 6510, Universitle Rennes |, Campus de Beaulieu, Avenueetéi@l Leclerc, F-35042 Rennes, Cedex, France

Available online 11 September 2004

Abstract

A poly(aminoborazine), precursor for hexagonal boron nitride (h-BN) obtained by reaction of boraigld¢Brith ammonia, and its
pyrolysis derivatives have been extensively characteriséeNognd*'B MAS NMR. The various B and N sites have been identified according
to their first neighbouring atoms, as well as to the second ones in the ¢abk ahd have also been quantified. This study demonstrates that a
suitable choice of NMR techniques together with the use of isotopic enrichment can lead to a large improvement in spectral resolution, which
allows a better understanding of such complex BN preceramic polymer structures and permits to follow the polymer-to-ceramic transformation.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Polymer; Ceramic; Solid State; NMR; Boron nitride; Poly(aminoborazine)

1. Introduction adapted to applications requiring melt-processing due to the
need to control the dehydrocoupling reactions. One strategy is
Polymeric approach to refractory non oxide ceramics is to reduce the number of reactive BH and NH groups, by func-
a process of great interest offering possibilities of obtain- tionalising the polymer with suitable substituents as amines.
ing composite and shaped materials such as fibers, filmsA good knowledge of the structure of fusible polymers or
or bulk pieces from soluble or fusible starting polymérs. copolymers seems to be the key to obtain BN fibers with
It has first been developed to produce SiC or SiCN-basedhigh properties. It is therefore essential to control as much
ceramics, starting from polysilanes, polycarbosilanes and as possible the polymerisation and ceramisation steps and
polysilazaneg:® More recently, this approach was extended consequently to have effective characterisation tools that can
to the preparation of hexagonal boron nitride (h-BN), a ce- follow the changes in local environments during polymer-

ramic widely used in high temperature technolédyiffer- to-ceramic conversion. Solid-state NMR studies have been
ent families of polymeric precursors have been developed by shown to be extremely useful in this field and more particu-
several groups, starting from borazir®sNsHg); or N- and larly, 1B and1°N solid-state NMR techniques are particu-
B-substituted borazingsf—8 larly relevant to probe BN-based materi&fs:!

While polyborazilene has proven to be an excellent pre-  1°N is a spin 1/2 with a very low sensitivity in nat-
cursor for the production of boron nitride coating, films ural abundance (3.& 10-% compared with'H) but this
and shaped materials, this cross-linked polymer appears lessirawback may be overcome BYN enrichment and the use

of Cross Polarisation (CP) techniques, taking advantage of
"+ Comesponding author. the TH-15N dipolar coupling. These techniques are conse-
E-mail addressgervais@ccr.jussieu.fr (C. Gervais). quently very sensitive to the proton environment of the ni-
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trogen sites through thH-1°N distances and to molecular 7 mm ZrQ; rotors filled up in a glovebox under dried ar-
motion. gon atmosphere. AN CP MAS experiments were per-
11B js an abundant isotope (80.22%) but measurement of formed under the same Hartmann-Hahn match condition, set
high-resolution spectra of this half-integer quadrupolar nu- Up by using a powdered sample of hINOs: both RF chan-
cleus (I = 3/2) can be difficult because of the second order Nel levelsw1, /27 and wisy /2 were carefully set so that
quadrupolar interaction which distorts the signals and can l@ipl/27 = |wisy|/27 = 42 kHz. Proton decoupling was al-
On|y be partia”y averaged by MA@ Moreover, thellB ways applled during acquisition and a repetition time of 10s
chemical shift range observed in BN compounds is relatively Was used. Thé>N Single Pulse Experiment (SPE) MAS
small3 Nonetheless, recording spectra at higher field per- NMR spectra were recorded with a pulse angle 6f&0d a
mits to minimise the second order quadrupolar broadening recycle delay between pulses of 100 s. Chemical shifts were
since the intensity of the quadrupolar interaction is inversely referenced to solid NENOs (10%*°N enriched sampléiso
proportional to the static field. Using different fields willalso  (*°NOz) = —4.6 ppm compared to GO (5 = 0 ppm)).
improve the confidence in the simulation of the resonance ‘B MAS NMR experiments were performed atroom tem-
signals. perature on a Bruker MSL-400 spectrometer, at a frequency
In this paper, we report therefore a detailed solid-state of 128.28 MHz, using a Doty CP-MAS probe with no probe
NMR characterisation of a poly(aminoborazine) obtained by background. Solid samples were spun at 10 kHz, using 5 mm
reactions of borazine®lzHg with ammoniaandits pyrolysis ~ ZrOz rotors filled up in a glovebox under dried argon atmo-
derivatives. This polymer offers several advantages for the Sphere!'B MAS experiments were also performed at 18.8 T
impregnation of matrice¥* and could be a good candidate ©n a Bruker DSX800 spectrometer using 4 mm Zrotors.
in the formation of new generation BN fibers. A 1pus single-pulse excitation (while thge measured on
BF3OEL is 8u.s) was employed, with repetition times of 5 s.
All 11B chemical shifts were determined relative to liquid
2. Experimental BF3OEt (8 = 0 ppm). Spectra were simulated using the DM-
FIT program!’

