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Abstract. Boron NMR and NQR studies have been performed on three icosahedral borides:
«- and B-rhombohedral boron and boron carbide {8z). Two !B NMR peaks, separated by
significant chemical shifts in the range from 130 ppm to 280 ppm, were clearly observed for all of
the icosahedral borides that were not enriched iftBésotope. A single peak, however, was found

for the'%B enriched boron carbide powder (90.6 at.% enrichment.) Moreover, the peak separation
in the1'B NMR spectrum for the unenrichggtboron was reduced when the sample was crushed
into a fine powder. In addition to NMR responses, four strong NQR responses were observed
for boron carbides from different manufacturers. Two resonance signals, observed at 513 kHz
and 2769 kHz, correspond to one of the icosahedral boron sites and the boron in the CBC chain,
respectively. The other two NQR responses, having frequencies of 361 and 380 kHz, are either
108 responses for the chain site BB responses for the other boron sites in the icosahedra. The
NQR responses are not only consistent with the previous NMR studies performed independently
by Silver and Bray (1959. Chem. Phys31 247) and by Hynes and Alexander (1971Chem.
Phys.545296, 1972). Chem. PhysErratum56), but also provide much higher accuracy for the
values of the quadrupolar parameters.

1. Introduction

Boron carbides are very important materials for structural applications because of their
hardness, wear resistance, reasonably low density and very low thermal conductivities.
Also, because of their very high melting temperatures (up to 2@p0and their electronic
transport properties, the boron carbides are exceptionally good very-high-temperature p-type
thermoelectric materials [1]. Despite their extensive use, the structures of these materials have
not been determined with certainty. Since Silver and Bray [2] determined by NMR the existence
in B12,C3 of a boron atom at the centre of what had been thought to be a three-carbon chain
(-C-C—-C~-) in the rhombohedral unit cell, several investigations have supported that result. In
the present study, both NMR and NQR (nuclear quadrupole resonance) methods are used for
structural studies of BCs and other icosahedral boron-rich solids suclxatombohedral

boron and3-rhombohedral boron (i.e8-boron). Strong NQR responses were obtained from
boron atoms in the C-B-C chains in4&3, along with several other NQR responses from
boron atoms in the icosahedra. These NQR results are consistent with the NMR studies by
Silver and Bray [2], and those by Hynes and Alexander [3]. In additié®,NMR in two
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Figure 1. Structure of an icosahedron: six atoms in the equatorial sites, specified by ‘e’, form a
staggered belt around an equator of the icosahedron and the other six atoms are in the rhombohedral
sites.

different fields, 1.17 and 7.05 Tesla, revealed the possibility of chemical shifts due to two
distinct boron sites in the icosahedra. The two different fields were also used in order to obtain
structural information from'B NMR spectra fow-rhombohedral boron ang-boron.

2. The structure of boron

Three forms of crystalline boron are known to exigtrthombohedral boron (B), «-tetragonal

boron (Bsp) and g-boron (Bys). (The subscript number to the right of an atomic symbol
indicates the number of atoms in a unit cell.) Since an icosahedron is the basis of the
a-rhombohedral boron (B) structure, thex-tetragonal boron (&) structure,8-boron (Bygs)

and boron carbides (B.,,C,, 0.1 < x < 0.2), the icosahedral structure will be reviewed here.
The icosahedra in these borides have two types of site, labelled ‘r’ and ‘e’ in figure 1. The
rhombohedral site is denoted by ‘r’, and ‘e’ indicates an equatorial site. The rhombohedral
site is coordinated to another icosahedron, while the equatorial site either contributes to a
three-centre bond (im-rhombohedral boron (B)) or is coordinated to a terminal atom in the
chain site along the body diagonal of a rhombohedron (in some boron pnictides and boron
carbides). Fivefold axes of symmetry pass through all of the vertices of an ideal icosahedron,
but that symmetry is only approximate for the actual materials discussed here.

