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The reaction of aerosol droplets of the organoborate reagent @Be®)spended in nitrogen, with
gaseous ammonia in a flight tube heated to-80800°C was used to produce, in high yield, spherical
morphology precursor powders BO,C, that contain decreasing amounts of oxygen and carbon as the
process temperature and mole fraction of ammonia increased. Subsequent static nitridation of the precursor
powder under ammonia gave spherical morphology BN powders with {dwt %) oxygen and carbon
contents. The powders were characterized by elemental analysis, DRIFT-IR, XRD, SEM, and TEM
methods. A weak molecular complex (MeBINH; has been previously reported to exist, and this species
was isolated and structurally characterized by single-crystal X-ray diffraction methods. Aerosol conversions
using (MeO)B/MeOH, H;BOs/MeOH, and BOs/MeOH solutions were also examined, and the results
are briefly described.

Introduction The resulting powders have a platelet primary particle

. ) ) morphology with varying degrees of agglomeration and

Hexagonal boron nitride (h-BN) is a commercially pro-  oyvgen contents ranging from 4 to 0.3 wt % depending upon
duced refractory ceramic powder that enjoys large-scale Uséye specific processing protocol used in manufacturing. As
in the fabrication of crucibles, electrical insulators, and mold- jhterest in new applications grows for this carbon-like

release liners? Furthermore, its novel combination of aterial, so do efforts to discover alternative particle
physical and chemical properties has led to smaller scale nqrhhologies with modified performance characteristics. The
applications as a component in cosmetic formulations and gpherical BN particle morphology is one that is of particular
in filled organic polymer composites for thermal management jeest since, for example, monodispersed and polydispersed
materials’* Recently, BN has also been examined as a gpheres should produce higher particle packing fractions for
selective gas sorbeénaind a hydrogen storage mediGni. BN-filled organic polymer composités.

In the commercial setting, h-BN powders are typically  The first report of the formation of spherical BN particles
prepared in large, metallurgical-type syntheses that employappeared in 1990 in a European patéitwas claimed that

readily available starting materials such as boric acid and ;nqer low-temperature CVD conditions the reaction of 8CI
melamine or urea. Boric acid is the preferred boron source 54 NH, produced a spherical powder; however, few

due to its low cost and facile thermal dehydration chemistry. characterization details were provided. In 1991 we reported

an aerosol-assisted vapor-phase synthesis (AAVS) employing

* To whom correspondence should be addressed. E-mail: rtpaine@unm.edu.“quid ammonia solutions of poly(borazinylamine) that
TValdosta State University.

* AGH University of Science and Technology. produced smooth, spherical BN particles with an average
® University of New Mexico. diameter of 1um1! Subsequent nitridations of the smooth
I'University of Munich. . . .
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the aerosol droplets were allowed to react with gaseous Experimental Section

a1 o i 12,13
ammonia in a heated (1080200°C) flight tube.** The Materials. Organoborates, boric acid, and boric anhydride were

short residence time of the aerosol in the reaction zone X : _
ted in i | itridati ith f . fi purchased from Aldrich Chemical Co., and anhydrous ammonia
resulted in incomplete nitridation with formation of inter- was obtained from Air Products. Methanol was purchased from

mediate boron oxynitride compositions, BRI, having VWR.

relatively high oxygen contents (3565 wt %). The particles Preparation of the Complex, (MeO}B-NHs. A sample of
displayed a smooth, spherical morphology with an average (Me0)B (1.04 g, 10 mmol) was loaded into a Schlenk tube under
particle diameter of-1 um. Subsequent calcinations of the dry nitrogen, and the tube was cooled+d96 °C and evacuated.
particles under Nklgave h-BN patrticles that retained low Dry NH3 (10 mmol), measured by gas volume, was condensed onto
levels of oxygen (34 wt %). Depending upon specific the borate, and the mixture was warmed to°23 A white solid

nitridation conditions, the particle morphology remained formed immediately that readily sublimed in vacuo af@5 Single
spherical with a smooth or bladed surface. crystals of the adduct were obtained by sublimation. Anal. Calcd

. . . . for C3H1:BNO3: C, 29.80; H, 9.93; B, 8.95; N, 11.59. Found: C,
Although the boric-acid-based aerosol process is practlcaI21_32; H, 9.38: B, 9.59: N, 10.86. MS (Cl with isobutanayd,

for the prepa.ratlon_of gram quantities of spherical morphol- ion, rel inten): 177 (M+ CaHg*) 65, 176 (M+ CyH-*) 33, 122

ogy BN particles, it still suffers from several drawbacks. (v 4 H+) 37, 121 (M") 10, 90 (GHsBNO,*) 100. IR (KBr, cnd):
These include the following: (a) large amounts of water from 3393 (), 3198 @), 1630, 14021sn), 1319 ¢s0), 1060 (co),

the aqueous boric acid solution are swept from the aerosol930, 704.

