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Abstract 

A study by band-structure methods of the boron 
carbide B IaC 2 is presented. All symmetry directions are 
considered and it is found that, in general, the valence 
bands are flat in almost all directions - nowhere does a 
band width exceed 3 eV (1 eV = 1.60 x 10 -19 J). There 
is slightly greater curvature in the conduction band. The 
valence-band structure, containing 47 electrons, is 
incompletely filled and the Fermi level lies at - 7 . 6  eV. 
Above the valence-band edge, a band gap exists 
amounting to just over 4 eV. The density of states and 
the partial density of states of the compound are both 
calculated. Using the density-of-states plots, the bond- 
ing in B13C 2 is discussed. Total charges on the atoms 
are calculated from the density of states arid the 
charge-transfer predictions are in satisfactory agree- 
ment with those obtained from the crystallographic 
experiment. The bonding can also be discussed using a 
cluster approach and, from this, all the bond indices 
within the unit cell are calculated. Inter-icosahedral 
bonds are much stronger than are intra-icosahedral 
bonds, whilst the B-C  bonds which lie in the CBC 
chain show slight multiple-bond character. For the 
models of B,2C a we find that a BIEC a structure in which 
a C atom is substituted into an icosahedron is more 
stable than the one in which the chain bonding consists 
of C only. 

Introduction 

At present, there exists some controversy over the 
precise nature of the compound which is called 'boron 
carbide'. This compound was initially formulated as 
B4C and this formulation was later amended to B~2C a. 
However, more recent definitive work by Kirfel, Gupta 
& Will (1979a,b) has cast considerable doubt on any 
structure with stoichiometry B~2C 3. Will et al. have 
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accumulated considerable evidence which indicates that 
a stable phase of formula B13C 2 exists. This experi- 
mental evidence stems essentially from a study of 
boron-carbon phases (Will & Kossobutzki 1976a,b). It 
has been shown that the crystal structure of the BIaC 2 
phase contains icosahedra and CBC chains (Fig. 1) 
(Kirfel, Gupta & Will, 1979a). The B~2 icosahedra are 
interconnected by six linear CBC bonds which emanate 
from each B~2 unit, whilst each C atom is connected 
to three B12 units. Bla_C 2 is a member of the a-rhombo- 
hedral boron series R 3m and this includes the materials 
Bl:,  BI3C 2, BI2P 2 and B,2As 2. One finds two types of B 
atom present in the B12 icosahedra: there are atoms 
which belong to the six-atom equatorial rings around 
the threefold axis and are usually denoted as B(1) 
atoms; the second type is found on the two polar 
triangles with lie on the same threefold axis and these 
are labelled B(2) atoms. In B13C 2 the B(1) atoms are 
bonded to the CBC chain while the B(2) atoms are 
responsible for the inter-icosahedral bonding. 

In this paper we report the results of calculations on 
B13C 2 and examine the differing bonding roles of the 
two types of boron, as well as discussing the electronic 
situation in the linear CBC unit. We also put forward 
possible structures for B12C a. 

B2 ~ B2 

=, 

Fig. I. Tie structure ofl~3C 2. 
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Calculational method, results, and discussion 

The calculational method used has previously been fully 
described (Armstrong, Breeze & Perkins, 1976, 1977). 
The Hamiltonian operator is undefined and the basis 
sets consist of the 2s, 2p valence orbitals of B and C. 
Orbital overlap was included and hence the eigenvalue 
problem solved was (H-ES)  = 0. The calculations on 
l l 3C  2 assumed a unit cell of that formula and this was 
allowed to interact with c a  1000 neighbouring unit cells. 
The input geometrical data and atomic data for the 
calculation were taken from previous work (Kirfel, 
Gupta & Will, 1979a; Armstrong, Perkins & Stewart, 
1971). All symmetry lines of the rhombohedral Bril- 
louin zone (Fig. 2) were studied in the calculation and 
the band-structure results are shown in Fig. 3. The 
valence-band structure is rather uninteresting (although 
significant) in that it exhibits a series of almost flat 
energy bands, with little variation in energy with 
symmetry direction. There is a band gap of 4.1 eV and 