3. The structure [4] of a-rhombohedral boron (B12)

a-rhombohedral boron (B) has 12 boron atoms in a unit cell: half of the boron atoms (those

in the rhombohedral sites) are bonded to other icosahedra (six-coordinated borons), and the
other six boron atoms (those in the equatorial sites) form three-centre bonds. Eighticosahedra
form a rhombohedron as shown in figure 2. The structure-dfombohedral boron (B) is

very important since it contains the basic icosahedral framework of boron-rich solids such as
B-boron, boron pnictides and boron carbides.
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Figure 2. Structure ofx-rhombohedral boron: eight icosahedra, which have boron atoms on all of
their vertices, form a rhombohedron.

(2) Ba subunit (b) By, subunit

Figure 3. The structures of two subunits f6rrhombohedral boron [B5 or Bg4(B1oB B1o)]. The
two subunits are thed3 subunit (a) and the B subunit (b).

4. The structure of 3-boron

The structure [5] of8-boron Byps can be visualized as (8 (B1oBB1g). The Bgs subunit

(figure 3(a)) consists of an icosahedron bonded to 12 half-icosahedra at the 12 vertices of
the icosahedron. In the rhombohedral cell, ong 8ibunit is located at each vertex of the
rhombohedron. Within the rhombohedral cell along the diagonal axis ag8BBp) groups.

Figure 3(b) displays the § subunit. Five different boron sites are expecteddroron. Two

sites are expected within thgBsubunit: one, a six-coordinated site (site 1 in table 1), in the
rhombohedral position in the icosahedron, and the other (site 2), possibly a six-coordinated
site, in the equatorial position. In the@subunit there are three sites: the nine atoms on
the pentagonal faces are eight-coordinated (site 3); the centre boron atom is nine-coordinated
(site 4) and along the diagonal axis within the rhombohedral unit one boron atom which has
an octagonal symmetry is located in between twg ®ibunits (site 5). The site information

is summarized in table 1.
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Table 1. The boron site information fg8-rhombohedral boron.

Site Number of boron atoms  Coordination  Boron atom proportion (%) in unit cell

1 48 6 45.7
2 36 & 34.3
3 18 8 17.1
4 2 9 1.9
5 1 a 1.0
a Uncertain.

5. Structure of the boron carbides

Structures of the boron carbides have been in controversy for about a half century [6, 7]. The
boron carbides (B,C,) exist as a single-phase material over a significant range of carbon
concentration, @ < x < 0.2[8-10]. The present study is restricted to the case=6f0.2, i.e.,
B12,C3 or B4C. (The single-phase region of boron carbides extends only to about 19—-19.5 at.%
carbon, but the conventional formula &3 with x = 0.20 will be retained in this paper.)
X-ray studies by Zhdanov and Sevast'yanov [6] and by Clark and Hoard [11] have determined
the boron carbide structure and have obtained two distinct boron positions, denpt@ai6h
6h,. According to the latter workers, the structural units of boron carbide are composed of a
linear chain of three carbon atoms and a group of 12 boron atoms located at the vertices of an
icosahedron. A boron atom in the position is bonded to five neighbouring boron atoms
in the icosahedron and to one carbon in the chain position, termed the 2c position. A boron
atom in the 6h position is bonded to five neighbouring boron atoms in the icosahedron and
to another boron atom in an adjacent icosahedron. Hence, the two icosahedral sites for boron
carbides, 6hand 6h, are located at the equatorial and rhombohedral positions, respectively
(see figure 1). An earlier NMR study [2] showed that a boron atom is in the centre of the
three-atom chain; that is, the chain is a (CBC) chain rather than a (CCC) chain. This boron
site is termed the 1b site. The substitution of a boron atom for a carbon atom in the centre of
the CBC chain suggests that a carbon atom is present within the icosahedp&af 11C)
(CBC). Analyses [7, 12, 13] of spectroscopic, structural and electronic transport data as well
as considerations of the free energies of boron carbides [14] show that the icosahedra of boron
carbides preferentially retain a carbon atom even as the carbon content is reduceg,ftem B
When one accepts the existence of the (CBC) chain rather than the (CCC) chain, the
structure of the icosahedron imE; becomes complex since a carbon atom goes into an
icosahedron to make (BC)(CBC) (see figure 4). In terms of boron sites, there will be
two possibilities: the carbon atom can exist in either the 6hthe 6h site. In either
case, five boron sites could be expected: one from the CBC chain and the others from each
icosahedron. However, evidence from Raman spectra[13, 14] and x-ray diffraction refinements
[15] suggests that carbon and other heteroatoms in boron icosahedra preferentially reside within
the rhombohedral sites, &h
Having a carbon atom in the icosahedron in a §ike, boron atoms in the rhombohedron
experience many local environments. One site is the 1b site in the centre of the CBC chain.
The rest of the boron sites are located in the icosahedron and differ in both their crystal site
and in their neighbouring atoms. One site is the Site which links five boron atoms in the
icosahedron and the carbon atom at the CBC chain site; one site isitis#te3lvhich links
four boron atoms in the icosahedron, a carbon atom in the CBC chain and the carbon atom
in the icosahedron; one site is the,3ite which links 5 boron atoms in the icosahedron and
either a boron atom in an adjacent icosahedron or a carbon atom in an adjacent icosahedron;
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Figure 4. The structure of boron carbide {BC3 or B11(CBC)]. The small white circles are borons
in the 6b sites (or the equatorial sites); two large white circles are carbon atoms in the CBC chain
and the large black circle in between the two large white circles is a boron atom in the 1b site.