generator into the heated aerosol reactor flight tube; (b) Preparation of the Powders.Aerosol syntheses were performed
dehydration of HBO; produces additional water in the hot as described previouslj-14 The aerosol flight tube consisted of a
zone; (c) water vaporization is endothermic, and steam dilutesmullite tube (3.5 in.x 60 in.) fitted with gastight stainless steel
the ammonia injected into the hot zone which in turn reduces €nd caps. The tube was placed in a horizontal three-zone Lindberg
the degree of BDs nitridation; (d) steam back-reacts with tube furnace (model 54779). The entrance_ to the reactor was
partially nitrided BNO, material; (e) the resulting B, connected to the top.ofaglass sample container (4.&(28§m)
particles harvested at the end of the hot zone have high?Y USe ©f Tygon tubing. The bottom of the sample container was
weight percent oxygen contents; (f) the large amount of closed with a thin polyethylene cap. A sidearm on the container

. . . . wall allowed for periodic introduction of additional liquid (Me{B)
oxygen in the BNOy particles is slowly replaced during the reagent during the preparation. The exit end of the reactor tube

second-stage static nitridation; (g) there is significant mass yas connected through a short section of Teflon tubing to an impact
loss during the nitridation. These factors led us to continue filter or a bag filter. An aerosol mist of (MeGB or (MeO)B/

to investigate additional aerosol precursor systems. ForMeOH was produced by placing the polyethylene-capped sample
example, the aerosol conversion of agueous solutions ofcontainer over an ultrasonic transducer operated at 1.7 kHz. The
guanidinium tetraborate, pentaborate, and nonabidrage mist was swept with a controlled nitrogen gas stream<8.8
sulted in improved production rates due to slightly higher L/min) into the furnace via inlets passing through the entrance end
effective boron concentrations in the aerosol streams. How- ¢@pP- o

ever, oxygen contents in the intermediate ,Bi)Nparticles Characterization of the Powders.The aerosol-generated pow-

still remained relatively high (2338 wt %). Due to these ders and calcined powde_rs were compositiona_lly analyzed for
results, solventless or nonaqueous-based aerosol precursool)( ygen (Advanced Ceramics Corp. and St. Gobain/Carborundum)
. and B, N, C, and H (INEOS and Galbraith Laboratories). In
chemical systems have been sought. addition, powders were examined by TGA (Perkin-Elmer TGA7),
There are few readily available, inexpensive boron reagentsgiffuse reflectance (DRIFT) IR (Mattson Galaxy 2020), powder
that are significantly soluble in nonaqueous solvents ap- X-ray diffraction (Siemens D5000), scanning electron microscopy
propriate for aerosol formation and even fewer liquid boron (SEM Hitachi S-800), and transmission electron microscopy (TEM,
compounds that could be employed directly to generate aJEOL JEM 2010, 200 keV). Densities were determined by He
boron-rich aerosol stream. However, commercially available Pycnometry and surface areas by multipoint BET methods. Single-
trialkylborates, (ROB (R = Me, Et, Pr, Bu), are low- crystal X-ray diff_raction analysis was performed on a Siemens I_34
viscosity, molecular liquids at 2%C that offer the potential diffractometer with an area detector and low-temperature device

to serve as aerosol precursors. We report here on theoperatmg at 193 K. A single crystal was mounted in perfluoropoly-

ful (M . tf di th | ether oil. Mo Ka radiation ¢ = 0.71073 A) was used with a
SUCC'_ESS ul use of (MegB, in neat form and in me _ano graphite single-crystal monochromator. Pertinent data collection and
solution, as an aerosol precursor for the formation of

refinement information are summarized in Table 1. Data were

spherical morphology BN particlé$:®In addition, the use  collected in the hemisphere mode with a measurement rate of 10 s
of methanol solutions of ¥BO; and BO; as aerosol  perframe. No extinction correction was applied, and the absorption

precursors is briefly described. correction employed SADABS. Data reduction was accomplished

by use of SAINT (Siemens Analytical Instruments). The structure

(12) Pruss, E. A.; Wood, G. L.; Kroenke, W. J.; Paine, RCFiem. Mater. was solved by direct methods and refined using full-matrix least-
200Q 12, 19. squares techniques (SHELXS-97) based-8nAll non-hydrogen

(13) Paine, R. T.; Kroenke, W. J.; Pruss, E. A. U.S. Patent 6,348,179 B1, atoms were refined anisotropically. Hydrogen atoms were located

Feb. 19, 2002. aton ‘
(14) Wood, G. L.; Janik, J. F.; Visi, M. Z.; Schubert, D. M.; Paine, R. T. N difference maps and refined.

Chem. Mater2005 17, 1855.
(15) The original disclosure of this work appears in “Organoboron Route ; i
and Process for Preparation of Boron Nitride”, U.S. Patent filing April Results and Discussion
23, 2002. .
(16) Paine, R. T.; Kroenke, W. J.: Pruss, E. A.. Wood, G. L.: Janik, J. F. Although there are several approaches available for

U.S. Patent 6,824,753 B2, Nov 30, 2004. producing aerosol streams of chemical reagents, the aerosol
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Table 1. Summary of Crystallographic Data and Data Collection

Parameters
mol formula GH13BN203
fw 135.96
cryst syst tetragonal
space group 14(1)/a
alA 19.519(5)
b/A 19.519(5)
c/A 7.712(3)
VIA3 2938.1(14)
z 16
Dd/g cn3 1.229
ulmm~t 0.101
cryst size/mm 0.1 0.10x 0.20
index range —24=<h=<24
—24<k=19
—10=1=<10
20 58.42
reflns collected 8175
reflns unique 1598
reflns obsd () 1090
GOOF 1.032
Ri[l > 4a(1)] 0.0491
WR> 0.1181

Wood et al.

nitride was an ultimate end product in some decomposition
pathways.

