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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 niii&f). 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 density’-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 discupSed63-1827)01825-0

[. INTRODUCTION synthesized under kinetic control or at substantially higher
than the equilibrium transition temperaturel’Recently de-
Many important materials composed of first- and secondveloped diamond-anvil cel[DAC) laser-heating techniques
row elements like diamond and cubic boron nitrideBN, provide a way to overcome activation barriers at high
have covalently bonded three-dimensional network strucpressure$®-22
tures. The extended networks of these hard materials contrast In this study, we combined DAC laser-heating and syn-
with the molecular forms of the same elements likeWwith  chrotron x-ray diffraction methods fdan-situ material syn-
strong covalent intramolecular bonds and weak van dethesis and characterization at high temperatures and pres-
Waals interactions between the molecules. The highly locadures. We report the observation of the direct reactions of
nature of the electrons in these molecular covalent bondﬁitrogen with boron yielding three forms of boron nitride:
minimizes their potential energy, makes the bonds extremely_gN  h-BN, and what we believe is a second hexagonal
stable, and acts as a barrier to reactions leading to netwo%rm, h’-BN. Observations during experiments with boron

structures. , o and oxygen are also described to show the generality of this
Applying pressure is, however, inimical to covalent method

bonds. The kinetic and potential energies of electrons vary
with density asp?® and p*, respectively, and the kinetic
energy should dominate at high densities. Electrons in local
covalent bonds, therefore, eventually delocalize at high den- Il. EXPERIMENTS

sities, converting molecular materials to more closely packed The experiments were done with a modified Merrill-
network structures and to metals at high pressures. Mang,csett cell® A maraging steel seat with a slit for easy op-

experiments in covalent moleculz_ir systems support such @al access and restricted X-ray transmission backed one dia-
principle. Most unsaturated organic molecules including CO

) mond, while a beryllium seat with low x-ray absorption
and GN, polymenze_at pressures .Of the order of 10 GPa. backed the other diamond. Boron powder and a few pieces of
Layered covalent solids like graphite aheBN transform to

) . . . ruby dust for pressure measurements were loaded into the
dense, three-dimensional network materials, diamond an

c-BN, at high pressures® A covalently bonded network 50"“m sample hole in a spring steel or r'henium. gasket.
structure has also been suggesteddaEsN,, proposed as a N_|trogen or oxygen was then added by an immersion tech-
superhard materi&l’ Many diatomic molecules, halogen, nique. _
and inert gases even metallize at the pressures of 100 1he samples were heated by a cw Nd:YAG laser micro-
GPa8 12 focussed along an axis about 30° from the normal to the
While applying pressure modifies the thermodynamic rediamond culets. A chromatically corrected objective 20,
activity of covalent molecules, large activation barriers oftenL€itz) collected thermal emission from the sample along an
limit reaction rates at high pressures. For example, a recer@xis about 15° from the norméand 45° from the laser ayis
theoretical study shows that nitrogen polymerizes to a threeA 75-um pinhole limited the field of view of the collection
dimensional network structure analogous to phosphorous aptics to the central 4m of the heated area. A single-core
60 GPat® However, no nitrogen polymer has been detected?00 um fiber delivered the thermal emission from the pin-
in experiments at pressures as high as 130 BRaesum- hole to a spectrometer with a cooled charge-coupled device
ably because of large kinetic barriers. The graphite-to{CCD) detector. Temperatures were determined by fitting the
diamond transformation strongly depends on nucleation anthermal emission spectrum to a gray-body expression.
growth kinetics; and, at any pressure, diamond has only been Angle-resolved x-ray diffraction patterns of laser-heated

0163-1829/97/5@.)/140(7)/$10.00 56 140 © 1997 The American Physical Society



56 DIRECT ELEMENTARY REACTIONS OF BORON AND ... 141

monochromatic typically separated from the sample by 20 cm, collected the
synchrotron x-ray diffraction patterns. Diffraction features with 2 to 26° regis-

thermal ) ter along all directions on the plate, while features up to
emission .

45° can be detected along the long dimension. Images were
read with a Fuji BAS2000 scanner at 1@0n resolution.

