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Ab initio density functional theory calculations were used to investigate cohesive, electronic, and structural
properties of cagelike and spherical hydrogen terminated nanoparticles of diamond. Unlike cagelike nanodia-
mond particles, the variation of calculated energies of spherical ones is not monotonic. The variation range of
the calculated energies and bond lengths of cagelike nanoparticles is much tighter than the variation range of
spherical ones. In contrast to spherical nanodiamond particles, the C-C bond lengths of all cagelike nanoclus-
ters are very similar to the bond length of bulk diamond. The comparison of stability, electronic highest
occupied molecular orbital-lowest unoccupied molecular orbital energy gaps, and structural properties of these
two classes of nanodiamonds shows that the effects of spatial symmetry, morphology, and C-H atom ratio are

more important than the effect of nanoparticle sizes.
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I. INTRODUCTION

Diamond nanoparticles have attracted much technological
and theoretical interest in recent years.' They are hydrogen
terminated nanoclusters of carbon atoms with sp? hybridiza-
tion. The stability and optical properties of these particles are
expected to be similar to unique properties of diamond®-3
suggesting attractive applications in nanoscale device fabri-
cation such as optoelectronics, electron emission devices,
and nanoscale electromechanical systems. Other potential
applications exist in pharmaceuticals and synthesizing by-
products of oil industry.! From theoretical point of view,
quantum confinement effects in such systems are under
investigations.* Other properties such as spin distribution in
nitrogen-vacancy  defect” and  fullerenelike  surface
reconstructions'? have been studied recently. High quality H
terminated C nanoparticles can be isolated from petroleum.!
Because of the difficulty in synthesizing different sizes of
diamond nanoparticles and the early stages of experimental
works on such systems,’ theoretical investigations can be
useful in analyzing physical properties of nanodiamond
particles.*

In this paper, we investigate the effect of spatial symme-
try, morphology, and different atomic configurations on co-
hesive, electronic, and structural properties of diamond nano-
particles. For this purpose, we study two different possible
classes of the nanoparticles, including cagelike (diamon-
doids) and spherically symmetric hydrogen terminated nano-
clusters. The cohesive and electronic properties of different
sizes of nanoclusters are calculated and compared for both
spherical and cagelike clusters. The observed difference be-
tween variations of physical properties of such clusters is
attributed to the difference in the variations of C-H atom
ratio and Mulliken atomic charge in the two classes of nano-
clusters. The difference between dispersion of the value of
calculated parameters of the two cluster types around the
value of parameters of diamond lattice will be discussed.

1098-0121/2007/76(3)/035417(6)

035417-1

PACS number(s): 73.22.—f, 81.07.—b

II. CALCULATION METHOD

We employed ab initio density functional theory (DFT)
cluster method!! to calculate total energies and electronic
structure of nanodiamond particles. The dangling bonds of
the surfaces of diamond nanoparticles were saturated with H
atoms. We performed a perfect geometry optimization of
nanodiamond particles C,H,,. In this optimization process,
the root mean square of the Cartesian forces on each atom
was reduced to 5 meV/A. The cluster sizes that were used in
our calculation with their related spatial symmetry and C-H
atom ratio are summarized in Table I.

We used GAUSSIAN 03 code for self-consistent calculations
of DFT.'? The code gives single electron Kohn-Sham energy
levels in real space representation for such clusters. The
small atomic number of C atoms helped us do an all electron
calculation. This calculation considers 1s core and 2s, 2p
valence electrons and eliminates approximations that are re-
quired using different pseudopotentials. However, the contri-
bution of the 1s core electrons in the calculated wave func-
tion of the highest filled energy levels is zero.