Table 2. Boron site information for B,Cg3 in the case of a carbon atom in thex@ite. All of the
numbers from the second column of the sixth column describe the numbers of participating atoms.
Definition of the symbols in the table: B means the number of boron atoms in the particular type
of site (e.g., the 1b site); 1-B means the number of boron atoms (either in the same or another
icosahedron) linked to a boron in the designated site; 1-C means the number of carbon atoms (in a
CBC chain or in the same or another icosahedron) linked to a boron in the designated site.

1-Bin the 1-B in another 1-Cinthe 1-Cinthe 1-C in another

Site B icosahedron icosahedron CBC chain icosahedron icosahedron

1b 1 0 0 2 0 0

3y 3 5 0 1 0 0

3 3 4 0 1 1 0

3hp 3 5 s 0 0 s

20 2 4 g 0 1 g

aThe designated site links either a boron in an adjacent icosahedron or a carbon atom in an adjacent
icsoahedron.

one site is the 2Zhsite which links four boron atoms in the icosahedron, the carbon atom in
the icosahedron and either a boron atom in an adjacent icosahedron or a carbon atom in an
adjacent icosahedron. This site information is tabulated in table 2.
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Each of the various boron bonding configurations noted above can produce its own unique
set of electron distributions at the various boron sites. Since the electron distribution determines
the chemical shift of the NMR response from the boron at a particular site, the total NMR
spectrum of the material may consist of a complex of individual responses (if the differences
in chemical shifts between sites are sufficient to permit resolution of the responses from each
other).

6. Previous NMR studies of B,C3

Silver and Bray studied a single crystal of boron carbide@) by NMR [2]. The strong
observed resonance varied in frequency as the crystal was placed in various orientations
in the magnetic field, a situation arising from the interaction of ‘tH nuclear electrical
quadrupole moment with the gradient of the electric field at the nuclear site. Analysis of
the spectrum as a function of crystal orientation showed that the nuclear site is on the axis
of the previously labelled ‘C—C-C chain’, and that most or all of the chain sites in the
rhombohedra are CBC rather than CCC. The values of the quadrupole coupling constant
0., and the asymmetry parametgfor boron atoms in the centres of the CBC chains, or the

1b position, are 8+ 0.02 MHz and 0, respectively, at room temperature. (The quadrupole
coupling constan®... = ¢?q Q/h whereQ is the nuclear electrical quadrupole moment and

q = V... V is the electrical potential at the nuclear site from charges outside the nucleus, and
Vyex, Vyy @andV,, whereV,, = 92V/dx? are the components of the electric field gradient (EFG)
tensor at the nuclear site in the principal axis system of the tensor. The asymmetry parameter
n = (Vix — Vyy)/ V. is @ measure of the departure of the EFG from cylindrical symmetry,
and 0< n < 1.) Hynes and Alexander [3] confirmed that the chain inside a rhombohedron is

a CBC chain rather than a CCC chain. Th@y:. value of the 1b site was 5.48 MHz at room
temperature.