Indeed, despite the apparent thermal stability of organobo-
rates, the use of (MeGB as a boron precursor for BN
synthesis has been described in two early patéritdviay
and Levasheff claimed that when equimolar amounts of
(MeO)B and NH; vapors were passed through a hot zone
maintained at 500C, a crystalline product was obtained that
gave elemental analysis values (wt %) of B 9.35, N 10.75,
H 6.2, C 17.2, and O (by difference) 56.5. These data may
be compared with calculated values for the adduct (MBO)
NH; (CsH12BNO3): B, 8.95; N, 11.59; H, 9.93; C, 29.80;
0, 39.73. When the hot zone was held at 860white fluffy
solids were obtained with compositions that vary with the
rate at which the reactants were swept through the hot zone.
The composition (wt %) ranges were B-232, N 26-34,

H 2.5-3.0, C 0.71.0, and O (by difference) 3™4.
Although BN may be formed under these conditions, the
solids retain significant amounts of oxygen and the nitridation

generator in this study utilizes a piezoelectric transducer to 'éaction is incomplete under the conditions reported. Bienert
impart energy to overcome the surface tension of the liquid @nd co-worker® claimed formation of detrition-resistant BN

reagent or its solution. Hence, a first test of the utility of a

pressed bodies using borenitrogen-hydrogen compounds

reagent as an aerosol precursor involves determining itsOf general formula BBl ,Hs3. Curiously, the examples

response to ultrasonic agitation. We find that pure (M80)
(EtO)%B, (n-PrO}B, and (n-BuO)B, MeOH solutions of each
as well as MeOH solutions of B; and HBO; , provide

provided in the patefit described the formation of such
precursors from the reaction of (MeB)and NH; for which
there is no evidence of the formation of an oxygen-free

aerosols that are transported, in a stream of nitrogen gasPrecursor. These incomplete reports encouraged us to

into the reactor hot zone. Each of the (RBYyeagents is
reported to be thermally stable to at least 3%’ and
(MeO)B is said to be stable to 478C.*® Such stability
should favor the occurrence of intermolecular elimination
chemistry between Nfand borates over decomposition of
the (RO}B molecules without nitridation.

The reactivity of trialkoxy boranes toward various Lewis
bases has been examined to a limited exteRertinent to
this study, it appears that (MegB) and (EtO)B form weak
1:1 adducts with several organoamines and ammgnifa.
Perhaps the first report on the combination of (Mg&and
NH; appeared in a U.S. Patent filing by SchecRfarho
claimed the formation of an adduct (MeBj)NHj; in flowing

reexamine the molecular chemistry between (M@3nd
NHs; and attempt to utilize these reagents in an aerosol-
assisted vapor-phase synthesis of spherical BN particles.
During the course of our studies, Bando and co-workers
reported on the use of (Me€B/MeOH/NH; mixtures in a
CVD synthesis of BN. They noted formation of a-Bl—O
precursor solid at 700C that, following further nitridation
under NH at 1100°C, gave spherical BN particlesl &
50—400 nm). As will be described below, this process closely
relates to our aerosol synthesis.

In our studies of the molecular chemistry, mixtures of
(MeO)B and NH;, in 1:1, 1:2, and 1:4 mole ratios, were
prepared by combining the reagents-d96°C and allowing

gas streams of reagents and in azeotropic mixtures ofthe reagents to mix at 23C. In each case, a white solid
reagents. The adduct was described as a colorless, crystallinéormed. The 1:1 compound was fully characterized, and the

solid that sublimed at 45C. It was also noted that the adduct
thermally decomposed with formation of unidentified boron
nitrogen compounds. Soon thereafter, Goubkatireported
on the reactions of (Me@B with NH3; and organoamines.
It was noted that (MeQB and NH; combined between 50
and 23°C to produce (MeQB-NHs; as a colorless, crystalline

1:2 and 1:4 combinations gave the 1:1 compound with
additional ammonia partially adsorbed to the solid. Further
evidence for the adsorption of excess Nbn the 1:1
compound was found in qualitative tensimetric titrations with
NHs. The excess ammonia was reversibly desorbed during
sublimation as evidenced by “hopping” of the solids and

solid. It was further stated that the adduct decomposedPressure build up in the sublimer. The 1:1 compound

between 30 and 300C with formation of MeOH, MgO,

completely sublimes at 48C, forming colorless crystals on

and mixtures of numerous solid compounds characterizedC00! surfaces. The unusual nature of the 1:1 compound was
only by partial elemental analyses. It was proposed that boronfurther revealed in our attempts to characterize samples. All

(17) Steinberg, HOrganoboron Chemistryd. Wiley: New York, 1964;
Vol. 1, Chapter 4. Lappert, M. Zhem. Re. 1956 56, 959.

(18) Makishima, S.; Yoneda, Y.; Tajima, J.Phys. Chenl957 61, 1618.

(19) Urs, S. V,; Gould, E. SJ. Am. Chem. Sod.952 74, 2948.

(20) Schechter, W. H. U.S. Patent 2,629,732, Feb 24, 1953.

(21) Goubeau, J.; Boehm, @. Anorg. Allg. Chem1951, 266, 161.