In this calculation, we used atomic centered 6-31G ex-
tended basis set for C and H atoms. Self-consistency of cal-
culations was achieved when total energies converged by
107 a.u. We employed B3LYP hybrid exchange-correlation
functional that includes the Becke'® three parameter hybrid
exchange functional. The formation energies per carbon at-
oms in different sizes of nanodiamond particles were calcu-
lated from the following formula:?

n-2
E(CmHn) - mE(C) - TE(HZ) - E(HZ)
Ef(CmHn) = ’

m
(1)

where E(C,H,) is the calculated total energy. E(C) and
E(H,) are the calculated total energies of a single carbon
atom and a H, molecule, respectively.
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TABLE I. Different cagelike and spherical nanoparticles of dia-
mond that were investigated in this calculation with the related
spatial symmetries and C-H atom ratio.

Cagelike (spherical) nanoclusters ~ Symmetry ~ C-H atom ratio

CioHj6 (CsHyp) T, (T, 0.625 (0.42)
C4Hy (Cy7H36) Cyy, (T)) 0.7 (0.47)
CysHyy (CyoHzg) Cy, (Ty) 0.75 (0.81)
CaoHog (C35Hze) C3, (Ty) 0.79 (0.97)
CpHyg (C47Hep) C, (T 0.79 (0.78)
CooHyg (o 0.79
CorHog Cyy, 0.79
CaeH3, C, 0.81
CaeH3, C, 0.81
CaeH3, T, 0.81
CioHse C, 0.83
Cs4Hsg C, 0.89
CisHyo C 0.90
Cy2Hye C, 0.91
CysHyg C 0.94

III. RESULTS AND DISCUSSION

In this section, we explain and discuss results concerning
the variation of formation and electronic highest occupied
molecular orbital-lowest unoccupied molecular orbital
(HOMO-LUMO) energy gaps, C-H atom ratio, and Mulliken
atomic charge versus nanoparticle size. We explain bond
lengths and structural properties of cagelike and spherical
nanodiamond particles. We also discuss the origin of the dif-
ference between variations of physical properties of the two
types of nanoparticles. It should be noted that all of the cal-
culated properties are obtained after a full relaxation of the
structure of each nanoparticle. Final relaxed structures of
spherical nanoparticles of Table I are shown in Fig. 1.

A. Formation energy properties

We show in Fig. 2 the results concerning formation ener-
gies of different sizes of cagelike and spherical nanodiamond
particles.

FIG. 1. Optimized atomic structure of spherical nanodiamond
particles. (a) C5H12, (b) C17H36, (C) C29H36, (d) C35H36, and (e)
Cy7Heo.
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FIG. 2. (Color online) The variation of formation energy with
the size of cagelike and spherical nanodiamond particles.

In this figure, in both classes of nanoclusters, by increas-
ing the cluster sizes the formation energies increase. The
formation energy increment is not linear and the rate of in-
crement in larger cluster sizes decreases and tends to a con-
stant value. The constant value is near the formation energy
of diamond bulk. In Fig. 2, the increment in formation ener-
gies of the cagelike nanoclusters is monotonic. This is in
agreement with reports of other groups on formation energies
of nanodiamond particles.?? This is also in agreement with
reported results concerning formation energy variation with
the radius of spherical Si and Ge nanoparticles.'* Unlikely, in
Fig. 2 for the spherical nanodiamond particles, the formation
energy reaches a maximum value for the C,9H3¢ nanocluster.
In this figure, for clusters larger than C,oHsg, the value of the
formation energy decreases. In Fig. 2, one can realize that in
contrast to cagelike nanodiamond particles, the most stable
spherical nanoparticle is not the largest one and it is the
CooHje.