z..'" ; ' . .  w 

Fig. 2. The Brillouin zone for the rhombohedral Bravais lattice. 
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this separates the valence from the conduction bands. 
The conduction-band structure shows somewhat 
greater curvature than that of the valence band. The 
unit cell of BI3C 2 contains 47 electrons, whilst the 
valence bands can accommodate 48; hence, the valence 
bands cannot be completely filled. We consider the 
consequences of this later in the paper. 

The density-of-states function for BI3C 2 was calcu- 
lated by a method described previously (Armstrong, 
Breeze & Perkins, 1977) and is shown in Fig. 4. The 
Fermi level is calculated to lie at - 7 . 6  eV, whilst the tail 
of unoccupied valence states extends to - 6 . 7  eV. Next, 
a convolution of the valence- and conduction-band 
states is produced by constructing the joint density of 
states; this function for B~3C 2 is shown in Fig. 5. The 
joint-density-of-states function shows that B13C2 should 
absorb light at all frequencies from zero and should 
show peaks at c a  1 and 3 eV. Of course, in this 
convolution of states we do not include the transition 
moments for the excitations; these are all assumed to be 
unity. Some modification of the absorption picture 
would, therefore, be found if the transition moments 
were included but we do not believe that it would be 
significant. 

Table 1 lists the partial density of states near the 
band edges of the valence and conduction bands. For 
the valence band, the highest percentage of states near 
the band edges occurs for the B(2) atoms which are 
involved in inter-icosahedral bonding and there is also a 

N(E) 
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Fig. 4. Total density of states for B~aC 2. 
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Fig. 3. (a), (b) Band structure for B~aC 2. 
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Fig. 5. Joint density of states for B~aC 2. 
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Table 1. Percentage of  states at the valence- and 
conduction-band edges for  B 13 C 2 

B(1) B(2) B(3) C 
Valence band (%) 27.5 42.3 7.9 21.2 
Conduction band (%) 30.9 20.7 44.3 4-0 

features, having two localized 2s peaks lying between 
- 2 2  and - 2 6  eV and six peaks from 2p states lying 
between - 6 . 7  and - 2 0  eV. There is also a large 
contribution to the Fermi edge states stemming from 
the carbon 2p orbitals. 

significant contribution from the states of the C atoms. 
For the conduction states, there is a large contribution 
from the chain boron atom B(3) states - this latter is 
particularly marked when one recalls that the stoichi- 
ometry of the compounds shows a ratio of 6 : 6 : 1 in 
B(1), B(2) and B(3). The partial densities of states for 
B(1), B(2), B(3) and C are shown in Fig. 6. It is clear 
that the boron 2s states for B(1) and B(2) occur in the 
lowest-lying energy areas of the band structure, with 
peaks lying between - 1 8  and - 2 8  eV. The boron 2p 
states occur at much higher energy and produce 
localized peaks lying near -10eV,  the main peak due to 
B(2) lying lower in energy than that due to the B(1) 
atoms. It is also noticeable that the density peak from 
the boron 2p orbital of B(2) is larger than that from 
B(1) at the Fermi level. 

The localized nature of the bonding in which B(3) is 
involved is clearly indicated by the sharp peaks which 
are extant for the 2s and 2p orbitals of this atom. The 
contribution of the B(3) 2p orbitals to the conduction 
band is particularly large in this context. The partial- 
density-of-states diagram for C exhibits similar 
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Fig. 6. (a ) - (d)  Partial density of  states of  B(1), B(2), B(3) and C in 
B ~a C 2 ( . . . . .  2p contribution, - - - -  2s contribution). 

