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The HOMO-LUMO gaps have been estimated in a graphite-likesp2 carbon network
with a progressive increase in the fraction ofsp3 carbons, taking into account severa
possible structural alternatives for each composition. The gap is shown to increas
exponentially with the fraction ofsp3 carbons. Accordingly, the gap in a diamond-lik
sp3 network decreases with the increase in the fraction ofsp2 carbons.
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There is renewed interest in the different forms
carbon in the last few years. Besides structures involv
mixtures of sp2 and sp3 carbons such as hydrogenate
amorphous carbon (a-C : H) and diamond-like carbon,1–3

there are other forms of carbon proposed on the
sis of theoretical considerations. Thus, on the basis
topological considerations, Schwarzites involving 5,
7, 8, and 9-membered rings have been proposed
Townsendet al.,4 while Hoffmannet al.5 have suggested
a novel form of conducting carbon. We have studi
the stability of structures of diamond-graphite hybrid
with differentsp2ysp3 atom ratios by employing the force
field method.3 It is of considerable importance to explor
whether such hybrids exhibit a range of band ga
between those of graphite and diamond. Balabanet al.6

have theoretically examined cubic or hexagonal diamo
layers connected by graphitic strips and have predic
that the band gap should decrease with the increas
the strip width. Band gap estimates for the diamon
graphite hybrid structures with different fractions o
sp3 carbons, which take into account several possi
structural alternatives, are, however, not available. Sin
the band gap in such hybrids would depend not on
on the sp2ysp3 atom ratio but also on how thesp3

(or sp2) carbon atoms are distributed in asp2 (or sp3)
network, we have carried out a systematic study of t
HOMO-LUMO gaps in diamond-graphite hybrids, wit
varying sp2ysp3 ratios, starting with a puresp2 layer at
the graphite end and a three-dimensionalsp3 network at
the diamond end.

In order to study the effect of incorporatingsp3

(or sp2) carbons in asp2 (or sp3) network, on the band
(HOMO-LUMO) gap, we have started with large hydro
carbons containing either onlysp2 or sp3 carbons and
estimated the gaps by extended Huckel theory.7 It
may be noted that for a series of related systems,
EHT method provides estimates of the HOMO-LUMO
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gaps which follow the trend in experimental values.7,8

The atomic coordinates for the structures were obtain
from force field minimization by using the molecula
simulation program (Discover of Biosym Technologie
San Diego) described earlier.3 Extended Huckel calcula-
tions were performed by using the ICON version 8 (b
R. Hoffmann) and were run in a VAX-88 machine. Th
program uses parameterized basis sets consisting of Hs
and C 2sand 2p orbitals for hydrocarbon molecules. Th
syp electron exponent was 1.3 and 1.625, respective
for H and C. The H(I, I) values for thes electron were
213.6 and221.4 eV for H and C, and forp electron
of C it was 211.4.

Initial calculations on several hydrocarbon stru
tures showed that the aromatic hydrocarbon C110H30

[Fig. 1(a)] containing only sp2 carbons provides a
good model for a graphitic sheet, with a very low
HOMO-LUMO gap. Similarly, the hydrocarbon C120H92

[Fig. 2(a)] with a substantial band gap appears to be
good model for diamond. In what follows, we discus
the HOMO-LUMO gaps in C110H30 (C120H92) structure

FIG. 1. Typical structures of the general composition C110Hx:
(a) C110H30 with only sp2 carbons, (b) C110H40 with 9% sp3 carbons,
(c) C110H110 with 73% sp3 carbons, (d) C110H140 with 100% sp3

carbons, and (e) and (e0) C110H48 with 16% sp3 carbons.
 1996 Materials Research Society 2961
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FIG. 2. Typical structures of the general composition C120Hx:
(a) C120H92 with only sp3 carbons, (b) C120H98 with 5% sp2 carbons,
(c) C120H98 with 5% sp2 carbons, and (d) C120H106 with 12% sp2

carbons.