We have also calculated variation of formation energy
versus radius of the different sizes of spherical nanoclusters
and similar nonmonotonic variations were reproduced. The
formation energy of the cagelike nanodiamond particles in-
creases continually from —9.47 eV for the CoH,4 cluster to
—9.27 eV for the C4sHyg cluster, while the formation energy
of the spherical nanodiamond particles increases from
—-9.81 eV for the CsH, cluster to —9.24 eV for the C4;Hg,
cluster where there is a maximum value in C,9Hsq cluster.
Hence, the range of variation of formation energy with the
size for spherical nanodiamond particles is about 0.57 eV,
which is much larger than that of cagelike nanodiamond par-
ticles which is 0.20 eV. In other words, the values of forma-
tion energy of the cagelike nanodiamond particles are much
closer to each other than the formation energies of spherical
nanodiamond particles. This is in agreement with experimen-
tally investigated abundance of different sizes of cagelike
nanoclusters.! Based on the formation energy calculations,
the larger sizes of spherical nanoparticles could have similar
abundance as cagelike ones, while for smaller spherical
nanodiamonds only C,9Hz4 is much more stable than cage-
like nanoclusters with similar sizes.

In order to distinguish the probable effect of the differ-
ence in the number of the C atoms and the effect of morphol-
ogy on the relative formation energies of the cagelike and
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TABLE II. The formation energies of such cagelike and spheri-
cal nanodiamond particles which have almost the same number of C
atoms with the corresponding spatial symmetries and C-H atom
ratios.

Formation energy

Cagelike (spherical) clusters Symmetry (eV)

CisHyy (Cy7H36) Cy, (Ty) —-9.38 (-9.33)
C30Hzs (CaoHze) C, (T, -9.32 (-9.17)
Ci34Hsg (C35Hz6) C, (T -9.30 (-9.27)

spherical clusters, we compare such clusters from these two
classes of nanodiamond particles which have almost the
same number of the C atoms. Results are summarized in
Table II.

The formation energies listed in this table indicate that the
clusters with almost the same number of C atoms (the same
size) have not the same formation energies. The difference
between formation energies of cagelike and spherical nano-
diamond particles varies from 0.03 eV for the Cs;4Hsg and
C35H36 clusters up to 0.15 eV for the C30H36 and C29H36
nanoclusters. In Table II, although the comparing clusters
from two classes have almost the same number of the C
atoms, the spherical nanoclusters have larger formation en-
ergies than the cagelike ones. This comparison shows that
the effect of spatial symmetry and morphology is more im-
portant than the size effect on the formation energy of nano-
particles. However, for the largest sizes of nanodiamonds
that are listed in Table II, the difference between the forma-
tion energies of the two classes is very small and is compa-
rable to the thermal activation energy at room temperature
(25 meV).

B. Electronic properties

The HOMO-LUMO energy gaps of nanodiamond par-
ticles were calculated from the energies of the highest occu-
pied and the lowest unoccupied Kohn-Sham molecular orbit-
als for cagelike and spherical nanoparticles. The results are
shown in Fig. 3. Similar to previously reported results,>* we
observe a monotonic reduction of electronic HOMO-LUMO
energy gaps with the cluster size for cagelike nanoparticles.
The HOMO-LUMO energy gaps of the cagelike nanodia-
mond particles decrease continually from 9.3 eV for the
CoH¢ cluster to 7.7 eV for the C4sH,g nanocluster. For
spherical nanoparticles, our calculation indicates that the
HOMO-LUMO energy gaps of the spherical nanodiamond
particles decrease from 10.6 eV for the CsH;, cluster to
7.9 eV for the C4;Hg, cluster. This reduction is not mono-
tonic and the value of HOMO-LUMO energy gaps reaches a
minimum value in CssHsq cluster. The difference between
HOMO-LUMO energy gaps of the two largest clusters
C35H36 and C47H60 is 0.1 eV.