Electrical properties of  B13C 2 

Since there are only 47 valence electrons in B,3C 2 and 
24 valence bands, then it is clear that there must be 
some empty states lying at the top of the valence band. 
This is shown clearly in the total-density-of-states curve 
(Fig. 4). On the basis of this evidence, one might expect 
that B,aC 2 would be a metallic conductor. It has been 
reported that 'boron carbide' is a semiconductor though 
this appears to refer to material of a different 
stoichiometry, i.e. B12C a (Werheit, 1979; Werheit, 
Binnenbruck & Hansen, 1971). 

Werheit has recently investigated the electrical 
conductivity of samples of 'boron carbide' with varying 
carbon composition (Werheit, De Groot & Malkemper, 
1981). He reports the conductivity at the composition 
corresponding to B~3C 2 as 10 f~-~ cm -~ at 300 K, and 
ascribes the conductivity to variable-range hopping. 
Increase of the carbon content of the samples lowers 
the conductivity and a minimum appears at the 
composition B12 Ca. Thereafter the conductivity 
increases with added carbon content. In the latter 
regime the conductivity is supposed to stem from 
metal-like impurity-band conductivity. 

It is fairly clear that, although B13C 2 would appear to 
be a metallic conductor from our calculations, the 
conductivity will, in any case, be somewhat limited. The 
specific electrical conductivity of a material is given by 
a = nep, where n is the number of charge carriers, and 
# is their mobility. The number of charge carriers at the 
Fermi edge will depend on the number of occupied 
levels in that region (or for holes of the unoccupied 
levels). It can be seen that for B~3C 2 this is not 
particularly large (11.0 × 104o J-~ cm-a). Hence, a will 
be limited by this factor. In addition, the mobility of an 
electron in a solid is governed by properties which 
include both its tendency to suffer attenuation from 
various modes of scattering and the effective mass of 
the electron/hole in the bands which afford the 
conductivity. The square of the effective mass of an 
electron is inversely proportional to its mobility and the 
effective mass is, essentially, dominated by the cur- 
vature of the bands. Since the bands in the ultimate 
unoccupied valence region of B~aC 2 have little curva- 
ture, it is clear that the effective mass of the electron will 
be high. The equation for extended band conductivity in 
such a solid is given by 

1 
0 " =  27~ 2 e 2 h  3 a m ,  2 [ N ( E f ) ]  2 
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and, hence, taking the effective mass, m*, to be 10 
(which corresponds to fiat bands), we find an electrical 
conductivity o ~ 526 f~-I cm-k This is low, in keeping 
with experimental evidence. 

We can now advance a simple interpretation of 
Werheit's experimental results (Werheit, De Groot & 
Malkemper, 1981). Increase of the carbon content of 
the 'boron carbide' will provide extra electrons which, 
consequently, will decrease the number of vacant states 
at the Fermi edge in the valence band. Hence, the 
metallic conductivity would decrease on going from 
BI3C 2 to  BI2C 3. In the latter compound, there are 
exactly 48 electrons in 24 orbitals and the material is a 
semiconductor with a band gap lying between 2 .9-4 .0  
eV. Further increase in the carbon content would cause 
occupation of the conduction bands, with the re- 
establishment of metallic conductivity. 

Cluster calculations 

In addition to the band-structure calculations for B13C2, 

we carried out a series of cluster calculations. This type 
of calculation has been fully described previously 
(Perkins & Stewart, 1980). In essence, a cluster 
calculation is a pseudomolecular calculation using a 
representative part of the crystal structure with 
superimposition of the Born-von Karman boundary 
conditions. The calculation is computationally simpler 
than the full band-structure approach and hence it is 
possible to make the results self-consistent with respect 
to charge distribution. This yields a better view of the 
latter than does the band structure. All the crystal 
interactions are included and the principal advantage of 
such a calculation is that one can obtain a view of the 
bonding in the crystal which is not readily obtainable 
from the full band-structure approach. We can calcul- 
ate the electron-population distribution through all the 
constituent atomic orbitals, as well as the bond indices 
(Armstrong, Perkins & Stewart, 1973a,b) for all 
constituent bonds. This enables us to make com- 
parisons between bonds in terms of their intrinsic 
strength. The cluster electron distribution and the bond 
indices are listed in Table 2. 