(22) Goubeau, J.; Link, RZ. Anorg. Allg. Chem1951, 267, 27.

(23) Goubeau, J.; Ekhoff, . Anorg. Allg. Chem1952 268 145.

attempts to obtain satisfactory elemental analyses (C, H, B,
N) were unsuccessful. It became evident that this is a result
of the strong tendency of the complex to partially dissociate

(24) May, F. H.; Levasheff, V. V. U.S. Patent 2,824,787, Feb 25, 1958.

(25) Bienert, K.; Lang, W.; Weidner, H. U.S. Patent 3,711,594, Jan 16,
1973.

(26) Tang, C.; Bando, Y.; Golberg, lChem. Commur2002 2826.
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Figure 1. Molecular structure and atom-labeling scheme for (M80)
NHa.

even at 23C, and static sublimation at 4& is accompanied

by some dissociation. The precarious stability of the complex
is further indicated by attempts to obtdid and'B NMR
spectra in CDGl In a patent, Sall&/ reported aH NMR
spectrum JH(CDCl) ¢ 3.50 (OCH), 1.45 (NH)] for a
material suggested to be the 1:1 complex; however, we have C28
been unable to replicate the spectrifrimstead, we observe o=
that in an open NMR tube NHSs rapidly evolved from the
1:1 complex upon contact with CDgWvhile in a sealed tube

Figure 2. Hydrogen-bonding interactions between (Mg®NH3; molecular

units.
gas bubbles form upon contact of solute and solvent. NMR
spectra H, 1B) of the resulting solutions obtained at 23 Table 2. Selected Bond Lengths (A) and Angles (deg)
and —45 °C show only a resonance assigned to base-free 88—88 %222?&3 gggggg iﬁg%g%
(MeO)B. An infrared spe(_:trum for the 1:1 compound ina 53 3 14132(18) O(3)B(1) 1.4526(17)
KBr pellet shows adsorptions that can be assigned to NH, n(1)-B(1) 1.6243(16)

BN, BO, and CO stretching modes. This spectrum differs ¢(1)-o1)-B(1) 118.0011) C@0@)-B(1) 117.54(11)
significantly from the spectrum reported by Sallay obtained C(3)-0(3)-B(1)  115.16(11) O(2yB(1)-O(1)  109.12(10)
from a Nujol mull2”28and it is possible that samples obtained ~©(2-B(1)-0(@3)  11531(11)  O(1B(1)-O(3)  110.15(10)

in the earlier work contained a product or products from 8%:38;:%3 181:3?88 OBB-N{T) ~ 109.11010)

decomposition of the 1:1 compound as suggested by the . . -
studiespof Goubeau. Attempts ,[F:) obtain the grr?ass Spe():/trumsummanzed in Table 2. The molecular unitis the 1:1 adduct,
of the 1:1 compound by FAB-MS analysis methods were (MeO)B-NHs, in which the B and N atoms hav_e a pseudo.-
unsuccessful. lons due to (MeB)and NH; were observed tetrahedral geometry. The ammonia fragment is little modi-
but none corresponding to a parent ion (Me@®NHs* or " fied from its resting state structure; however, the borate is
its expected fragments were detected. However, a chem-distorted from its base-f'g\ee planar configuratidiihe B-N
L . bond length, 1.624(2) A, is comparable to the-8 bond
ionization (CI) mass spectrum was recorded using isobutane, ) s

() P g length in RB-NH3, 1.60(2) A% but it is longer than the BN

and it showed the presence of iond (- CHg'), (M -+ bond lengths observed in crystal structure determinations for
C4H;"), (M + H™), and (Mf). The observation of these ions 1 2
using this soft ionization method is consistent with the ClgB-NHs (1.579(4) Af* and H‘gNH?’ (1'564(21) A) The
existence of a weakly bound 1:1 complex, (Me®NHs, molecular strgctures °f3!3'NH3 and HB-NHs> have a!so
in the gas phase at 2% above solid samples of the 1:1 been determined by microwave spectroscopy, and in both
compound cases the BN bond length is significantly longer in the gas

i ephase, 1.67(1) and 1.66(2) A, respectively. The shorter

Since the analytical and spectroscopic data do not provid dist in th lid-state struct h b ted
unambiguous characterization of the unusual 1:1 complex, Istances in the sofid-state structures have been suggeste
to arise in response to intermolecular dipotépole attrac-

single-crystal X-ray diffraction analysis was performed. A )
g Y y y P tions3233The average BO bond length in the 1:1 complex,

view of the molecule is shown in Figure 1, and a partial AR
view of the unit cell showing hydrogen-bonding interactions 1.451(2) A, is significantly longer than the-0 bond length

appears in Figure 2. Selected bond lengths and angles ar(?zg) Beach J. Y. Bauer, 5. H. Am. Chem. So0.041 63 1394
(30) Hoard, J. L.; Geller, S.; Cashin, W. Mcta Crystallogr.1951, 4,

(27) Ssallay, S. I. U.S. Patent 4,382,025, May 3, 1983. 396.