The variation ranges of HOMO-LUMO energy gaps are
1.6 and 2.8 eV for the cagelike and spherical nanoparticles,
respectively. Similar to variation range of formation ener-
gies, the dispersion of HOMO-LUMO energy gap values for
the cagelike nanodiamond particles is much smaller than the
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FIG. 3. (Color online) The variation of electronic HOMO-
LUMO energy gaps with the size of cagelike and spherical nano-
diamond particles.

dispersion of HOMO-LUMO energy gap values of the
spherical ones. For smaller sizes of nanoparticles, the
HOMO-LUMO energy gaps of spherical nanoparticles are
much larger than those of the cagelike ones; however, by
increasing the size up to C9Hs4 cluster, the HOMO-LUMO
energy gap of cagelike nanoclusters exceeds the HOMO-
LUMO energy gap of the spherical ones (Table IIT). In sum-
mary, the variation of HOMO-LUMO energy gaps for the
cagelike nanoparticles versus size is more monotonic and
much slower than that for the spherical ones.

For larger sizes of the nanoclusters, the HOMO-LUMO
energy gaps of both classes of clusters converge to a com-
mon energy value that is about 8.0 eV. This reduction of
HOMO-LUMO energy gaps or reduction of quantum con-
finement effect may represent transformation from a molecu-
lar to a bulk system. A similar trend has been reported for
variation of HOMO-LUMO energy gaps with the size for Si
and Ge nanoparticles.'>-!7

In Table III, we have listed such nanoclusters from cage-
like and spherical types that have almost the same number of
C atoms (similar sizes) in order to compare HOMO-LUMO
energy gaps independent of the nanoparticle sizes. The
HOMO-LUMO energy gaps listed in this table indicate that
the nanoclusters with almost the same number of C atoms
have not the same electronic HOMO-LUMO energy gaps.
The difference between HOMO-LUMO energy gaps of cage-
like and spherical nanodiamond particles varies from
0.13 eV for the C3yH3q and CygHzg up to 0.7 eV for the
C,7H36 and C,gH,,4 nanoclusters. This comparison shows that

TABLE III. In this table, we have listed the electronic HOMO-
LUMO energy gap of such cagelike and spherical nanodiamond
particles, which have almost the same number of C atoms.

HOMO-LUMO
Cagelike (spherical) clusters Symmetry  gap energy (eV)
CysHoy (Ci7Hz6) Cy, (Ty) 8.59 (9.32)
CsoHzg (CaoHzg) C, (T, 8.12 (8.25)
Cs4Hzg (C35Hze) C, (Ty) 8.06 (7.84)
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FIG. 4. (Color online) The isocharge surface of (a) HOMO and
(b) LUMO states of cagelike nanodiamond particles. The isocharge

surface of (c) HOMO and (d) LUMO states of spherical nanodia-
mond particles.

(a)

the effects of the spatial symmetry and morphology on the
HOMO-LUMO energy gaps similar to formation energy are
more important than the effect of size of the nanoparticles.

We show in Fig. 4 the shape of isocharge surface of single
electron HOMO and LUMO states for cagelike and spherical
nanodiamond particles. In this figure, one can realize that for
both classes of nanodiamond particles in the HOMO states,
there is a considerable probability of finding electrons inside
a nanoparticle and especially in bonds between C atoms.
However, for LUMO states there is a considerable probabil-
ity of finding electrons outside the nanoparticles and the sur-
face H atoms are almost screened by LUMO electrons. This
delocalization of electrons in LUMO state of nanodiamond
particles has been used to explain the absence of quantum
confinement effect for the energy of LUMO.* In this figure,
we find that there is not any notable difference between iso-
charge surface of HOMO and LUMO states of cagelike and
spherical nanodiamond particles.

C. Effect of C-H atom ratio and Mulliken atomic charge on
calculated energies

As the size of the nanoparticles increases, the number of
C atoms in comparison with the number of H atoms or the
carbon-hydrogen atom ratio increases. The trends of varia-
tion of C-H atom ratio for cagelike and spherical nanopar-
ticles are shown in Fig. 5.