We note, first of all, that all the intra-icosahedral 
bonds exhibit an index amounting to ca 0.50. This is 
substantially the same as one finds from a calculation 

Table 2. Bond indices and valencies of  B 13C2 obtained 
from a cluster calculation 

Bond indices Valencies 

B(I)-B(1) 0.50 B(I) 3.64 
B(I)-B(2) 0.49 B(2) 3.75 
B(2)-B(2) 0.52 B(3) 3.24 
B(2)-B(2') 0.96 C 3.89 
B(3)-C 1.05 
B(1)-C 0-83 

on the isolated B12H22 ion (Armstrong, Perkins & 
Stewart, 1973c). Since bond-index values can be 
directly and linearly correlated with bond strength (Bell 
& Perkins, 1975, 1977), then it is clear that the B-B  
intra-icosahedral bond is about half as strong as a 
normal B - B  bond. From previous calculations (Laurie 
& Perkins, 1982) of the intrinsic B -B  bond energy, we 
therefore find an intrinsic bond energy for the icosa- 
hedron of 149 kJ mo1-1. If the bond indices emanating 
from a single B atom are added up, then one finds the 
valency of the B atom (Armstrong, Perkins & Stewart, 
1973a) and, in the case of the icosahedral B atoms, this 
valency averages 3.69. It is interesting to note that the 
inter-icosahedral bonds are of considerably greater 
strength - indeed, the B-B  inter-icosahedral bond 
index is larger than that of the B--C linkage. The former 
amounts to 0.96 and, hence, from previous reasoning, 
its intrinsic bond strength amounts to 286 kJ mo1-1. 
The B - C  bonds within the CBC chain fragment show a 
tendency to multiple bonding and may aid in the 
transfer of electrons along this chain. The multiple- 
bond-index character of each atom in the structure 
explains well its general stability. Each atom is bonded 
into the lattice by ~ 1050 kJ (g atom) -1 and this figure 
approaches that of diamond [ ~ 1340 kJ (g atom)-1]. 

As stated above, the sum of the bond indices about 
each atom is equal to the valency of the atom and these 
are also given in Table 2. For B(1), B(2) and C, the 
valencies are close to the maximum of 4 which can be 
exhibited by these atoms. The B in the chain, B(3), 
exhibits a relatively low valency and the 'unbondedness' 
of this atom leads, hence, to its constituting a reactive 
centre. 

Electron density distribution 

The electron density distribution is given for both the 
band-structure calculation (in which it is calculated 
from the partial density of occupied states) and the 
cluster calculation. Table 3 shows the results obtained. 

Table 3. The electron distribution in B13C 2 obtained 
from a density-of-states calculation and a cluster 

calculation 

Electron populations Charge 

s p Total 
Density-of-states calculation 
B(1) 0.79 2 . 0 1  2.80 0.20e 
B(2) 0.87 2.29 3.16 -0.16 
B(3) 0.80 1 . 3 9  2.19 +0.81 
C 1.15 3.42 4.57 -0.57 

Cluster calculation 
B(I) 0.63 2 . 2 1  2 - 8 4  +0.16 
B(2) 0.69 2.46 3 - 1 5  --0-15 
B(3) 0.74 1 . 6 4  2.38 +0.62 
C 0.89 3.46 4.35 -0-35 

Charge on Charge on 
B,2 unit CBC chain 

+0-33 e -0.33 e 

+0.08 -0.08 



328 THE NATURE OF THE CHEMICAL BONDING IN BORON CARBIDE. IV 

Table 4. The band gap and electron distribution in the B12C 3 models 

Valence Conduction Band Charge (e) Charge (e) Charge (e) on 
band edge (eV) band edge (eV) gap (eV) on B(1) on B(2) icosahedra 