2.1. Sample preparation

2.1.1. Poly(aminoborazine) POL(NM 3. Results

Under an atmosphere of dry nitrogen, 1.30g (76.5 mmol) . )
of NH3 (Alphagaz, 3.6 nv) were condensed-80°C ina  3-1. Chemical analysis
reactor. When the temperature was warmed406°C, 2.00g ,
(25.0 mmol) of'8N-enriched borazine were added. A quick The results pf the elemental analysis of _the _samples
one-step procedure to obtain borazine from sodium boro- PYrolysed at various temperatures are summarisgebie 1
hydride NaBH and ammonium sulfate (NB,SO; was re- and were obtained from Service Ce_ntral d’An_aIyse du CNRS
cently proposed® The 15N enriched polymer was obtained ~(Vernaison, France). The poly(aminoborazine) POLENH
from enriched borazine synthesized with ammonium sulfate €Xhibits a higher degree of protonation than P®)(
15\ enriched at 10at.% purchased from Isotec. The mix- Prepared by thermal dehydropolymerisation of borazine,
ture was warmed to room temperature in 1h. The crude suggestln_g a smaller _degre_e of crosslmkm_g. Moreover, the
was only composed of a white powder, dried under vacuum molar ratio _N/B remains fairly constant with temperature
(0.05mmHg) to remove the trace of borazine. 2.90g of a and the m_aln evqlupon observeq !s a deprotonation of the
white solid were collected (88% weight yield). The isotopic SYStem. Finally, it is worth noticing that, from 20G,
enrichment was evaluated by mass spectrometry and was esSOmpositions of the two systems become quite close.
timated to 10%. The structure of this poly(aminoborazine)
polymer is compared to a polyborazilene P@l).(prepared
by a procedure proposed in the literaftfrehat consists
in thermal dehydropolymerisation of borazine. Pyrolysis of

Table 1
Chemical analysis data and molar compositions of the polymers heat-treated
at different temperatures

: - —
these polymers was then performed by inserting a quartz tubeféﬁ)lgf;meo(c) Flement (wt%9) foErm',gcal
loaded in the glovebox and equipped with a dried argon gas B(£02) N@2) HE01)
flow into a tubular furnace. The heating rate was Clmin. POL(NHz) 336 45.0 9.5 BoN1.1Hz31
200 298 500 458 BoNy.1H1 7
400 34.3 505 3.1 BoN11H10
2.2. NMR experiments 600 35.1 59.0 1.8 BoN13Hos
POL(A) 376 532 51 BoN11H1s
15N CP MAS experiments were performed at room tem- 200 31.3 555 3.7 BoN13H13
perature on a Bruker MSL-300 spectrometer, at a frequencyggg gg-g gg-g i‘z‘ gslfb’gﬂ
5 H . . . 20IN1.1110.3
of 30.41 MHz £°N) and 300.13 MHz {H), using a Bruker 450 g 241 02 N oH 05

CP-MAS probe. Solid samples were spun at 5kHz, using
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Fig. 1. 15N MAS NMR spectra of POL(NH) (a) SPE spectrum; (b) CP
spectrum (contact time: 5ms); and (c) IRCP spectrum (contact time: 5 ms;
inversion time: 125u.s).