Considering reduction of H atoms in comparison to bulk
C atoms by increasing the cluster size, we expect that the
induced net charge in the bulk of nanoclusters due to the
difference in electronegativity of the C and H atoms de-
creases. Our results show that there is a gradient of net
charge from the H atoms on the surface toward the C atoms
at the center of each cluster. The gradient of charge alters the
perfect covalent character of C-C bonds to a partially polar
one. Consequently, the C-C bonds in such hydrocarbon nano-
clusters are not as stable as the perfectly covalent C-C bonds
in a diamond lattice. In other words, by decreasing the rela-
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FIG. 5. (Color online) The variation of C-H atom ratio with the
size of cagelike and spherical nanodiamond particles.

tive number of H atoms with respect to C atoms (increasing
the C-H atom ratio), the gradient of net charge decreases,
resulting to a much stable nanodiamond particle. To justify
this interpretation, we calculated formation energies of C at-
oms in CH, and C,H¢ molecules. The corresponding forma-
tion energy values per C atom for these molecules are
-0.32 eV (for CH,) and —0.30 eV (for C,Hg). The values of
C-H atom ratio for these molecules are 0.25 and 0.33, re-
spectively. Also, the net induced charges on the C atoms are
also —0.58 and —0.40 for CH, and C,Hg, respectively. In the
methane molecule where the C atom bonds to four H neigh-
boring atoms (four partially polar bond), the induced charge
is more than that in the ethane molecule which has three
partially polar C-H and a more covalent C-C bond. In this
instance, by increasing the C-H atom ratio the formation en-
ergy of C,Hg increases and the induced charge on the related
C atom decreases with respect to CH,. Moreover, the
HOMO-LUMO energy gaps of methane and ethane mol-
ecules are 14.1 and 12.1 eV, respectively, which are consis-
tent with the decrement of HOMO-LUMO energy gap with
increasing C-H atom ratio.

We also calculated Mulliken induced charge for different
sizes of cagelike and spherical nanodiamond particles. The
results of spherical ones are shown in Fig. 6. Similar to Ref.
3, we observe a significant reduction in the induced atomic
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0.12 -

0.115

0.11
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FIG. 6. (Color online) The variation of Mulliken atomic charge
with the size of spherical nanodiamond particles.
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FIG. 7. (Color online) The calculated C-C bond lengths of cage-
like nanodiamond particles with different sizes. The solid line
shows the C-C bond lengths of diamond lattice.

net charge on C atoms of spherical nanoparticles by increas-
ing the cluster size. This reduction of charge is due to the
increase in the number of the C-C bonds with respect to the
number of partially polar C-H bonds. In Fig. 6, for spherical
nanodiamond clusters, the variation of induced charge is not
monotonic. The monotonic variation for cagelike nanocluster
has been reported previously in Ref. 3. There is a minimum
value for induced net charge at C35H;4 cluster in Fig. 6. The
minimum atomic Mulliken charge of spherical C;5Hz4 clus-
ter is in very good agreement with the results concerning
C-H atom ratio in Fig. 5. In this figure, the C-H atom ratio
has a maximum value for the C3sH34 nanocluster. Therefore,
the variations of C-H atom ratio and Mulliken atomic charge
in the spherical nanoparticles are not monotonic and have
maximum and minimum values, respectively. This behavior
is coherent with the variation of the formation and electronic
HOMO-LUMO energy gaps that have minimum values for
spherical clusters. For cagelike nanodiamond particles, the
variation of the C-H atom ratio is monotonic, in agreement
with the monotonic variation of the formation energy and
electronic HOMO-LUMO energy gaps.

By comparing the results of variations of formation ener-
gies, HOMO-LUMO energy gaps, and C-H atom ratio versus
size in Figs. 2, 3, and 5 and also the variation of Mulliken
atomic charge versus size in Fig. 6, we could conclude that
there is a correlation between variations of Mulliken atomic
charge and C-H atom ratio with the formation energy and
HOMO-LUMO energy gaps.

D. Structural properties

From the geometry optimization of cagelike and spherical
nanoclusters, we obtained the equilibrium C-C bond lengths
for different sizes of nanoparticles. The variation of the C-C
bond lengths versus the size of cagelike and spherical nano-
particles is shown in Figs. 7 and 8, respectively.

