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Direct elementary reactions of boron and nitrogen at high pressures and temperatures
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Highly exothermic direct reactions between elements boron and nitrogen at high pressures and temperatures
yield technologically important forms of hexagonal and cubic boron nitride~BN!. The crystal structures of the
reaction products vary with pressure. Below 10 GPa, hexagonal BN is the product; cubic or wurzite BN form
at higher pressures. Under nitrogen-rich conditions, another hexagonal allotrope occurs; this seems to be a
highly transparent, low densityh8-BN. No direct reactions occur at ambient temperature even at pressures as
high as 50 GPa, implying that a large activation barrier limits the kinetics of these exothermic processes. Direct
reactions between boron and oxygen are also discussed.@S0163-1829~97!01825-0#
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I. INTRODUCTION

Many important materials composed of first- and seco
row elements like diamond and cubic boron nitride,c-BN,
have covalently bonded three-dimensional network str
tures. The extended networks of these hard materials con
with the molecular forms of the same elements like N2 with
strong covalent intramolecular bonds and weak van
Waals interactions between the molecules. The highly lo
nature of the electrons in these molecular covalent bo
minimizes their potential energy, makes the bonds extrem
stable, and acts as a barrier to reactions leading to netw
structures.

Applying pressure is, however, inimical to covale
bonds. The kinetic and potential energies of electrons v
with density asr2/3 and r1/3, respectively, and the kineti
energy should dominate at high densities. Electrons in lo
covalent bonds, therefore, eventually delocalize at high d
sities, converting molecular materials to more closely pac
network structures and to metals at high pressures. M
experiments in covalent molecular systems support suc
principle. Most unsaturated organic molecules including C
and C2N2 polymerize at pressures of the order of 10 GPa

1,2

Layered covalent solids like graphite andh-BN transform to
dense, three-dimensional network materials, diamond
c-BN, at high pressures.3–5 A covalently bonded network
structure has also been suggested forb-C3N4, proposed as a
superhard material.6,7 Many diatomic molecules, halogen
and inert gases even metallize at the pressures of
GPa.8–12

While applying pressure modifies the thermodynamic
activity of covalent molecules, large activation barriers oft
limit reaction rates at high pressures. For example, a re
theoretical study shows that nitrogen polymerizes to a th
dimensional network structure analogous to phosphorou
60 GPa.13 However, no nitrogen polymer has been detec
in experiments at pressures as high as 130 GPa,14 presum-
ably because of large kinetic barriers. The graphite-
diamond transformation strongly depends on nucleation
growth kinetics; and, at any pressure, diamond has only b
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synthesized under kinetic control or at substantially hig
than the equilibrium transition temperature.15–17Recently de-
veloped diamond-anvil cell~DAC! laser-heating technique
provide a way to overcome activation barriers at hi
pressures.18–22

In this study, we combined DAC laser-heating and sy
chrotron x-ray diffraction methods forin-situ material syn-
thesis and characterization at high temperatures and p
sures. We report the observation of the direct reactions
nitrogen with boron yielding three forms of boron nitrid
c-BN, h-BN, and what we believe is a second hexago
form, h8-BN. Observations during experiments with boro
and oxygen are also described to show the generality of
method.

II. EXPERIMENTS

The experiments were done with a modified Merri
Bassett cell.23 A maraging steel seat with a slit for easy o
tical access and restricted x-ray transmission backed one
mond, while a beryllium seat with low x-ray absorptio
backed the other diamond. Boron powder and a few piece
ruby dust for pressure measurements were loaded into
150-mm sample hole in a spring steel or rhenium gask
Nitrogen or oxygen was then added by an immersion te
nique.

The samples were heated by a cw Nd:YAG laser mic
focussed along an axis about 30° from the normal to
diamond culets. A chromatically corrected objective (320,
Leitz! collected thermal emission from the sample along
axis about 15° from the normal~and 45° from the laser axis!.
A 75-mm pinhole limited the field of view of the collection
optics to the central 4mm of the heated area. A single-cor
200 mm fiber delivered the thermal emission from the pi
hole to a spectrometer with a cooled charge-coupled de
~CCD! detector. Temperatures were determined by fitting
thermal emission spectrum to a gray-body expression.