(28) Sallay’ reported that théH NMR spectrum of (MeQ)B-NH3 in (31) Avent, A. G.; Hitchcock, P. B.; Lappert, M. F.; Liu, D.-S.; Mignani,
CDClz shows two resonances @t3.50 and 1.45 in an area ratio of G.; Richard, C.; Roche, B. Chem. Soc., Chem. Comm(895 855.
3:1 that were assigned to ®fzand N-H groups. Sallay also reported  (32) Bthl, M.; Steinke, T.; v. R. Schleyer, P.; Boese, &gew. Chem.,
an IR spectrum for the compound claimed to be (M@O)\H3 in Int. Ed. 1991 30, 1160. The structure determination fosBiNH3
Nujol oil with absorptions at 2900, 2840, 2210, 1970, 1450, 1370, was originally performed on powder diffraction data: Hughes, E. W.
1340, 1200, 1050, 960, and 920 cin Given the properties of J. Am. Chem. Sod.956 78, 503.
(MeO)B-NH3; observed in our study, it is unlikely that these (33) Fujiang, D.; Fowler, P. W.; Legon, A. G. Chem. Soc., Chem.
spectroscopic data are representative of (MBE&NHs. It is possible Commun.1995 113.

that the data result from one or more degradation products or an (34) Thorne, L. R.; Sueniam, R. D.; Lovos, FJJChem. Physl983 78,
ammonium borate. 167.
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reported from the early electron diffraction analysis of
(MeO)XB, 1.38(2) A?° This is consistent with distortion of
the boron atom from a planar geometry in the base-free
acceptor to the pseudo-tetrahedral geometry in the complex
The bond lengthening is accompanied by-B-0O bond
angle compression (avg.-€B—0, 111.5).

Several structures containing B(OMe) have been
reported®®3° and it is appropriate to compare the structural
features in the complex with those in the anion. Interestingly,
all of the structures containing B(OMg)show a tetragonally

Wood et al.

excess ammonia over the 1:1 complex stoichiometry through
intermolecular hydrogen bonding, which would be consistent
with the qualitative observation that the solid complex

.appears to reversibly absorb and desorb ammonia.

The thermal stability of (MeQB up to at least 400C in
the absence of Nkl the relatively weak doneracceptor
interaction between (MeGB and NH; at room temperature,
and the observed elimination of MeOH and J@efrom
mixtures of (MeO)B and NH; above room temperature
suggest that the elimination chemistry first observed by

distorted pseudo-tetrahedral anion geometry. In all but one gchechte?? Goubead 22 and May* is intermolecular in

case the distortion may at first be considered to result from
intermolecular interactions or cation coordination to one or
more oxygen atoms. However, in one case, benzyltrimethyl-
ammonium tetramethoxyborate there appears to be no
significant intermolecular or interionic interactions, indicating
that the distortion is intrinsic to the anion. The ranges of
B—O and G-C bond lengths in the anion are 1.4613)
1.473(3) and 1.394(3)1.417(3) A, respectively. Four bond
angles are similar, from 112.4 (2p 113.9 (2, and greater
than ideal, while two, 101.2(2)and 102.9(2), are smaller.
The average BO bond length in the complex, 1.451(2) A,
falls at the low end of all distances reported for the
tetramethoxyborate ion, 1.451.482 A, while the O-C
bond length in the complex is in the middle of the range,
1.391-1.443 A, observed for B(OMg). The bond angles
about the central boron atom are also distorted from ideal
tetrahedral, and the largest distortions involve the BQ§3)
bond vector: N(1}B(1)—0(3)= 101.45 and O(2}-B(1)—
0O(3) = 115.3F.

An additional interesting feature in the structure of
(MeO)B-NH3; appears when the intermolecular interactions
in the unit cell are examined. The structure contains eight
molecules in the unit cell, and the monomeric molecular units
are associated with each other throughtit--O—B hydro-
gen bonds that involve each NHydrogen atom and each
(MeO)B oxygen atom. The H-O distances fall in the range
2.063-2.288 A. It is likely that the extensive network of
hydrogen bonds is largely responsible for the stabilization
of the complex in the solid state. If this is the case, it is not
surprising that the complex readily dissociates when com-
bined with common organic solvents prior to NMR analysis
and fails to produce a parent ion in electron impact mass
spectrometric analysis. Indeed, based upon thélBond
length elongations going from solid-state structures to gas-
phase structures forsB-NH; and HB-NHg, it might be
estimated that the BN bond length in a putative gas-phase
molecule (MeO)B-NH; would be~1.69-1.72 A, which is
outside the normal range of-BN single-bond distances. It
is also worth noting that the unit cell of (MegB-NH;
reveals channels extending along thaxis. It is tempting

to suggest that these channels may loosely accommodaté*l)

(35) Zachariasen, W. HActa Crystallogr.1963 16, 385.

(36) Heller, G.; Horbat, FZ. Naturforsch.1977, 32h 989.

(37) Alcock, N. W.; Hagger, R. M.; Harrison, W. D.; Wallbridge, M. G.
H. Acta Crystallogr.1982 B38 676.

(38) Al-Juaid, S. S.; Eaborn, C.; El-Kheli, M. N. A.; Hitchcock, P. B.;
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nature and the reagents should be useful as precursors in an
aerosol reactor synthesis of BN.