As it has been shown in Fig. 7, the C-C bond lengths in
cagelike nanoparticles are very close to the equilibrium bond
lengths of the C-C bond lengths in a diamond lattice, i.e.,
1.54 A. In this class of nanoclusters, the bond lengths vary
from 1.54 up to 1.58 A. It is interesting to note that the lower
limit of our obtained bond lengths for cagelike clusters is
1.54 A; in other words, all of the relaxed bond lengths are

PHYSICAL REVIEW B 76, 035417 (2007)

=
©

=N

~

()]
1

=
~
1

1.65

C-C Bond length (A)
-
o
1

-
(%)
[3,]
L
_ B |
mEEn

=
3

T T T

10 20 30 40 50

No. of C atoms

(=]

FIG. 8. (Color online) The calculated C-C bond lengths of each
spherical nanodiamond particle with different sizes. The solid line
shows the C-C bond lengths of diamond lattice.

larger than the equilibrium bond lengths of a diamond lattice.

In contrast to cagelike nanodiamond particles, in Fig. 8
the values of C-C bond lengths of spherical nanodiamond
particles are much more dispersive. The range of variation of
the bond lengths in spherical clusters is from 1.54 up to
1.76 A. Similar to cagelike nanodiamond particles, all of the
C-C bond lengths in spherical clusters are larger than 1.54 A,
which is the equilibrium bond length of diamond.

In Fig. 1, we showed the optimized atomic structure of
spherical nanoclusters. The spherical nanoparticles that have
bond lengths close to the bond lengths of diamond lattice and
the ones which have bond lengths much larger than 1.54 A
can be distinguished in this figure. In Fig. 1, the C-C bond
lengths of CsH,, C35H34, and Co9Hzg nanoparticles are very
close to the C-C bond lengths of a diamond lattice (1.54 A).
In contrast, the C-C bond lengths of C,;Hs and C,;Hg,
nanoparticles have a large deviation from the corresponding
value of a diamond lattice.

For each nanocluster, there are different values for C-C
bonds depending on the different locations of the C-C bond
with respect to the center of the nanocluster. We show in Fig.
9 the variation of C-C bond length versus distance from the
center of Cy4;Hg, spherical nanoparticle. Overall, the C-C
bond lengths in the central part of nanodiamond particles are
larger than those near the surface. As reported in the
literature,'* both Si and Ge nanocrystals passivated with hy-
drogen exhibit an expansion of the Si-Si or Ge-Ge bond
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FIG. 9. (Color online) The calculated C-C bond lengths of
C47Hgp spherical nanodiamond particle versus distance from the
center of the nanoparticle.
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lengths with respect to their bulk value at the center of the
nanocrystals and a contraction of the same bonds near the
surface, in agreement with our results for diamond nanopar-
ticles in Fig. 9.

IV. CONCLUSION

Using ab initio DFT calculations, we studied cohesive,
electronic, and structural properties of different morpholo-
gies and sizes of nanodiamond particles. Our results show
that the variations of the formation energy and HOMO-
LUMO energy gaps with the size are different for the two
classes of nanodiamond particles. These variations correlate
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strongly with the variations of the C-H atom ratio and Mul-
liken atomic charge for both classes of nanoparticles. This
suggests that the morphology, spatial symmetry, and C-H
atom ratio govern physical property of the nanoclusters. Un-
like spherical nanodiamond particles, the structure and bond
lengths of all cagelike nanodiamond particles are very close
to the structure of bulk diamond. The dispersion of calcu-
lated physical properties especially the formation energies of
the cagelike clusters is much smaller than the dispersion of
the parameters of the spherical ones. This may explain the
coexistence of different sizes of cagelike nanodiamond par-
ticles. Finally, we found that the formation energy of the
large spherical nanoparticles is comparable with that of the
cagelike ones. The latter have been observed experimentally.
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