Angle-resolved x-ray diffraction patterns of laser-heat
140 © 1997 The American Physical Society
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56 141DIRECT ELEMENTARY REACTIONS OF BORON AND . . .
samples and products were obtainedin situ at high pressures
and temperatures using the system shown in Fig. 1.24 We
focused 20-keV x-ray, diffracted from the Si~220! double-
crystal monochromator, to intersect the sample at the fo
of the laser-heating system. A 20-by-40 cm image pla

FIG. 1. An experimental setup for angle-resolved x-ray diffra
tion measurements of the laser-heated samples in a diamond-
cell. The system is capable of synthesis andin-situ characterization
of material at high pressures and temperatures.
us
,

typically separated from the sample by 20 cm, collected
diffraction patterns. Diffraction features with 2 to 26° regi
ter along all directions on the plate, while features up
45° can be detected along the long dimension. Images w
read with a Fuji BAS2000 scanner at 100mm resolution.

A 60-mm Pt pinhole collimator about 5 cm before th
sample limits the diameter of the x-ray beam. Neverthele
the beam remains slightly larger than the hot spot, wh
diameter is 30-to-50mm depending upon the temperatur
Thus, the diffraction patterns originate over the full, re
tively large range of temperatures. Temperatures discus
here, therefore, should be considered only as the upper
for the hottest spot of the sample and should not be ove
terpreted. High transient temperature excursions during
rapid stages of these highly exothermic reactions make
cise characterization of the sample temperatures even
realistic.

III. RESULTS

Figure 2 illustrates highly exothermic nature of direct e
ementary reactions between boron and oxygen at 6.9 G
boron-nitrogen reactions occur qualitatively the same w
Boron powders were prepressed to the shape, about 10mm
in thickness, between diamond anvils prior to the loading
liquid O2. Before heating~a!, the boron sample appear
opaque in the nearly transparent oxygen. Boron strongly
sorbs infrared radiation so the sample temperature can e
be increased in small steps by adjusting the power of
Nd:YAG output at 1.06mm, as shown in frames~b! through
~e!. Above 1300 K, the thermal emission from the hot are
became very obvious; however, the sample did not cha

-
vil
GPa:

oron and
FIG. 2. ~Color! Images captured from videotape records of a boron-oxygen sample during the laser heating experiment at 6.9~a!
before heating,~b!–~e! during heating prior to the reaction,~f! at the onset of reaction,~g! after the reaction, and~h! after heating. These
images show that the reaction is highly exothermic, resulting in a highly transparent product. The direct reactions between b
nitrogen appear qualitatively the same way.
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FIG. 3. Angle-resolved x-ray diffraction patterns of the boron-nitrogen mixture obtained~a! before, ~b! during, and~c! after the
laser-heating at 2 GPa. Each diffraction patterns were recorded to 2Q545° on an imaging plate detector. The results clearly indic
h-BN forms as a result of the direct reaction of elements boron and nitrogen. The indexing in~c! was forh-BN ~Table I!; the~110! reflection
with an asterisk was from the gasket.
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appearance at these temperatures. At higher laser power
temperatures, the intensity of the thermal emission abru
increases as is evident from the flashes of light~f!. After
combustion~g!, the intensity of the emission dropped ra
idly; and the sample lost luminosity even for higher las
powers because very transparent products formed~h! which
were recovered at ambient temperature and pressure. T
elementary reactions of boron with oxygen and nitrog
yield highly transparent and well crystallized products,
contrast to other synthetic methods using catalytic and
nucleation materials and typically resulting in highly color
and low crystallized products. The threshold temperatu
for boron reacting with nitrogen and oxygen and appro
mately 1800 and 2300 K, respectively. The peak tempe
tures achieved during reaction were not measured.