7. NOQR studies

In the absence of an applied magnetic field, the quadrupole interaction (whose strength is
given byQ..) will set up a system of energy levels, and transitions between those levels can be
stimulated and monitored as in standard NMR experiments. This ‘zero-field NMR’ or ‘nuclear
electrical quadrupole resonance’ (NQR) can be carried out for boron. For a nuclear—_sgn

(the case for thé'B isotope) an NQR transition frequengy is calculated from the following
equation [16]:

2
Vg = QZ“,/1+%. 1)

Then the NQR transition frequency of the 1b site is expected toa##420.01 MHz at room
temperature. NQR studies of £ 3 are reported later in this paper.

8. Sample preparation

a-rhombohedral boron was supplied as a reddish chunk by Dr G P Tsiskarishvili of the Institute
for Metallurgy in Thilisi, Georgia.s-boron and'°B enriched B,C3z was prepared by one of

the authors (TLA). B,C3 powder enriched to 90.6 at.% in tH&B isotope was obtained
from Eagle—Picher Industries. The powder was annealed at°T8%@r 4 h in a \acuum

of 1 x 10~* Torr, then cooled to room temperature in gettered argon. The hexagonal unit
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cell parameters determined by x-ray powder diffraction= 5.603 A andc = 12.078 A,

and the Raman spectra of the sample were consistent with the annealed sample having
a carbon concentration neag 3. A B1,C3; powder sample having the natural isotopic
abundance of boron was prepared in our laboratory from high-purity starting materials using
procedures described elsewhere [17]. (This material will be referred to as the ‘high-purity
B1,C3 powder’ throughout this paper.) Five commerciab®; powders were obtained from
different manufacturers: Alfa, Atomergic, Fluka, ICN and Pfaltz and Bauetetragonal

boron was not available for the studies reported here. A portion gftheron sample was
crushed into a fine powder.

9. Experiment

The !B NMR static spectra were obtained ferrhombohedral ang-boron and all boron
carbide samples'{B enriched and unenriched and five commercigi® powder samples)
by CW (continuous wave) NMR, operating at 16 MHz and 1.17 T, and by pulsed FT (Fourier
Transform) NMR, operating at 96.3 MHz and 7.05 )8 MAS-NMR spectrum was collected
for one commercial sample (from Pfaltz and Bauer Chemical Company) at a spinning rate of
5kHz using the pulsed spectrometer (a Bruker MSL-300 FT-NMR instrument). The parameters
for the pulsed unit were as follows: a pulse length of 15 a delay time of 10-20s and
a repetition time of 1 s. For CW-NMR, a Varian V-4200B wide-line spectrometer was used
along with a Nicolet 1170 signal averager. All of tH& NMR spectra were recorded at room
temperature with a reference liquid of trimethyl borate (§ChtB) employed for measurement
of chemical shifts.

Since the NQR experiments require a large volume of samB6€ fnl), the NQR method
was employed only for the five commercial B3 powders. All of the NQR responses were
detected at 77 K using a Robinson-type [18] CW-NQR spectrometer [19].

10. Results

The!'B NMR spectra foe-rhombohedral ang-boron obtained at 7.05 T revealed two peaks
separated by 130-280 ppm (see figures 5 and 6). The two peaks for the Sdaosen
powder (figure 6(a)) were found at 114.4 and50.2 ppm with respect to th€'B reference
frequency for trimethyl borate, while those for the fifidoron powder (figure 6(b)) appear

at 66.8 and—109.3 ppm. In addition, thé'B NMR derivative spectra obtained at 1.17 T
for «-rhombohedral boron and the figgeboron powder revealed asymmetric peaks, and their
integrated spectra showed a single broad peak (see figure 7). Figure 8(a) displaBs\iR
spectrum for the high-purity BCs powder at 7.05 Tesla: two peaks were centred 26.9

and 47.8 ppm. The same lineshape was observed for a commergialfdwder (from Pfaltz

and Bauer) at 7.05 T (figure 8(b)). Figure 9 illustrates’fB2CW-NMR spectra (1.17 T) for