BI2C 3 (i) --6.8 --2.8 4.0 +0.12, +0.22 --0.22, --0.11 +0.16 
BI2C 3 (ii) -6.7 -3.0 3.7 +0.22, +0.11 -0.12, -0.22 +0-30 
BI2C 3 (iii) -7.1 -4.2 2.9 +0.16 --0.21 --0.33 

From the band-structure calculation, it can be seen that 
there is, overall, a charge migration from the B12 
icosahedron to the CBC chain. This charge originates 
mainly from the B(1) equatorial atoms but there is also 
a drift from the B(1) to the B(2) atoms within the B12 
icosahedron. The electron-density distribution within 
the CBC chain itself shows that there is an electron drift 
from the B(3) atom to each C atom. These electron 
shifts are in agreement with the expected values based 
essentially on the differing electronegativities of B and 
C. 

Electron densities obtained from the cluster cal- 
culations show qualitative agreement with those based 
on the density-of-states calculation. Those stemming 
from the latter are probably more reliable, since they 
are self-consistent. The electron transfer in the latter is 
much smaller and the CBC linkage receives only 0.10 
electrons from the B l2 icosahedron. These charge shifts 
are in qualitiative agreement with those which have 
been calculated from the crystal structure data (Kirfel, 
Gupta & Will, 1979a). 

Bt2Cs 

In this case, we constructed a structure corresponding 
to the stoichiometry B12C 3 by supposing that this 
structure is a C-substituted derivative of BIaC 2. This 
involves substituting a B by a C atom. Such a 
substitution could create three possible structures: (i) 
B l lC-CBC,  where a B(1) atom is substituted; (ii) 
BHC-CBC,  where a B(2) atom is substituted; and (iii) 
B 1 2 - - C C C  , where the B(3) atom is substituted. The 
total energy per unit cell for each of these three 
structures was calculated from the density-of-states 
calculation and these were, respectively, -710.59 ,  
-711.92 ,  and -704 .49  eV. We do not regard this 
energy calculation as reliable enough to differentiate 
between structures of types (i) and (ii) but it is fairly 
clear that these two structures are considerably more 
stable than that of type (iii). We can, hence, conclude 
that, in the B12C 3 phase, C is not likely to appear in the 
inter-icosahedral chains. 

NMR studies of Silver & Bray (1959), and IR 
studies of Becher & Thevenot (1974) also lead to the 
conclusion that the central position in the linear 
triatomic group is occupied by a B rather than a C 
atom. Recent work by Bouchacourt & Thevenot (198 l) 
on the lattice parameters of the boron-carbon com- 

pounds suggests that the C substitution in Bl2C 3 s e e m s  
to occur on the rhombohedral B(2) sites in line with our 
total energy per unit cell calculations. The greater 
stability of the Bt2C 3 type (ii) compound is connected 
with the greater number of B-C bonds formed by 
substitution. 

The band gap and electron distribution for the stable 
structures are shown in Table 4. In all cases, the gap 
between the valence- and conduction-band manifolds is 
lower than that recorded for BI3C 2. However, it is 
interesting that the band gap here represents the 
absorption edge and, hence, we would expect a material 
with the formula B~2C a to be, firstly, an insulator or 
semiconductor and, secondly, to show absorption at all 
energy frequencies starting above that of the band gap. 
Exciton effects would modify the absorption edge, 
however. 

The charge differential between B(1) and B(2) atoms 
found in Bt3C 2 is also maintained in the B~2C a series. 
The substitution of B by C in the icosahedron increases 
the electron drift to the linear chain while substitution in 
the linear chain brings about electron donation to the 
B 12 unit. In each type of B ~2C 3 molecule, the substituted 
C atom carries a positive charge. 