Figure 3 shows angle-resolved x-ray diffraction patte
of boron-nitrogen samples~a! before,~b! during, and~c! af-
ter heating at 2 GPa. The reaction temperature of~b! was
about 1800 K. We attribute the very diffuse features in~a!,
and
ly

r
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n

r

s
-
a-

s

corresponding tod spacings of about 3.0 and 2.0 Å, to amo
phous boron and/or fluid nitrogen and the~110! reflection of
a ~bcc!-Fe from the edge of a spring steel gasket. Duri
heating, this diffuse feature substantially weakens or dis
pears~b!; and several new sharp diffraction rings arise,
cluding strong features at 3.33 and 2.17 Å and seve
weaker rings at smallerd spacings. All of the new rings
remain after heating~c!, clearly indicating that the sampl
changed irreversibly. The transparent appearance of
quenched product also indicates that a chemical reaction
curs at high temperatures.

The diffraction patterns in Figs. 3~b! and 3~c! are readily
indexed in terms of hexagonalh-BN, as shown in Table I.
This indexing yields densities and lattice parameters ne
identical to literature values for this material.25 The sharp-
ness and relative intensity of the rings in this pattern indic
the h-BN product is highly crystalline, in contrast to th
highly distortedh-BN ~that is, turbostatict-BN! produced by
other chemical methods.26–30In fact, allh-BN synthesized in
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TABLE I. X-ray diffraction patterns ofh-BN and h8-BN at ambient condition, synthesized from th
direct elementary reactions of boron and nitrogen at high pressures and temperatures.

h-BN* a h8-BN* b

(hkl) dcal ~Å! dobs ~Å! Dd ~Å! (hkl) dcal ~Å! dobs ~Å! Dd ~Å!

002 3.342 3.341 0.001 100 2.854 2.854 0.000
100 2.186 2.186 0.000 002 2.529 2.527 0.002
102 1.830 1.830 0.000 102 1.892 1.892 0.000
004 1.671 1.672 0.001 110 1.647 1.643 0.004
104 1.328 1.332 0.004 200 1.426 1.428 0.002
110 1.262 1.263 0.001 112 1.380 1.385 0.005
112 1.181 1.179 0.002 201 1.242 1.242 0.000
114 1.007 104 1.157 1.157 0.000

a5b 2.52460.020 Å 2.504 Å* c a5b 3.29560.002 Å
c 6.68460.020 Å 6.661 Å* c c 5.05560.020 Å
c/a 2.648 2.660* c c/a 1.534
V 0.4474 cm3/g V 0.5767 cm3/g

aTheh-BN sample was quenched from approximately 1800 K at 2.0 GPa, shown in Fig. 3~c!.
bTheh8-BN sample was quenched from approximately 1300 K at 2.0 GPa, shown in the lower trace o
4.
cAfter R. S. Pease, Acta Crystallogr.5, 356 ~1952!.
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the present study had similarly high crystallinity. It ma
therefore, be possible to obtain a highly pure single phas
h-BN and to control the crystallinity at high pressures.

The crystal structure of final BN products changes w
pressure. Above 10 GPa, the direct reaction yields cu
c-BN. Table II summarizes the diffraction pattern of the B
product at 14.6 GPa and room temperature quenched f
about 2300 K. Major diffraction features of the pattern we
well indexed in terms ofc-BN and cubicd-N2. Based on
these assignments, the density ofc-BN is 3.596 g/cm3, very
consistent with the measured equation of state ofc-BN at
14.6 GPa, 3.614 g/cm3.31 The difference less than 0.5% i
of

ic

m

density is probably due to distortions introduced duri
quenching. The lattice parameter ofd-N2, a55.692 Å
(V513.884 cm3/mol!, is also very consistent with the re
ported value extrapolated to the same pressure, 5.69
~13.936 cm3/mol!.32,33 The peak at 2.23 Å probably is th
~100! reflection of wurzitew-BN; the ~100! of w-BN was
at 2.21 Å in previous studies.34,35 Other minor features a
1.98 and 1.14 Å probably are the~101! and~200! reflections
of w-BN, which might overlap with the~101! and ~211! re-
flections ofa-Fe from the gasket. Weak diffused features
2.23 and 1.88 Å have not been indexed.