In the aerosol powder synthesis the nitridation of (M)
aerosols in NH/N, gas mixtures is performed in two stages
due to the relatively short particle residence time in the
reactor flight tube. The first stage involves generation of
aerosol droplets of neat (MegB) that are transported in a
nitrogen gas stream from the aerosol generator into a
horizontal pyrolysis flight tubé?* Ammonia gas is sepa-
rately injected into the reaction zone, and the pyrolysis
product, BNO,C,,** a white to cream colored solid, is
collected on an impact or a bag filter at the exit end of the
reactor flight tube. The primary experimental reactor vari-
ables studied were temperature, total gas flow rate, and the
NH3/N, flow rate ratio. These factors are found to dramati-
cally impact the composition of powders and their subsequent
nitridation performance. Under the conditions reported here,
the reactor provides 95100% recovery of boron as B&,C,
based upon (MeGB injected into the reactd? This
conversion is superior to the ;BOs/H,O/NH; aerosol
system® where the solid products contain a significant

(40) Although no effort was made to obtain reaction kinetic data for the
(MeO)/NH3 system or deduce the details of the mechanism of
substituent group elimination, the general features of the elimination
chemistry reported in part by Goubé&&?® and May and Levashéff

have been confirmed. In static reaction containers, solid samples of
the 1:1 complex are clearly in equilibrium with (MeB)and NH; at

23 °C as noted in the text. Solid samples of the complex have been
stored in sealed containers fer2 years at 23C with no sign of
decomposition via elimination. At temperatures above 200gas-
phase mixtures of (Me@B and NH; very slowly deposit a white solid,

and above 400C the solid deposition appears over days along with
measurable MeOH formation. In a flowing gas reactor tube held at
600°C, (MeO}B and NH; typically pass through the reactor without
significant conversion and are recovered as the adduct following
condensation in a cold trap at the reactor exit. The lack of conversion
is probably due to a short residence time in the reactor hot zone where
the gases may not reach the set temperature of the tube. Above this
temperature a white solid deposits on the cold walls of the tube outside
the hot zone. This is consistent with the aerosol process described
here and the CVD studies of Bando and co-workérEhese results

and the aerosol transformation chemistry appear to be most consistent
with facile intermolecular substituent group elimination processes
starting with (MeO)B and NH; as opposed to intramolecular
eliminations originating from the weak adduct (MeB)NHs.

The solid products harvested from the aerosol reactor are generally
referred to as BND,C, wherex, y, andz vary depending upon reactor
process parameters. These products contain small amounts of hydrogen
as well. These products are also referred to as stage 1 products and
are the solid-state precursor for stage 2 calcinations that produce BN
containing low levels of O, C, and H impurities.

In a typical experimental run at 140Q with N; flow rate (2 L/min)

and NH; flow rate (3 L/min) held constant-18.6 g of (MeO)B
aerosol was injected over 15 min into the reactor amtl3 g of
BNxO,C; powder was recovered on the impact filter. On the basis of
the elemental analysis of the product, this corresponds-33%
recovery of boron.

(42)
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60.0 ¢ amount of oxygen in the B{D,C, powders is significantly

I SlE less than that in the B{D, powders.
e \ The BN(O,C, stage-one powders were characterized by
thermal gravimetric analysis (TGA), oxygen elemental
analysis, density, surface area determinations, diffuse re-
0 e RN S NP B R RS flectance FT-IR, powder X-ray diffraction (XRD), and
700 900 1100 1300 1500 1700 scanning electron microscopy (SEM). In some cases, full
Temperature (°C) elemental analysis data (B, N, C, H) were obtained as well.
Figure 3. Variation of oxygen content (wt %) in Bj®,C, (W) and BN.Oy As indicated in Figures 3 and 4, the B)C, powders
(a) aerosol sam_ples as a function pf process temperature with gas flow typically show oxygen contents in the range 3 wt %.
rates N = 1 L/min and NH = 3 L/min. . .
For samples with full analyses, the following ranges were
observed: B, 3241 wt %; N, 32-46 wt %; C, 0.2-1.1 wt
. %; H, 0.5-2.0 wt %** As expected, higher reactor temper-
20 atures give lower wt % values for O, C, and H and higher
wt % values for B and N. The density of powders range
from 1.55 to 2.1 g/crhcompared with the values of 2.20
o : : g/cn? for pure h-BN and 1.80 g/cfrfor B,Os. In general,
0.00 2500 5000  75.00  100.00 the powder density increases with increasing reactor tem-
Rercaat Ammania perature and increasing mole fraction of Nk the gas
Figure 4. _Variation of oxygen content (Wt_ %) in_BIQ)yCZ aerosol samples process stream. The DRIFT-IR spectra fOISBl}CZ powders
as a function of NH concentration (% Nglin Ny) in process gas stream at .
1400°C. show a broad, very strong absorption centered at 1418,cm
a sharp, medium intensity band at 808 ¢mand a broad
amount of BOs; under some process conditions, some of Very weak absorption spanning the region 356200 cn*.
which escapes without nitridation. Depending upon temper- The lower frequency band pattern is very similar to that
ature and flow rate in the (MeGB/NHs; system, the  displayed in the spectrum by h-BN sampl¢s-1370 and
production rate of collected powder is 8:1 g/min, which ~ ~810 cn1?); however, the breadth and up-frequency shift

is 50—100 times the rate of formation of the BB} precursor ~ Of the strong band at 1410 cthand the weak band at 3560
from the boric acid system. 3200 cm! are consistent with the presence of8 and