A 60-um Pt pinhole collimator about 5 cm before the
sample limits the diameter of the x-ray beam. Nevertheless,
the beam remains slightly larger than the hot spot, whose
diameter is 30-to-5Qum depending upon the temperature.
Thus, the diffraction patterns originate over the full, rela-
tively large range of temperatures. Temperatures discussed
here, therefore, should be considered only as the upper limit
for the hottest spot of the sample and should not be overin-
terpreted. High transient temperature excursions during the
rapid stages of these highly exothermic reactions make pre-
cise characterization of the sample temperatures even less

realistic.
angle resolved
x-ray diffraction

direct Ill. RESULTS

beam stop imaging plate
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Figure 2 illustrates highly exothermic nature of direct el-
ementary reactions between boron and oxygen at 6.9 GPa;

FIG. 1. An experimental setup for angle-resolved x-ray diffrac- horon-nitrogen reactions occur qualitatively the same way.
tion measurements of the laser-heated samples in a diamond-angly on powders were prepressed to the shape, aboutni0
cell. The_ system is capable of synthesis amditu characterization in thickness, between diamond anvils prior to the loading in
of material at high pressures and temperatures. liquid O,. Before heating(@), the boron sample appears

opaque in the nearly transparent oxygen. Boron strongly ab-

samples and products were obtaineditu at high pressures sorbs infrared radiation so the sample temperature can easily
and temperatures using the system shown in Fitf. We  be increased in small steps by adjusting the power of the
focused 20-keV x-ray, diffracted from the (320 double- Nd:YAG output at 1.06um, as shown in frame&) through
crystal monochromator, to intersect the sample at the focu&). Above 1300 K, the thermal emission from the hot areas
of the laser-heating system. A 20-by-40 cm image platebecame very obvious; however, the sample did not change

(e) if) () (h)

FIG. 2. (Color) Images captured from videotape records of a boron-oxygen sample during the laser heating experiment at(6)9 GPa:
before heating(b)—(e) during heating prior to the reactioff,) at the onset of reactiorig) after the reaction, anth) after heating. These
images show that the reaction is highly exothermic, resulting in a highly transparent product. The direct reactions between boron and
nitrogen appear qualitatively the same way.
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FIG. 3. Angle-resolved x-ray diffraction patterns of the boron-nitrogen mixture obtai@ebefore, (b) during, and(c) after the
laser-heating at 2 GPa. Each diffraction patterns were recorded®te45° on an imaging plate detector. The results clearly indicate
h-BN forms as a result of the direct reaction of elements boron and nitrogen. The indexagvims forh-BN (Table |); the (110) reflection
with an asterisk was from the gasket.

appearance at these temperatures. At higher laser powers acatresponding tal spacings of about 3.0 and 2.0 A, to amor-
temperatures, the intensity of the thermal emission abruptlphous boron and/or fluid nitrogen and ttie10) reflection of
increases as is evident from the flashes of light After  « (bco-Fe from the edge of a spring steel gasket. During
combustion(g), the intensity of the emission dropped rap- heating, this diffuse feature substantially weakens or disap-
idly; and the sample lost luminosity even for higher laserpears(b); and several new sharp diffraction rings arise, in-
powers because very transparent products fortheavhich  cluding strong features at 3.33 and 2.17 A and several
were recovered at ambient temperature and pressure. Theseaker rings at smalled spacings. All of the new rings
elementary reactions of boron with oxygen and nitrogerremain after heatingc), clearly indicating that the sample
yield highly transparent and well crystallized products, inchanged irreversibly. The transparent appearance of the
contrast to other synthetic methods using catalytic and/oguenched product also indicates that a chemical reaction oc-
nucleation materials and typically resulting in highly coloredcurs at high temperatures.
and low crystallized products. The threshold temperatures The diffraction patterns in Figs.(B) and 3c) are readily
for boron reacting with nitrogen and oxygen and approxi-indexed in terms of hexagon&lBN, as shown in Table I.
mately 1800 and 2300 K, respectively. The peak temperathis indexing yields densities and lattice parameters nearly
tures achieved during reaction were not measured. identical to literature values for this materfalThe sharp-
Figure 3 shows angle-resolved x-ray diffraction patternsness and relative intensity of the rings in this pattern indicate
of boron-nitrogen sample@) before,(b) during, and(c) af-  the h-BN product is highly crystalline, in contrast to the
ter heating at 2 GPa. The reaction temperaturébpfwas  highly distortedh-BN (that is, turbostati¢-BN) produced by
about 1800 K. We attribute the very diffuse featuregahn other chemical method$-*°In fact, allh-BN synthesized in
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TABLE |. X-ray diffraction patterns oh-BN and h’-BN at ambient condition, synthesized from the
direct elementary reactions of boron and nitrogen at high pressures and temperatures.

h-BN* 2 h’-BN* P
(hkI) dear (A) dobs (A) Ad (A) (hkI) dear (A) dobs (R)  Ad (R)
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
a=b 2.524+0.020 A 2504 K¢ a=b 3.295-0.002 A
c 6.684+0.020 A 6.661 & ¢ c 5.055+0.020 A
cla 2.648 2.660 ¢ cla 1.534
Y 0.4474 cnilg \Y 0.5767 cnilg

&The h-BN sample was quenched from approximately 1800 K at 2.0 GPa, shown in(Ejig. 3

®Theh'-BN sample was quenched from approximately 1300 K at 2.0 GPa, shown in the lower trace of Fig.
4,