the high-purity B,Cz powder: an asymmetric central peak is seen together with two smaller
peaks, appearing at abouB800 and 5400 ppm. A MAS-NMR spectrum (figure 10) for the
commercial B,C3 powder revealed a single peak near (29 ppm along with spinning sidebands.
Figure 11 displays thé'B static NMR spectrum obtained at 7.05 T f8B enriched B,Cs
powder: a dominant peak, nea3.1 ppm, is seen along with two smaller peaks, appearing
at 311.9 and-314.3 ppm. The line width of the intense peak, appearing28.1 ppm, is
reduced as compared with that of the central line (which is partially resolved into two lines) for
the unenriched sample (figures 8(a) and 8(b)). The NMR data for this work are summarized
in table 3.
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Figure 5. 1B NMR spectrum fora-rhombohedral boron at 7.05 T obtained with the Bruker
MSL-300 spectrometer. The two peaks are well separated.

(a)

Coarse Powder

(b)

Fine Powder

3000 1500 1000 500 0 <500 -1000 -1500 -2000
PPM

Figure 6. 1'B NMR spectra for the coarse (a) and fine felhombohedral boron powders obtained
at 7.05 T using the Bruker MSL-300 spectrometer. Asfshombohedral boroninfigure 5, the two
peaks are well resolved: two peaks for the cogrseombohedral boron powder appear at 114.4
and—1502 ppm, and those for fing-rhombohedral boron powder appear at 66.8-at689.3 ppm.

The boron NQR spectrum (figure 12) for the commercigd® powder (from Pfaltz and
Bauer) revealed a strongB response at 2768.9 kHz and several other responses at lower
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Figure 7. 1B NMR responses in both derivative (top) and integrated (bottom) lines for
a-rhombohedral boron at 1.17 T using the slow passage technique. The derivative line is clearly
asymmetric whereas the integrated line, produced by integrating the derivative line on the signal
averager, does not show the asymmetry as clearly. (This is generally the case with NMR spectra;
asymmetry is more evident in the derivative.) The lineshapes for thggfitmbohedral boron
powder are the same as thesedethombohedral boron.

Table 3. NMR data obtained fromi!B NMR spectra for icosahedral boron-rich solids: the peak
positions were measured in ppm (parts per millio@)B is «-rhombohedral borong-B (a) and
(b) are the coarse and filerhombohedral boron powders, respectively.

Peak locations (ppm)  Peak separation (KHzAvEw gy (KHZ)

Sample at7.05T at7.05T atl1.17T
a-B 48.0,—83.2 12.6 26.2

B-B (a) 114.4-1502 25.4 not tried
8-B (b) 66.8,—1093 17.0 15.2
B12C§ 47.8,—96.9 13.9 17.8
108,,C —23.1 10.6(Avpwam)© 8.6

@ High-purity unenriched BCs.

b 108 enriched boron carbide (enrichment of 90.61 at.%).

¢ Since only a single intense peak was obtained, the FWHM (full width at half maximum) was
measured instead of a peak separation.

frequencies. All five commercial B8C3; powders had the same strohdB response within
6 kHz of that of the Pfaltz and Bauer sample. Other noticeable boron NQR responses, shown



4444 D Lee etal

47.8 | |-96.9
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(a)
(b)
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PPM
Figure 8. 1B NMR spectra for unenriched highly purified (a) and unenriched commercial (b)

boron carbide (B,C3) were obtained at 7.05 T using the Bruker MSL-300 spectrometer. The two
spectra have the same lineshape and reveal at least three possible boron sites.

~—

!y{»x‘11u|x|]||

-20000 0 20000 ~-20000 0 20000
PPM

lll)lll’tlll[!l

Figure 9. 1B NMR responses for the unenriched highly purifiegh® at 1.17 T obtained by

the slow passage technique. A derivative line (left) is shown together with its integrated spectrum
(right). The central line, which is clearly asymmetric in the derivative spectrum, is accompanied
by smaller response on both sides of the central line.

in figure 12, were found at 361, 380 and 513 kHz. Because of the resemblance between the
1B NMR spectra at 7.05 T for the high-purity B3 powder and the unenriched commercial
B1,C3 powder from Pfaltz and Bauer as shown in figures 8(a) and 8(b), only the spectra for
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-29.3

PPM

i { L

800 600 400 200 0 -200 -400 -600  -800
PPM

Figure 10. 1B MAS-NMR spectrum for unenriched commercial 83 (from Pfaltz and Bauer)
with a spinning rate of 5 kHz at 7.05 T. All the peaks except the strongest one are the spinning side
bands.