The chemical compositions of the initial mixtures seem
out
TABLE II. The crystal structure ofc-BN synthesized directly from its elements at 14.6 GPa and ab
2300 K. The diffraction was obtained at 14.6 GPa and room temperature.

M (h,k,l ) dobs I obs*
a dcal I cal*

b Dd

d-N2(200) 2.8460 25 2.8460 89 0.0000
d-N2(210) 2.5440 75 2.5455 100 0.0015
d-N2(211) 2.3232 57 2.3237 91 0.0005
w-BN~100! 2.2306 28

2.1382 33
c-BN~111!w-BN~002! 2.0659 100 2.0660 100 0.0001
w-BN~101!a-Fe~101! 1.9780 62
c-BN~200! 1.7980 46 1.7890 8 0.0090

1.7809 51
c-BN~220!w-BN~110! 1.2654 49 1.2650 33 0.0004
w-BN~200!a-Fe~211! 1.1446 15
c-BN~311! 1.0796 13 1.0790 20 0.0006

d-N2: a55.6920 Å
c-BN: a53.5782 Å,V50.2781 cm3/g, r53.5958 g/cm3 ~cf. r53.4678 g/cm3 at 1 atm!

aThe intensity is in arbitrary units, normalized to the intensity of thec-BN~111! reflection.
bThe calculated intensity forc-BN andd-N2 are normalized to the~111! reflection forc-BN and the~210! for
d-N2.
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FIG. 4. Energy-dispersive x-ray diffraction patterns of the boron-nitrogen reaction products in nitrogen-rich conditions at 1
quenched from 1800 K~upper pattern! and at 2 GPa quenched from 1300 K~lower pattern!. The indexings forw-BN andc-BN in the upper
trace are consistent with those synthesized in a boron-rich condition shown in Table II. The indexing forh8-BN is listed in Table I. These
data were obtained atEd554.754 keV Å.
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influence the crystal structure of the final products. Figur
shows the energy-dispersive x-ray diffraction patterns
laser-heated nitrogen-rich mixtures~upper trace! at 15 GPa
after quenching from 1800 K and~lower trace! at 2 GPa after
quenching from 1300 K. Features at 25.84, 29.96, and 42
keV in Fig. 5~a! match closely to the~111!, ~200!, and~220!
diffraction patterns ofc-BN; and the bands at 24.76, 25.8
and 27.80 keV match the~100!, ~002!, and~101! patterns of
w-BN.34,35The computed densities ofc-BN andw-BN at 15
GPa are 3.458 and 3.480 g/cm3, respectively. These value
are approximately consistent with those at ambient con
tions, 3.487 and 3.490 g/cm3, respectively. On the othe
hand, the compression ofc-BN is smaller by 4.3% than the
previously reported value at 15 GPa,31 probably due to large
distortions introduced by coexistence of other phases suc
w-BN and one described below.

Other series of diffraction features appear in Fig. 4~a!.
The relatively weak features at 18.60, 21.11, and 22.99 k
are indexed as three strong reflections ofd-N2, ~200!, ~210!,
and~211!.32,33We index seven other features as parts of
diffraction pattern of a hexagonal structure, probably a bo
nitride, which we designate ash8-BN to distinguish it from
the familiarh-BN. The unit cell volume ofh8-BN is substan-
tially larger than that ofh-BN; see Table I. Features attrib
uted toh8-BN also appear in patterns of products obtained
lower pressures like that in Fig. 4~b!. Three broad features in
that pattern arise from the rhenium gasket, but the 20.5-
feature could not be satisfactorily indexed. Nitrogen is flu
at this pressure and, thus, yields no sharp diffraction line