3.2. Preceramic polymer

3.2.1. 15N NMR study

The >N SPE MAS NMR spectrum of POL(N&)
(Fig. 1(a)) shows a composite signal in which two do-
mains in chemical shift can be distinguished: fres850 to
—330 ppm for tricoordinated N atoms N[lII] and from330
to —400 ppm for tetracoordinated N atoms N[I¥4POL(A)
consists only of N[lll] sites at-257, —268, —284, —294,
—302, —311 and—326 ppm? while POL(NH) presents a
large distribution of N[llI] and N[IV] sites. An elegant way
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Fig. 2. Evolution vs. inversion time of t®N IRCP MAS NMR signal
intensities of different sites of the polymer POL(i)Hsolid lines correspond
to the simulations according tq. (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 ig. 2). They can thus be interpreted
within the frame of the 1*-I-S modéll where strongly cou-
pled I-S spin pairs interact with an abundant I* spin reservoir
through homonuclear I-1* dipolar coupling. In that case, the
polarisation inversion behaviour can be simulated with the
following equationt®2°

to assign more precisely the various N sites with the same co-
ordination number is the use of the Inversion Recovery Cross
Polarisation (IRCP) techniqdi2?® permitting to distinguish

the N sites from their proton environments. This sequence
has already been successfully used to iderfifyH, sites

(x = 0-3) in aminoboranéd and in POLQ).1° IRCP MAS
NMR spectra of POL(NH) were thus recorded for various
inversion timeg; ranging from Sus to 1 ms Fig. 1). All the whereTc is related to dipolar coupling to nearby protons
signals are inverted fotf = 1 ms as observed in POAJ. (I-S) leading to a coherent transfer of polarisatiéfi;p de-
Nonetheless, it is clear that all the individual components do scribes the decay caused by isotropic spin diffusion between
not invert at the same rate. We have tried to simulate all the | and I* spins [c <« Tp) andn corresponds to the num-
spectra with a single set of peaks, by keeping the chemicalber of strongly coupled protons. The results of the simu-

Ms(r) = MO(tc) [nil ex

]
°(-7:)
2n 34 ti2 1
+n—+—].eXp(_2TD> exp _TTZ: - 1)

Table 2

CP characteristic times of POL(NMsignals extracted from tH&N IRCP MAS spectra

Siso (PpmM) (£1) Tc (rs) (&2) Tp (ms) &0.1) tio (ms) (£10) n(+£0.5) Proportions£2%) Assignment
—288 55 11 160 0.7 28 NHB
—309 57 1.0 170 0.7 32 NHB
—343 55 0.5 70 1.0 22 N#B2
—357 56 0.5 70 1.1 4 NEB2
—369 62 1.0 85 0.9 14 NiB

Assignment and partition of these sites extracted from the simulation #sh8PE MAS spectrum.
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Fig. 3. Schematic representations and calcul&tbdchemical shifts of ni-
trogen environments in hydrogen-saturated cut-outs of h-BN according to
first and second coordination sphefés.

lation are summarised ifable 2 The observed¢ values
are quite similar for all the detecteé®N sites, and close
to those observed for protonated nitrogen environniénts

B[III] B[IV]

Fig. 4. Experimental and simulateB MAS NMR spectra of (a)
POL(NHg) recorded at 9.4 T; (b) POL(N4) recorded at 18.8T; and (c)
POL(A) recorded at 18.8 T.

3.2.2. 1B NMR study

suggesting for each detected site, the existence of a strong The 1B MAS NMR spectrum of POL(NH) recorded

15N-1H heteronuclear dipolar coupling. Moreover, signals
appearing at-288 and—309 ppm show inversion time val-
ueszi0 (corresponding to a magnetisation equal to zero) very
similar to those observed for NHBsites in POLA). A

at 9.4 T fig. 4a)) shows two chemical shift ranges corre-
sponding to tricoordinated B[lll] atoms (from O to 40 ppm)
and to tetracoordinated B[IV] atoms (from40 to 0 ppm).
Two sites around-10 and—25 ppm can be clearly identified

more precise assignment of both sites can be proposed acamong B[IV] atoms and assigned to BN, and BNH;.18

cording to ab initio calculations performed by Gastreich and
Marian on model clustefd and proposing six distind®N
chemical shift values for tricoordinated N sites with differ-
ent first and/or second neighbouring atoig( 3). The sig-
nals at—288 and—309 ppm could therefore be tentatively
attributed to (V) and (VI) environments. Signals-&843 and
—357 ppm exhibit much shorter inversion time vallq‘éand
their chemical shift values strongly suggestMB environ-
ments while the site at369 ppm has a position typical of
a B-NHs.13 Regarding the IRCP behaviour of this last sig-

The deconvolution of the B[lIl] 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, the'B 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. In the area of B[lll] sites, the
spectrum recorded at 18.8 T shows two signals at 27 @ (
=2.7MHz,n=0.1) and 31 ppmQg = 2.9 MHz, = 0.1) that

can be attributed t®N3 and BN2H sites, respectively, by

nal, the observed dynamics can be explained by the mobility comparison with previously obtained results on P®)C

of the NHg group partially averaging theH-1°N dipolar
interaction.