-23.1

311.9 -314.3

PPM

i x L I ) 1 . i 4 i 5 i L L i i i i
2500 2000 1500 1000 500 O  -500 -1000 -150C -2000
PPM

Figure 11. 11B NMR spectrum fof°B enriched (enrichment of 90.6 at.%) £3.

the Pfaltz and Bauer sample are displayed and discussed in this paper. The materials from
the other commercial suppliers may possibly contain significant amounts of impurities (e.g.
amorphous carbon) or be non-stoichiometric.
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Figure 12. The complete set of boron NQR responses obtained for the unenriched commercial
boron carbide from Pfaltz and Bauer. The inset with an expanded frequency scale is included to
show the details of the resonances in the 300 to 550 kHz range.

11. Discussion

Inaddition to displaying two peaks at 7.05 T (figures 5, 6(a) and 6(by}-fblombohedral boron

and the coarse and firgzboron powders, derivativeB NMR lines at 1.17 T (figure 7) are
asymmetric suggesting the possibility of two distinct boron sites. The two sites are tentatively
identified as the equatorial and the rhombohedral sites in the icosahedra. Since the two well
resolved peaks at 7.05 T became a single broad absorption line at the lower field, 1.17 T, it
is probable that the separation is due to the chemical shift interaction which decreases for
weaker applied fields. Such significant chemical shifts have not been reported previously for
1B NMR in boron-rich solids. For the twg-boron powders, the shift between the two peaks

is decreased for the fine powder. This result raises the possibility that mechanical shock,
experienced during the crushing process, may change the electron distribution at one or both
sites. Itis possible that a change in structure takes place. But contamination of the sample by
impurities during the crushing process must also be considered.

Two major peaks were detected in the NMR spectraeB, figures 8(a) and 8(b). The
similarity of these two peaks to those foundrvnandg-rhombohedral boron, figures 5 and 6,
suggests a similar origin: chemical shift differences between boron atoms within equatorial, h
and rhombohedralghsites. This correlation suggests that the presence of carbon atoms within
icosahedra does not noticeably perturb the EFG at the boron nuclei. In other words, differences
between the''B NMR resonances of boron atoms ip énd lf sites are not measurable.
Consistent with this notion, the internal bonding orbitals of icosahedral units are delocalized.
Indeed, the bonding electrons may be simply described as being confined to the surface of
the sphere circumscribing the atoms of the icosahedron [20]. We presume that measured
differences in chemical shifts of icosahedral boron atoms relate to the bonds that they form to
atoms outside the icosahedron.

The response at 47.8 ppm in figure 8 may be a superposition of responses daaddih
sites (h has been reported to haveda, of less than 700 kHz [2, 3]); the peak-aB6.9 ppm
could be a superposition of responses frograhd H sites (3 has been reported to have a
larger value ofQ.., about 1 MHz [2, 3]). TheD. values of~700 kHz and~1 MHz are too
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Due to a 2nd-order Quadrupole
Interaction
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Figure 13. The separate responses of the high-field (7.05 T) NMR spectrum for unenrigh@gl B

small to yield observable second-order quadrupolar splittings [2] in the peaks observed for the
polycrystalline powder at 7.05 T. However, the broadening [2] of the observed peaks by these
quadrupolar effects will be larger for the larger valuglf with a consequent reduction in the
peak height. (The areas under the two peaks should be equal since the populationg of the h
h%, and b, h; combinations are equal.) Since the peak-86.9 ppm has the smaller height,
it is assigned to thehih; combination.