O—H bonds resulting from incomplete nitridation and/or
system is revealed in plots of BS,C, wt % oxygen adsorbed water. Powder XRD scans for the samples, in all
composition vs reactor temperature. A typical plot (Figure Cases, show two moderately broad reflections centered at 2

3) for the (MeO)B/NH; system M) for the flow rates N = = 24.7°. and 43.2. These scans are similar although of
1 L/min and NH = 3 L/min® show a steady decrease in 9réater intensity than those reported for the@wadgrs
the wt % oxygen content with increasing temperature of the obtained in the EBOy/H,0/NH; aerosol systertt. Scanning
reactor tube. Similar graphs are obtained using a range of€l€ctron microscopy analysis of the BC, powders shows
N,/NHjs ratios (1/7 to 7/1), total flow rates (1 to 8 L/min), the formatl_on of smooth, spherically s_hape(_j partlcles_wnh
and reactor tube temperatures (8a%G00°C) that result in ~ diameters in the range 6:2 um. A typical micrograph is
estimated aerosol particle residence times in the reactorShown in Figure 5. In many samples the SEM micrographs
between 120 and 10 s. It is also noted that at a fixed Show that there is a greater degree of primary particle
temperature, wt % oxygen contents in the,B)C, powders ~ @gglomeration than observed with either the aquea
steadily decrease as the gas mixture becomes richer in NH NHa'? or the agueous guanidinium borate/fHsystems.
This is illustrated in Figure 4 for a series of powders collected This is very likely an outcome of the high concentration of
at 1400°C with a total flow rate of N+ NHz = 4 L/min. boron precursor in the (Me@B/NH; system.

As noted above, the conversion performance in the Although the process described above for formation of
(MeO):B/NH; system is superior to that in thesBiOs/H,0/ BNxO,C, particles is superior in production rate and oxygen
NHs system. Not only is the powder production rate much content compared to the aqueousBE/NH; system, a
higher in the (MeO)B/NH; system, but the absence of water Second-stage pyrolysis is still required in order to obtain BN
in the aerosol and in the borate decomposition/nitridation particles having low oxygen and carbon contents. Prior to
chemistry eliminates the deleterious high-temperature back-€xamining the second-stage nitridations of8JC; particles,
reaction of steam with the formation of B®,C, particles. the materials were examined by thermal gravimetric analysis.
The lower oxygen content signifies greater conversion to BN Typical scans obtained with nitrogen purge (40 mL/min) are
in the first-stage process. The onset of the back-reaction inshown in Figure 6 for BNO,C, samples prepared at 1100,

the HBOJ/H,O/NH; system &) at 1306-1400 °C is 1300, and 1500C (N, = 1 L/min, NH; = 3 L/min). The
illustrated in Figure 3. Under all conditions studied, the 1100°C material shows two weight-loss events in the ranges

20.0 4

Percent Oxygen

30

10 -

Percent Oxygen

The improved conversion efficiency in the (MeBJNH;

(43) The flow rates quoted in this study correspond to gas flow ratgs (N (44) As examples, the analysis of a BR)C, sample prepared at 140C

and NH) at the front of the reactor. The effective total flow rate in with gas flow rates W= 1 L/min and NH = 3 L/min gave B 41.11,
the hot zone and hence the particle residence time is influenced by C0.89,H1.08, N 45.12, O 8.3, and the analysis of a sample prepared
the decomposition and reaction of Mind formation of gaseous at 1000°C with gas flow rates W= 0.5 L/min and NH = 0.5 L/min

byproducts, e.g., MeOH in the reactor. gave B 27.24, C 0.59, H 1.22, N 35.61, O 22.6.
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Figure 7. TGA traces for BNO,C, powders prepared at 1106C under
N2 (red) and NH (black) purge (30 L/mint 20 mL/min; 40°C/min).
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65 different. Most importantly, the dramatic weight loss above
50 200 400 600 80O 1000 1200 1400 1500 1200°C is absent when ammonia is present since nitridation

instead of BO; volatilization is taking place.

0
Temperature (°C) On the basis of these findings second-stage nitridations
Figure 6. TGA traces for BNO,C, powders prepared at 1100 (red), 1300  of BN, O,C, samples were undertaken. Samples were placed
(green), and 1500C (black). Traces recorded under nitrogen purge (50 ina bt)?énznitridpe crucible. and the sam Ies were healljted to
mL/min; 40 °C/min). ) p

1200-1600°C under a slow purge of NH0.5 L/min). The

50—200 (~4%) and 1206-1450°C (~25%). It is assumed  same general results are obtained in each case, but the rate
that the first event corresponds to dehydration eBE; of transformation is faster at higher temperatures. Charac-
present as a low-level impurity or perhaps methanol loss from terization data presented here are for samples nitrided at 1600
an incompletely converted boron oxide methoxide species °C. Elemental analyses show nearly complete nitridation/
while the second event probably results from volatilization conversion to BN with O, C, and H contents less than 1 wt
of borate trapped in the solid. In fact, a TGA scan faBB; %.4 The macroscopic weight losses during nitridations are
shows two weight-loss events in the ranges-800 (42%) 10—25 wt %, in agreement with the TGA data. The densities
and 1156-1400°C (45%). The first is due to dehydration, ~Of the powders fall in the narrow range of 2:2.2 g/cnd,
and the second corresponds teOB volatilization. It is and the BET surface areas are typically B n¥/g. The
obvious that both losses are greatly reduced in the 1300 andPRIFT-IR spectra (Figure 8) of nitrided samples show a very
1500°C materials, which is consistent with a greater degree strong band centered at 1467 tnthat is sharper than this
of starting material transformation/nitridation and concomi- absorption in the precursor B8,C, material. In addition, a
tant reduced oxygen contents in the B)C, aerosol samples ~ sharp characteristic absorption centered at 81I'cis
formed at higher pyrolysis temperatures. present and the weak, high-frequency band in the region
The TGA of a BNO,C, sample obtained at 110C was 3500-3200 cn1! is absent, supporting the conversion of
also recorded under an NHburge (20 mL/min of NH + unreacted B-O—H and B-N—H bonds. The powder XRD