One of us  (JB) thanks the SERC for a Maintenance 
Grant. 
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Structures of Complexes between Dimethylthallium Picrate and Two Isomers of 
Dicyclohexano- 18-crown-6* 
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Molecular Structures Department, R othamsted Experimental Station, Harpenden, Hertfordshire A L 5 2JQ, 
England 
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Abstract 

The crystal structures of complexes formed by 
dimethylthallium picrate with two isomers of dicyclo- 
hexano-18-crown-6 have shown that in both there are 
[Me2T1 crown] + cations and picrate anions, the 
complex cations consisting of linear Me2TI entities 
normal to the plane through the six O atoms of the 
ligand and the TI atom. For isomer A, cis-cisoid- 
cis-dicyclohexano- 18-crown-6, the complex A is 
formed: [Tl(CH3)2(C20H3606)].C6H2N3OT, C22H420 6- 

- 

TI+.C6H2N30~, M r = 835.0, triclinic, I1 (vari- 
ation of P1), a = 11.359 (2), b = 19.772 (3), c = 
14.904 (2)A, a = 95.55(1),  fl = 90.65(1),  y = 
94.58(1) °, V =  3320.5 A 3 , Z = 4 , D  x = l . 6 7 0 g c m  -3, 
Mo Ka, 2 =  0.71069 A,/z = 49.8 cm -~, F(000) = 1672, 
R = 0.036 for 3067 reflections with above zero intensities. 
The cation has an approximate plane of symmetry 
through the dimethylthallium group and the O atoms in 
- C H 2 - O - C H  2- groups. This gives a different 
conformation for the ligand from that, with approxi- 
mate 2 symmetry, in other complexes of isomer A. For 
isomer B, cis-transoid-cis-dicyclohexano- 18-crown-6, 
the complex B is formed: [Tl(CH3)2(C20H36- 
0 6 ) ] . C 6 H E N 3 0  7, _ C22H4206 T I + . C 6 H E N 3 0  7, Mr = 
835.0, triclinic, P1, a = 8. 137 (2), b -- 8.205 (3), c = 
13.201 (3)A, a = 94.16(2),  fl = 96.71 (2), ~, = 
108.63 (3) °, v = 823.8 ./k 3, z = l, D x = 1.683 gcm -a, 

* Complex A: (cis-cisoid-cis-5,8,11,16,19,22-hexaoxaperhydro- 
dibenzo[a,jlcyclooctadecene)dimethylthallium(III) picrate; com- 
plex B: (cis-transoid-cis-5,8,11,16,19,22-hexaoxaperhydrodibenzo- 
[a,j]cyclooctadecene)dimethylthallium (III) picrate. 

t To whom all correspondence should be addressed. 
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Mo Ko., 2 = 0.71069 A, p = 50.1 cm -l,  F ( 0 0 0 ) =  418, 
R = 0.038 for all 2142 (all observed) reflections. The 
TI atom lies on, and the picrate anion is disordered 
about, centres of symmetry. The conformation of the 
ligand with f symmetry is the same as that found in the 
sodium complex. In both complexes, on each cyclo- 
hexane ring one O atom is axially and one equatorially 
substituted; these are at significantly different distances 
from the T1 atom, the former giving the longer bond. 
An explanation, applicable also to other complexes, is 
that of steric hindrance between the equatorial H atom 
on a cyclohexane carbon and a H atom of the 
macrocyclic ring. 

Introduction 

Comparison of the formation constants for dibenzo- 
18-crown-6 and the two isomers obtained by 
hydrogenation with cis substitution on the ring junc- 
tions shows that the cis-cisoid-cis isomer A has a higher 
value than the cis-transoid-cis isomer B. (Formulae are 
in Fig. 1.) According to the cation and solvent, however, 
the value of the formation constant for dibenzo- 
18-crown-6 may be higher or lower than or between 
isomers A and B (Frensdorff, 1971; Izatt et al., 1976). 
This is unexpected because O atoms attached to 
aliphatic C atoms are normally more electronegative 
than those attached to aromatic C atoms, consistent 
with the value for dibenzo-18-crown-6 being the lowest. 
Similar variations in formation constant are found for 
macrobicyclic compounds, the [222], [benzo 222] and 
[dibenzo 222] cryptands (Lehn, 1973) and Parsons' 
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