In addition to the two intense peaks (figures 8(a) and 8(b)), another broad response is
seen with its shoulders at abouB40 and 370 ppm. These two shoulders could be formed
in one of two possible ways: by the second-order quadrupolar interaction expectés for
in the 1b site, or by two different asymmetric (i.e. anisotropic) chemical shiftd®rin
the icosahedral hand b sites. Figure 13 displays the two possibilities. In the latter case,
the two observed intense peaks (figure 8) would arise from the divergences in the theoretical
powder patterns for the two asymmetric chemical shifts, while the two small responses at
about—340 and 370 ppm would be formed by the shoulders of the two powder patterns.
(No broadening mechanisms have been added to the theoretical patterns in figure 13.) The
second possibility is that the two small responses arise from the divergences in the theoretical
lineshape for the expected second-order quadrupole interactidh&an the 1b site. That
theoretical lineshape (for the cage= 0) is shown in more detail by the dashed lines
in figure 14 which also displays the actual lineshape (solid line) to be expected when the
effects of broadening mechanisms are included (e.g. dipolar broadening, and distributions
in the components of the electric field gradient (EFG) tensor caused by defects in the local
composition or crystal structure). (The conditipe= 0 applies td"'B in the 1b site because of
the threefold symmetry around the rhombohedral [111] direction (aréxés of the hexagonal
representation) [2].)
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Figure 14. Theoretical lineshape (dashed lines) for the NMR response from a nucleus experiencing
a large second-order quadrupole interaction. The solid line includes the effects of broadening
mechanisms (e.g. dipolar broadening, distributions in the values of the components of the electric
field gradient (EFG) tensor). F8tB with spin = 3, the value ofd, is A, = & 02 /vo where

vo is the Larmor resonance frequency in the absence of chemical shifts, quadrupole interactions,
etc. Only the central, on = —% < m= +% transition—which is the dominant or only transition
usually detected—is shown.

1B in the 1b site can be eliminated as a source of the small peak34d and 370 ppm
in figure 8. If one assumes that the two small peaks appearir@@D0 and 5400 ppm (at
1.17 T) in figure 9 locate the divergences in a second-order quadrupole pattern (figure 14),
analysis (assuming = 0) yields a value of).. = 5.5 MHz which is in good agreement with
the known value [2] fot'B in the 1b site. The separation of the two small peaks (figure 9) for
the 1b site will decrease at a higher field since the second-order quadrupole splitting varies as
the inverse of the magnetic field. At 7.05 T (the field used to obtain the spectra in figure 8),
they would appear at about270 and 150 ppm, so they are lost underneath and within the
observed spectrum (figure 8). The small peaks in the spectra displayed in figure 8 arise, then,
from the two asymmetric chemical shifts. However, the two chemical shift interactions have
a common feature. The MAS-NMR procedure used in obtaining the spectrum (figure 10) for
the commercial B,C; from Pfaltz and Bauer eliminates or reduces the effects of chemical
shift asymmetry (and reduces the effect of second-order quadrupole interactions) on the NMR
response. Only one peak (other than spinning sidebands) is observed, whose location is
determined by the isotropic chemical shift asymmetry (when the quadrupole interaction) is
small or zero. It would appear, then, that the sites giving rise to the two intense peaks in the
static spectrum (figure 8) have approximately or exactly the same isotropic chemical shifts.

Unexpected results were obtained from thB NMR study of thelB enriched B,Cs
sample. It was expected that substitution of one boron isotope for another would leave the
structural environment and hence the EFG for boron sites unaltered; howeveB tRR
spectrum (figure 11) for thé€B enriched sample was vastly different from that of the unenriched
sample. It consisted of one peak-a23.1 ppm, corresponding to the average of the two peaks
in the unenriched sample, and two very small peaks to each side of it. The reduced line
width of the dominant peak at23.1 ppm is consistent with the expected [21] decrease in
dipolar broadening caused by the fact that the magnetic dipole momé?s afiffers from
and is smaller than that dfB (i.e., the width of thissingleline is less than the width of
either of the two partially resolved lines in the unenriched sample; see figure 8). It should
be noted that fow-rhombohedral boron angtboron, Tsiskarishvilet al [22] discovered that
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the separation between the two peaks for the samples with the higBesintent decreased

as the'®B enrichment increased. They also suggested that the two peaks'itBtspectra

could be produced by a second-order quadrupole interaction (see figures 8(a), 8(b) and 14) for
a boron in one site (rather than being independent peaks from borons in two dissimilar sites).
Also, they stated that the same effect does not occur #iCH but the present work shows