After R. S. Pease, Acta Crystallods, 356 (1952.

the present study had similarly high crystallinity. It may, density is probably due to distortions introduced during
therefore, be possible to obtain a highly pure single phase afuenching. The lattice parameter &N, a=5.692 A
h-BN and to control the crystallinity at high pressures. (V=13.884 cni/mol), is also very consistent with the re-
The crystal structure of final BN products changes withported value extrapolated to the same pressure, 5.699 A
pressure. Above 10 GPa, the direct reaction yields cubi¢13.936 cni/mol).3?33 The peak at 2.23 A probably is the
c-BN. Table Il summarizes the diffraction pattern of the BN (100) reflection of wurzitew-BN; the (100 of w-BN was
product at 14.6 GPa and room temperature quenched fromt 2.21 A in previous studie$:® Other minor features at
about 2300 K. Major diffraction features of the pattern were1.98 and 1.14 A probably are tii£01) and(200) reflections
well indexed in terms of-BN and cubicé-N,. Based on  of w-BN, which might overlap with th€101) and (211) re-
these assignments, the densityceBN is 3.596 g/cni, very  flections ofa-Fe from the gasket. Weak diffused features at
consistent with the measured equation of state-®&N at  2.23 and 1.88 A have not been indexed.
14.6 GPa, 3.614 g/cir! The difference less than 0.5% in  The chemical compositions of the initial mixtures seem to

TABLE Il. The crystal structure o€-BN synthesized directly from its elements at 14.6 GPa and about
2300 K. The diffraction was obtained at 14.6 GPa and room temperature.

M (h.k,I) dobs s dea I Ad
5-N,(200) 2.8460 25 2.8460 89 0.0000
5-N,(210) 2.5440 75 2.5455 100 0.0015
6-N,(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-Feg(101) 1.9780 62
c-BN(200 1.7980 46 1.7890 8 0.0090
1.7809 51
c-BN(220w-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

5-N,: a=5.6920 A
c-BN: a=3.5782 A, V=0.2781 cni/g, p=3.5958 g/cni (cf. p=3.4678 g/cmi at 1 atm

&The intensity is in arbitrary units, normalized to the intensity of ¢ABN(111) reflection.
bThe calculated intensity far-BN and 6-N, are normalized to thél11) reflection forc-BN and the(210) for
5-N 2.
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FIG. 4. Energy-dispersive x-ray diffraction patterns of the boron-nitrogen reaction products in nitrogen-rich conditions at 15 GPa
quenched from 1800 Kupper patternand at 2 GPa quenched from 130QIwer patterin. The indexings fow-BN andc-BN in the upper
trace are consistent with those synthesized in a boron-rich condition shown in Table II. The indexingBidris listed in Table |. These
data were obtained &d=54.754 keV A.

influence the crystal structure of the final products. Figure 4onditions. For example, in many other cases when large
shows the energy-dispersive x-ray diffraction patterns ofamounts of boron powder were used, the reaction typically
laser-heated nitrogen-rich mixturéspper tracg at 15 GPa  produced either nearly puteBN at low pressureéFig. 3) or
after quenching from 1800 K arltbwer trace at 2 GPa after c-BN above 10 GP4&Table Il). h’-BN is highly transparent
guenching from 1300 K. Features at 25.84, 29.96, and 42.32nd can be recovered as white polycrystals at ambient pres-
keV in Fig. 5a match closely to thé111), (200, and(220)  sure. Figure 5 compares scanning electron micrographs of
diffraction patterns ot-BN; and the bands at 24.76, 25.89, h’-BN and h-BN recovered from 1300 K and 2.0 GPa and
and 27.80 keV match the00), (002, and(101) patterns of 1800 K and 1.9 GPa, respectively. Both samples have plate-
w-BN.3**®The computed densities 0fBN andw-BN at 15 like structures, typical of layered hexagonal materials. How-
GPa are 3.458 and 3.480 g/énrespectively. These values ever,h’-BN has many microholes which may be the escaped
are approximately consistent with those at ambient condiroutes for excess nitrogen in the sample or captured in the
tions, 3.487 and 3.490 g/cinrespectively. On the other BN lattice. We have not seeh’-BN converting to other
hand, the compression ofBN is smaller by 4.3% than the forms of boron nitride at ambient condition, although it ap-
previously reported value at 15 GPaprobably due to large pears to be unstable when exposed to high power lasers.
distortions introduced by coexistence of other phases such as
w-BN and one described below.