with the progressive increase in the proportion ofsp3

(sp2) carbons.
C110H30 containing onlysp2 carbons [Fig. 1(a)] has

a gap of 0.0009 eV. We have progressively increas
the number ofsp3 carbons in this network, taking into
account the different possible structures of such hybr
(see Fig. 1 for typical examples of such structures). Th
the structure in Fig. 1(b) has 10sp3 carbon atoms. As
we progressively increase the number ofsp3 carbons,
we finally obtain the structure with onlysp3 carbons
[Fig. 1(d)] with a high value of the gap (,9 eV). In
Fig. 3 we have plotted the HOMO-LUMO gap,n,
against the fraction ofsp3 carbons in the C110Hx system.
(Note that the hydrogen content will also increase wi
the increase in the fraction ofsp3 carbons3). We see from
Fig. 3 that the gap is in the 0.0–0.8 eV range up to
sp3 fraction of ,0.4 and increases significantly whe
the sp3 fraction is increased further. Structures with
high sp3 fraction have gaps in the range 1.0–4.0 e
When the sp3 fraction is less than 0.4, we find a
range of gaps (0.0–0.6 eV) for different structures wi
the same fraction of thesp3 carbons because of the
different ways of locating thesp3 carbons in thesp2

network. For example, the structures in Figs. 1(e) a
1(e0) show gaps of around 0.0 and 0.6 eV, respective
the main difference between the two structures bei
that thesp3 carbons are along the zigzag edge in 1(e
whereas they are along the armchair edge in 1(e0).
Such differences give rise to changes in the gap,
the changes are relatively small. When thesp3 carbons
cluster together to form cyclohexane, decalin, or t
saturated forms of pyrene and coronene in thesp2 layer,
the gap becomes very small (,10–3 eV). Structures with
a highsp3 fraction (0.7–0.8) but low band gap (0.8 eV
are those where thesp2 carbons form strips of fused
benzene rings. It has been observed earlier9 that strips
2962 J. Mater. Res., Vol. 11
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FIG. 3. Plot of the HOMO-LUMO gap,n, in C110Hx compositions
(circles) against the fraction ofsp3 carbons,f (sp3). Triangles represent
data on C120Hx compositions. Experimental values are shown by sta

or rows of fused benzene rings lower the band gap d
to their higher edge sites. Significant changes in the g
come about when we increase the number ofsp3 carbons
not merely at the edges, but over the entire network
in Figs. 1(b) and 1(c).

The HOMO-LUMO gaps,n, in the hybrids of the
general formula C110Hx are described satisfactorily by
the expression,

n sin eVd  0.04 exps4.34fd,

wheref is the fraction ofsp3 carbons. The broken curve
in Fig. 3 is that predicted by the above expressio
Experimental values of the optical gaps reported in t
literature10,11 also show an exponential increase wit
the fraction of sp3 carbons, although they tend to be
somewhat higher than those predicted by the abo
expression.

We have studied the variation in the HOMO-LUMO
gap in a diamond network with a progressive increase
the number ofsp2 carbons. The parent diamond network
C120H92, shown in Fig. 2(a) gives a gap of 7.22 eV
Although the experimental optical gap for diamond
5.5 eV, theoretical values of 7–10 eV are considered
be good estimates.12 We have calculated the gap of the
C120Hx system by increasing the number ofsp2 carbons
in the form of double bonds or aromatic rings as i
diamond-like carbon.1 Typical structures of C120Hx with
, No. 12, Dec 1996



Communications

e

ly
h
n
p
V
g
d

ch
ns
re

e-
he
s

ar

-
e

e

d

c.

tt.
FIG. 4. Plot of the HOMO-LUMO gap,n, in C120Hx compositions
against the fraction ofsp2 carbons.

sp2 carbons are shown in Fig. 2. The calculated valu
of the gap are plotted against the fraction ofsp2 carbons
in Fig. 4 to illustrate how it decreases progressive
The structures 2(b), 2(c), and 2(d) show gaps in t
1–3 eV range. For example, 2(c), which has a benze
ring in the sp3 network, has a gap of 2.81 eV. The ga
in pure benzene is, however, calculated to be 4.5 e
Similarly, the gaps found in the structures containin
isolated naphthalene and anthracene units [Fig. 2(
J. Mater. Res., Vol. 11
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are 1.84 eV and 1.34 eV, respectively, which are mu
lower than the gaps calculated for the pure hydrocarbo
(2.8 eV and 1.8 eV, respectively). The data in Fig. 4 a
also shown in then vs f (sp3) plot in Fig. 3 (repre-
sented by triangles) to demonstrate that they are d
scribed reasonably well by the same expression. T
experimental values of the gap with their uncertaintie
are also shown in Fig. 3 to illustrate that they are not f
from the predicted trend.

The present study demonstrates how the HOMO
LUMO gap in diamond-graphite hybrids is a sensitiv
function of thesp2ysp3 ratio as well as the structure of
the hybrid. The marked variation in the gap when th
f (sp3) is between 0.4 and 1.0 is noteworthy.
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