that it does occur for the BC3 used in the work reported here. Clearly, their suggestion that
the two peaks observed for 3 anda-rhombohedral ang-boron at high magnetic fields
could be caused by a second-order quadrupole interaction can be ruled out becdtBe the
NMR spectrum at low field (1.17 T) shows only one peak (as expected for chemical shift
effects) rather than the two more widely separated peaks (which would arise from a second-
order quadrupole interaction). A satisfactory explanation for the collapse of the two peaks
(observed at high magnetic fields) into one peak as-tBecontent is increased has not yet
been devised. However, it should be noted that each of the samples was of different origin
and form (solid mass, or powders of different particle size). For the best comparison, samples
identical except for composition should be used, but these are not available.

The NQR response at 2788+ 0.1 kHz (figure 12) corresponds to boron atoms in
the 1b position. Using this NQR response and= 0, the Q.. value is calculated to be
55378+ 0.2 kHz. Note that thig)... value is very close to th@ .. values from NMR studies
[2,3]. The NQR measurement on a polycrystalline sample clearly yields much more accuracy
for Q.. than was obtained from NMR measurements on a single crystal [2], but the latter
work—though requiring painstaking and very time-consuming measurements at many different
orientations of the single crystal—did clearly establish the site giving rise to the response as
the 1b site in a (CBC) chain rather than the (CCC) chain supported by Duncan [23].

Two more responses (figure 12), obtained at 361 and 380 kHz, could be'éhesponses
for the other boron sites in icosahedrd®B responses for the 1b site. (TH8 nuclear isotope
(spinI = 3) can yield as many as 13 NQR transitions [24] from which extremely accurate
values ofQ.. andn can be obtained [25].) These NQR responses at frequencies less than
500 kHz were not consistent for each of the five commercial boron carbides. It is possible
that the five boron carbide samples may contain somewhat different phases since the boron
carbides (B_,C,) can exist as a single-phase material with carbon concentratiyranty
between 0.1 and about 0.19-0.195 [8]. As noted earlier, another possibility is the presence of
such inclusions as amorphous carbon.

Another noticeable response, as shown in figure 12, at 513 kHz may be assigned to
one of the two icosahedral sites;(and i sites) for'!B or to the superposition of the
responses from those two sites. TOg. value range for this response is calculated to be
889 kHz < Q.. < 1026 kHz. (The range of values arises from equation (1) since the value
of the asymmetry parameter is not known and can be any value between 0 and 1.) Since the
values ofQ.. reported from NMR studies [2, 3] for thg type site is less than 700 kHz, that
site (now designated as And I to account for carbon in the icosahedra) is ruled out in favour
of the iy (now hy and 1) site whoseQ,.. value from NMR [2, 3] is about 1 MHz.

12. Summary

Two peaks, separated by noticeable chemical shifts (130-280 pphB INMR spectra at

7.05 T, were observed for all unenriched icosahedral borides in this study, while only one
peak was found for thé’B enriched boron carbide powder (90.6 at.% of enrichment). The
replacement of'B atoms with'°B atoms not only reduced the line width but also yielded
only one peak at the average position of the chemical shifts for the unenriched samples.
Wheng-boron was crushed into a fine powder, the separation between the peaks was reduced,
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which may reflect a change in the electron distribution at one or both boron sites that give
rise to the two peaks, or the effect of impurities added during the crushing. A change in
electron distribution could arise from a structural change in the material. The two types of
site, present in eaclB unenriched icosahedral boron-rich solid, may well be the equatorial
and rhombohedral sites in the icosahedron which is the basic building block of each of the
compounds. For BCgs, even though the icosahedral structure is altered by the presence of a
carbon atom in the icosahedron, the two possible ‘sitesaid If with i = 1 or 2) for each
location (equatorial and rhombohedral) may be very similar. In that case, thEBAMR
responses expected at high field (7.05 T) from each location would not be resolved (because
of an insufficient difference in the chemical shifts), and only two peaks would appear in the
NMR spectrum: one from borons in tie, /] sites, the other from borons in the, 43 sites.
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