Other series of diffraction features appear in Figa)4 V. DISCUSSION
The relatively weak features at 18.60, 21.11, and 22.99 keV The very exothermic nature of the boron-nitrogen reaction
are indexed as three strong reflectionssel ,, (200, (210, s typical for many elementary reactions of first- and second-
and(211).32*3We index seven other features as parts of theow elements leading to oxides, nitrides, and carbides. Reac-
diffraction pattern of a hexagonal structure, probably a bororions resulting in various oxides and nitrides are highly exo-
nitride, which we designate ds-BN to distinguish it from  thermic, whereas those yielding hydrides and nitrogen
the familiarh-BN. The unit cell volume oh’-BN is substan-  polymer® demand the most energy. Despite the thermody-
tially larger than that oh-BN; see Table I. Features attrib- namic stability of boron nitride at high pressures, boron and
uted toh’-BN also appear in patterns of products obtained anhitrogen do not react at ambient temperature even at 50 GPa,
lower pressures like that in Fig(l4). Three broad features in the highest pressure of our experiments. This observation
that pattern arise from the rhenium gasket, but the 20.5-keV¥nplies that there is a large kinetic barrier to reaction, espe-
feature could not be satisfactorily indexed. Nitrogen is fluidcially in the dissociation of M.
at this pressure and, thus, yields no sharp diffraction lines.  Pressure-volume considerations also favor the forward

The reactions tch’-BN seem to occur only in Brich  boron-nitrogen reaction. At 2 GPa, the molar volume, 10.58



56 DIRECT ELEMENTARY REACTIONS OF BORON AND ... 145

(@)

FIG. 5. Scanning electron microscope images of two hexagonal allotropes of boron nitride for comgayrisé3iN and(b) h’-BN. Both
materials form layered flakes. We attribute the holek'irBN to evaporation of excess nitrogen.

cm®mol, of h-BN (Ref. 36 is nearly 38% less than the form of B,N,. This conjecture stems from the fact that
volume of a mole of boron, 4.57 cifmol.*” and one-half h’-BN occurs only in nitrogen-rich conditions regardless the
mole of N,, 10.03 cn?/mol.**** Although this difference stability fields ofh-BN andc-BN. The low densityTable )
decreases to about 30% at 6 GPa and 22% at 10 GPa, théd morphology(Fig. 5 of this phase also support such a
density change alone favors productionheBN to 10 GPa.  hypothesis. Clearly, further studies are needed to determine
At higher pressures, densefrBN (Ref. 31 is the product, the exact nature of crystal structure, stoichiometry, and sta-
and the density difference from the mixture of the elementsility of h’-BN.
is even larger. At 10 GPa;-BN, 6.93 cm’/mol, is 42% In summary, we have shown a synthetic route deBN
denser tham-BN, 9.82 cm’/mol. and h-BN directly from its elements at high pressures and
The crystal structure of the BN reaction products is dic-temperatures. A similar concept of boron-nitrogen reactions
tated by its thermodynamic stability at high pressurescan be applicable for synthesis of other technologically im-
Samples with comparable initial amounts of boron and nitroportant materials made of first and second row elenténts.
gen yielded onlyh-BN below 7.5 GPa, while-BN was the  Furthermore, since the crystal structures of direct reaction
unique product above 10 GPa, approximately consistent witiroducts depend largely on pressure, it may be feasible to
their reported stability field>=*" However, this transition engineer the final product based on its thermodynamic sta-
pressure of boron-nitrogen reaction, 7-10 GPa, appears to Ipility at various pressure-temperature conditions.
somewhat higher than the previously reported hexagonal-to-
cubic phase transition pressure, 5-7 GPa at 20603840
This difference perhaps represents the kinetic effects of the
reaction. No diffraction lines of low-pressure BN phases, The angle-resolved x-ray measurements were done at the
rhombohedrat -BN or h-BN, occur in Table Il and Fig.@).  University of California-National Laboratories PRT Beam
Neitherc-BN nor w-BN is produced together with-BN at  Line at the Stanford Synchrotron Radiation Laboratory. The
low pressures as seen in Fig. 3. These observations are ienergy-dispersive x-ray measurements were made at the Na-
consistent with the hypothesis that the direct reaction betional Synchrotron Light Source. We thank C. Ruddle of
tween boron and nitrogen leading¢eBN at high pressures LLNL for assisting with the experiments, B. Goodwin, C.
proceeds through ah-BN intermediate. Instead, at high Mailhiot, N. Holmes for supporting this study, and M. Ross
pressures and temperaturesBN forms directly by a reac- and D. Young for valuable discussions of the results. This
tion between elemental boron and nitrogerBN has typi-  work was performed under the auspices of the U.S. Depart-
cally been synthesized fromh-BN at high P, T ment of Energy Contract No. W-7405-ENG-48 at Lawrence
conditions'>!®3*and we believe that this showsBN di-  Livermore National Laboratory, NSF Grant No. DMR 94-
rectly synthesized from its elements. 12187, and a grant from the Livermore Branch of the Uni-
The h’-BN phase is probably a nitrogen-rich metastableversity of California IGPP.
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