30 L/min of N), and that trace is shown in Figure 7

overlayed on the trace obtained unererrge. The initial (45) As an example, the analysis of a second-stage sample, obtained from
. ° . . calcination of stage 1 sample prepared at 1900gave B 43.68, C
weight-loss event (56200 °C) in the two samples is 0.60, H 0.96, N 55.69, O 0.73. This sample displayed a measured

essentially identical, but the remaining behavior is quite 14.5% mass loss.
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Figure 9. Powder XRD scan for BN aerosol particles obtained from
nitridations of BNO,C; at 1600°C under NH (0.5 L/min).

Figure 11. TEM image of BN particles from nitridations of B&®,C; at
1600°C.

As a result, these precursors do not offer a practical
improvement over (MeQB. In another approach an azeo-
tropic mixture (70%) of (MeQB in MeOH was examined
as a starting aerosol solution. The mixture forms a useful
aerosol, and pyrolysis at 1000{N- 0.5 L/min, NH; = 3.5
L/min) and 1400°C (N, = 0.5 L/min, NH; = 3.5 L/min)

gave tan and white powders with oxygen contents of 18.6
and 9.8 wt %, respectively. Subsequent calcinations at 1600
Figure 10. SEM image of BN particles from nitridations of B&,C, at °C under NH gave white solids with oxygen contents of
1600°C. 0.8 and 0.9 wt %, respectively. The SEM micrographs for
pattern (Figure 9) is sharpened, relative to the,BJC, these solids show the presence of lightly agglomerated BN

precursor (2 = 25.7 and 42.3), but is still indicative of particles much like those shown in Figure 10.
turbostratic BN. The SEM micrographs (Figure 10) of the It is known that mixtures of EBO; or B,O3 in MeOH
BN particles show that the particles retain the general size produce (MeOB when heated’ Since these boron reagents
and spherical morphology of the RB,,C, particles shown are less expensive than commercially prepared, reagent-grade
in Figure 5. A transmission electron micrograph (TEM) (MeO)B, MeOH solutions of HBO; (8:1) and BO3 (12:1)
(Figure 11) shows that the particles develop a “crumpled were explored as feedstocks. These solutions form aerosol
aluminum foil ball” surface structure that is different from streams, and each produces flowing cream to white colored
the very smooth surface nanostructure reported in our earlierBN,O,C, aerosol powders at 1000 and 140D (N, = 0.5
work on the aqueous BOs/NH; systemt? L/min, NH3; = 3.5 L/min). Analyses for these samples give
Given the very high production rates and low oxygen oxygen contents in the range 285%, comparable to the
levels for BNO,C, powders produced in the solventless oxygen contents in the B9,C, solids obtained from neat
(MeO)B/NH3; system and the subsequent facile, high-yield (MeO)B aerosols. SEM analyses show that the powders are
conversion to spherical BN patrticles, this process representscomposed of unagglomerated spheres in the size rang®0.5
a very significant advancement for the production of these um typically “dusted” with fine particles. The fine particles
unigue particles. Nonetheless, the observation that somelikely result from violent fracture of hollow particles formed
samples show particle agglomeration led us to examinein the process. Subsequent second-stage nitridations at 1600
several additional modifications on this system. In one °C give BN samples with oxygen contents of 686 wt
modification the use of (EtQB, (n-PrO}B, and (n-BuO)B %. These products are no longer free flowing but are obtained
as the boron starting material was examined. It was initially as a sintered mass that must be ground for subsequent XRD
thought that the increased organic carbon present in the alkyland SEM analyses. Powder XRD analysis provides evidence
groups would deposit additional carbon in the first-stage for formation of turbostratic BN. The SEM analyses show
aerosol BNO,C, powders and further facilitate carbothermal spherical particles embedded in “webs” of BN. The resulting
reduction/nitridation in the second stage. Indeed, thesesurface areas for these materials 3@ n?/g) are ap-
systems generate B®,C, materials having higher carbon proximately 10 times greater than those found for the neat
contents ¢10%), but the agglomeration issue is not im- (MeO)B aerosol materials and the densities-115% g/cng,
proved and the nitridation rate is not dramatically improved. are reduced from the materials obtained from neat borate.
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These powders may prove useful for future applications, but process. Further studies of this system incorporating additive
they are not attractive for use as dense filler particles in combinations that produce ceramic composite materials are
organic polymer composites. in progress.

In conclusion, this study shows that neat trimethyl borate,

(MeO)B, serves as a good aerosol feedstock when combined Acknowledgment. Financial support for this study was
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