The reactions toh8-BN seem to occur only in N2-rich
4
f
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conditions. For example, in many other cases when la
amounts of boron powder were used, the reaction typic
produced either nearly pureh-BN at low pressures~Fig. 3! or
c-BN above 10 GPa~Table II!. h8-BN is highly transparent
and can be recovered as white polycrystals at ambient p
sure. Figure 5 compares scanning electron micrograph
h8-BN andh-BN recovered from 1300 K and 2.0 GPa an
1800 K and 1.9 GPa, respectively. Both samples have pl
like structures, typical of layered hexagonal materials. Ho
ever,h8-BN has many microholes which may be the escap
routes for excess nitrogen in the sample or captured in
BN lattice. We have not seenh8-BN converting to other
forms of boron nitride at ambient condition, although it a
pears to be unstable when exposed to high power lasers

IV. DISCUSSION

The very exothermic nature of the boron-nitrogen react
is typical for many elementary reactions of first- and seco
row elements leading to oxides, nitrides, and carbides. Re
tions resulting in various oxides and nitrides are highly ex
thermic, whereas those yielding hydrides and nitrog
polymer13 demand the most energy. Despite the thermo
namic stability of boron nitride at high pressures, boron a
nitrogen do not react at ambient temperature even at 50 G
the highest pressure of our experiments. This observa
implies that there is a large kinetic barrier to reaction, es
cially in the dissociation of N2.

Pressure-volume considerations also favor the forw
boron-nitrogen reaction. At 2 GPa, the molar volume, 10
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FIG. 5. Scanning electron microscope images of two hexagonal allotropes of boron nitride for comparison:~a! h-BN and~b! h8-BN. Both
materials form layered flakes. We attribute the holes inh8-BN to evaporation of excess nitrogen.
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cm3/mol, of h-BN ~Ref. 36! is nearly 38% less than the
volume of a mole of boron, 4.57 cm3/mol,37 and one-half
mole of N2, 10.03 cm3/mol.32,33 Although this difference
decreases to about 30% at 6 GPa and 22% at 10 GPa
density change alone favors production ofh-BN to 10 GPa.
At higher pressures, denserc-BN ~Ref. 31! is the product,
and the density difference from the mixture of the eleme
is even larger. At 10 GPa,c-BN, 6.93 cm3/mol, is 42%
denser thanh-BN, 9.82 cm3/mol.

The crystal structure of the BN reaction products is d
tated by its thermodynamic stability at high pressur
Samples with comparable initial amounts of boron and nit
gen yielded onlyh-BN below 7.5 GPa, whilec-BN was the
unique product above 10 GPa, approximately consistent w
their reported stability fields.15–17 However, this transition
pressure of boron-nitrogen reaction, 7–10 GPa, appears t
somewhat higher than the previously reported hexagona
cubic phase transition pressure, 5–7 GPa at 2000 K.15,34,38–40

This difference perhaps represents the kinetic effects of
reaction. No diffraction lines of low-pressure BN phase
rhombohedralr -BN or h-BN, occur in Table II and Fig. 4~a!.
Neitherc-BN nor w-BN is produced together withh-BN at
low pressures as seen in Fig. 3. These observations ar
consistent with the hypothesis that the direct reaction
tween boron and nitrogen leading toc-BN at high pressures
proceeds through anh-BN intermediate. Instead, at hig
pressures and temperatures,c-BN forms directly by a reac-
tion between elemental boron and nitrogen.c-BN has typi-
cally been synthesized fromh-BN at high P,T
conditions,15,16,34 and we believe that this showsc-BN di-
rectly synthesized from its elements.

The h8-BN phase is probably a nitrogen-rich metastab
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form of BxNy . This conjecture stems from the fact tha
h8-BN occurs only in nitrogen-rich conditions regardless t
stability fields ofh-BN andc-BN. The low density~Table I!
and morphology~Fig. 5! of this phase also support such
hypothesis. Clearly, further studies are needed to determ
the exact nature of crystal structure, stoichiometry, and s
bility of h8-BN.

In summary, we have shown a synthetic route forc-BN
and h-BN directly from its elements at high pressures a
temperatures. A similar concept of boron-nitrogen reactio
can be applicable for synthesis of other technologically i
portant materials made of first and second row element41

Furthermore, since the crystal structures of direct react
products depend largely on pressure, it may be feasible
engineer the final product based on its thermodynamic
bility at various pressure-temperature conditions.
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