It can be noticed that no NBsignals could be clearly
identified: this is in good agreement with the comparison be-
tween quantitative SPE and CP MAS specky(1(a) and
(b)) showing very similar tricoordinated signals proportions.
Unprotonated NBsignals would be more intense in the SPE

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

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

Siso (ppmM) @&2)  Cgq (MHz) n(£0.1) Proportions Attribution

spectrum and underestimated at short contact times optimised (£0.1) (%) (&2)

for protonated N2 It strongly suggests that the amount of
NB3 environments is very small. The percentages of the var-
ious sites extracted from the simulation of the quantitative
SPE MAS spectrum are summarisediable 2

31 2.9 0.1 10 BHN
27 2.7 0.1 60 BN3
-12 - - 13 BH2N>
—22 - - 17 BH3N
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As a conclusion regarding the structure of POL@YH 3.3. Pyrolysis products
the BNs/BHN, ratio is estimated at 85/15 suggesting that
the cross-linking of the borazine occurs predominantly by 3.3.1. 15N NMR study
the boron atoms of the cycle as confirmed by the very  The!®N MAS NMR spectra recorded for the POL(NH

small amount of NB environments detected. Thé'"@s'V and its pyrolysis products up to 60G are presented ifig. 6.
and N'"/N'V ratios are estimated at 70/30 and 60/40 re- Interestingly, it can be noticed that from 20D, all tetraco-
spectively. The polymer appears richer if''Band N ordinated N[IV] sites have disappeared and only N[IIl] sites

atoms than in B and NV atoms, indicating that the lin-  remain. At 600°C, a main signal corresponding to an NB

ear polyaminoborane (NHBH,), parts should be short.  environment in h-BN is observed a284 ppm!%23 To pre-

This suggests that the main step of the polymerisation pro- cise the site attributions, a series of IRCP spectra were run

cess is the complexation of boron atoms of borazine with in order to distinguish the N sites from their proton environ-

1, 2 or 3 molecules of NkJ then followed immediately by  ments.

two rearrangements: (i) borazine ring opening leading to  200°C: It was necessary to introduce four peaks in or-

the formation of borane—ammonia complex NBH3 and der to reproduce the shape of the various IRCP MAS NMR

polyaminoboranes —NiBH>— groups; and (ii) the forma-  spectra for each inversion time. Two of them-a270 and

tion of B-aminoborazines. During these rearrangements, the—284 ppm inverse quite slowly and can therefore be assigned

exchange of nitrogen atoms of borazine cycle with the nitro- to NB3 sites while the other two at294 and—306 ppm

gen atoms of ammonia could not be excluded as describedare already inverted for an inversion time of 1Band ex-

by Paine and co-workerf$. BorazanaphtalenegBlsHg and hibit an inversion dynamic characteristic of NpiBnviron-

different borazine ring derivatives connected by short lin- ments. These assignments are in good agreement with ab

ear polyaminoboranes (NHBH,), chains could then be initio calculationg® and these different sites a270,—284,

obtained from B-aminoborazine derivatives via successive —294 and-306 ppm can more precisely be attributed to (1),

reactions with NH and the different sources of Btsuch as (1, (V) and (VI) environmentsftig. 3.

NH3-BHa. 400°C: The >N MAS NMR spectrum of the polymer
The structure of the polymers suggested by the distri- pyrolysed at 400C (Fig. 6(b)) is relatively similar to the

bution of the different nitrogen and boron environments is one obtained for the sample heat-treated at’ZD@ig. 6a@))

presented irFig. 5. It shows short linear polyaminoborane  with a higher proportion of sites appearing at smaller chem-

chains between borazine groups with a very small amountical shift values and corresponding to BIBites. This is in

of borazanaphtalene or more polycondensed borazinegood agreement with a progressive deprotonation with tem-

cycles. perature.

NH HN NH
/ \B/ \B/
| |
NH, NH,
N |
HN/ ~.~ HN/ \N/
. .
B B B B.
SN SN\

[ ]=NH,-(BH,-NH,), or BH,-(NH,-BH,),

m=0, 1

Fig. 5. Proposed structure for the poly(aminoborazine) POL\tdnsidering the results of tHéB and°N NMR study.
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Table 4
Proportions of the different nitrogen sites obtained from the simulation of
the 15N SPE MAS spectra of the POL(NHi heat-treated at 200, 400 and

(@ 200°C 600°C
Siso (PPM) £2) Proportions (%)£2) Attribution
200°C 400°C 600°C
—270 10 13 12 NB (I1)
(b) 400°C —284 22 42 69 NB (11
—294 18 2 - NHB (V)
—306 50 43 12 NHB (VI)
(c) 600°C . BIIII] B[IV]

4

...y
A
\

(d) CP, 600°C

*

) A | (b) 200°C
]|
-240 -260 -280 -300 -320 -340 -360
- (¢) 400°C

Fig. 6. Experimental and simulaté8N MAS NMR spectra of POL(NH)

heat-treated at (a) 20€; (b) 400°C; (c) 600°C; and (d)1°N CP MAS

spectrum of POL(NH) heat-treated at 60T (contact time: 5 ms). Symbols

added refer to the position of different nitrogen environments described in (d) 600°C
Fig. 3

LI B o o o e L |
60 40 20 0 -20  -40

. ppm
600°C: This sample shows d°N MAS spectrum

(Fig. 6(c)) dominated by a signal at284ppm and as-  Fig. 7. 1!B MAS NMR spectra recorded at 9.4 T of (a) POL(iHand its
signed to an environment of type (Ill) characteristic of h- pyrolysis products at (b) 20@; (c) 400°C; and (d) 600 C.

BN. But the 15N CP MAS spectrum Kig. 6(d)) clearly

shows an additional signal at306 ppm. The obvious over-

estimation of this signal by the CP experiment confirms tricoordinated boron atoms engaged inghB six-membered
that it corresponds to an NHBenvironment of type (VI)  ing structuré” (s ~ 30 ppmCo ~ 2.8 MHz,7 ~ 0). As pre-

in good agreement with the previous proposed assignment.yiously described, two type of sites correspondinghé (5
An additional signal at-270 ppm also present at 200 and = »7 ppm,Cq = 2.7 MHz, 5 = 0.1) andBNzH (5 = 31 ppm,
400°C can be assigned to a type (Il) environment. The main Co = 2.9MHz, = 0.1) are more particularly expected. A
NB3 signal is very similar to the one observed in h-BN  precise simulation is difficult at this field but the main ten-

while the two other sites evidenced, BlBIl) and NHB,  gency is a large decrease of the intensity ofBhiN; signal
(V1), exhibit only one proton up to the second coordination ity temperature.
sphere. This resultis in good agreement wiPN experiments and

The N SPE MAS spectra of the samples heat-treated ¢onfirms that the ceramisation process of POLg\ldading
at 200, 400 and 60CC (Fig. ) were then simulated using o h-BN occurs through a preferential disappearance-¢1 B

the different sites extracted from the IRCP and the percent-|inikages. The residual protonated nitrogen site (V1) identified
ages of the various sites extracted from these simulations areyt oo C show indeed no BH bonds.

summarised iTable 4

3.3.2. 1B NMR study 4. Conclusion
The!!B MAS NMR spectra recorded for the polymer and
its pyrolysis products up to 60€ (Fig. 7) show that simi- A range of 1B and 1°N solid-state NMR techniques

larly to what was observed ByN NMR, all tetracoordinated ~ have been used to investigate in details the structure of
B[IV] sites have disappeared from 200 and all spectraap- a poly(aminoborazine) obtained from ammonolysis of bo-
pear quite similar at first sight with a shape characteristic of razine and follow its ceramisation process. Combination
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of TH-1°N cross-polarisation sequences attN 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-3.
perimental chemical shift values and ab initio calcula- 4.
tions already reported in the literature. TA& chemi- 5.
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 8.
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- 11.
ing atoms are considered. This suggests rearrangement re-
actions and more particularly borazine ring opening lead- 12.
ing to the formation of borane—ammonia complex{\BHs3
and polyaminoboranes —NHBH,— groups. Quantitative
analysis gives the following estimation®HN2/BN3 =
15/85, B"/BV = 70/30 and N'/NV = 60/40 suggest-
ing a structure of relatively small polyaminoborane chains
linked to borazine groups by the boron atoms of the
rings.

The polymer-to-ceramic transformation was then fol-
lowed through the study of samples pyrolysed at selected18.
temperatures. Due to the large sensitivity of tHeN 19.
chemical shift values, a good picture of the change in N 20.
environments could be obtained from tH&N MAS NMR 21.
spectra: it suggests that the ceramisation process leading to
h-BN occurs through a preferential disappearance-@fiB  22.
bonds. 23.
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