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The optical spectra of hydrogen-passivated diamond clusters (diamondoids) precisely defined in size
and shape have been measured in the gas phase, i.e., under an environment similar to boundary conditions
typically assumed by theory. Characteristic optical properties evolve for these wide band-gap semicon-
ductor nanocrystals as a function of size, shape, and symmetry in the subnanometer regime. These effects
have not previously been theoretically predicted. The optical response of the tetrahedral-shaped C,sHs,
diamond cluster [1(2,3)4] pentamantane is found to be remarkably similar to that of bulk diamond.
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The tunable optical gap of reduced dimensional systems
has been a fascinating focus of nanoscale research [1]. Size
dependent optical gaps and confinement of exciton states
have been observed in a large variety of elemental [2,3] and
compound semiconductor nanocrystals [4]. For these sys-
tems, virtually all experimental investigations have been
performed on samples exhibiting a size distribution, with
unknown surface reconstructions, and often deposited on
substrates. Theory, on the other hand, typically assumes
ideal boundary conditions of single, perfect, isolated, and
neutral particles [5-7].

For small metal clusters, conditions conducive to agree-
ment between theory and experiment have been obtained
[8]. Similarly, for semiconductors, advances have been
made by size selecting and shape resolving charged clus-
ters [9]. The investigation of neutral nanocrystals, however,
is of particular interest because the electronic structure and
optical properties are expected to converge on those of bulk
materials with increasing particle size.

The particle shape has been recognized as an important
parameter in determining the optical properties of nano-
crystals [10]. To date, experiments on neutral semiconduc-
tor particles have been limited to aspect ratios of rather
large particles [11]. This was mostly due to the unavail-
ability of nanoparticles with the same chemical makeup
and distinct, well-defined variations in shape and size.

In this Letter, we present optical data for a series of
size and shape-selected diamond clusters (diamondoids)
[12]. These diamond clusters consist of face-fused crys-
tal cages that are perfectly superimposable on the bulk
diamond crystal lattice. At the cluster surface, the
sp3-hybridization characteristic for the diamond lattice is
retained through complete hydrogen passivation. The ex-
periments described here were performed on a variety of
neutral nanodiamond species in the gas phase. Thus, the
data were obtained under boundary conditions similar to

0031-9007/09/103(4)/047402(4)

047402-1

PACS numbers: 78.67.Bf, 73.22.—f, 78.66.Db, 81.05.Uw

those typically assumed in theoretical investigations. We
find that characteristic optical properties evolve for simi-
larly sized diamond nano-wire, -sheet, and -crystal already
in the subnanometer size regime. This shape dependence
has not yet been described theoretically. Besides their
fundamental interest, the current findings are contributing
to the technological potential of these new nanodiamond
materials [13—15]. Further, small diamondoids have been
found to luminesce in the ultraviolet, making them pro-
spective candidates for optoelectronic applications [16].
The diamondoids used in this work were isolated and
purified from petroleum [12] as higher diamondoids have
to date not been synthesized [13]. Higher diamondoids
were obtained by vacuum distillation above 345 °C and
are pyrolyzed at 400° to 450 ° C to remove nondiamondoid
hydrocarbons. Size and shape selectivity occurred via
high-performance liquid chromatography [12]. All
samples exhibit purities exceeding 99%, and their struc-
tures are confirmed by single crystal x-ray diffraction.
The investigated structures are depicted in Fig. 1. Each
solid arrow stands for the addition of four carbon atoms
which, as a general rule, corresponds to one additional
diamond cage unit. For the discussion of the optical prop-
erties, the investigated diamondoids are categorized ac-
cording to the growth scheme in Fig. 1. For the smallest
three structures with 10-18 carbon atoms comprising 1 to 3
cages (left column in Fig. 1), only a single isomer exists.
They are referred to as molecular structures. For the next
diamondoid size (middle left column), the additional dia-
mondoid cage can be added at three different sites resulting
in three different isomers with 22 carbon atoms. Because
each of these isomers can be regarded as basis for further
growth into a distinguished geometry, they are denoted
transitional structures. Each of the three largest investi-
gated diamondoids with 26 carbon atoms (middle right
column) is the first representative of a basic geometry,
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FIG. 1 (color online). Investigated diamondoids categorized
by their size and divided into different geometrical families
(3D, 2D, 1D). The two middle columns contain clusters of
same size. Following the arrows distinguished geometries evolve
representing 3D, 2D, 1D nanostructures. Only the carbon frame-
work is shown; the hydrogen termination is omitted for clarity.

e.g., a tetrahedron, disc, and wire nanocrystal. They are
therefore referred to as basic shapes.

The optical absorption of the diamond clusters is deter-
mined as difference of the measured transmission between
a filled and an empty absorption cell. The experiments are
performed using synchrotron radiation from beam line I of
HASYLAB (DESY, Hamburg). The experimental resolu-
tion is determined to be better than 0.02 eV. The diamond-
oids are brought into the gas phase in an absorption cell for
high temperature vacuum applications with vacuum-
ultraviolet transparent MgF, crystal windows. The absorp-
tion cell is heated to temperatures of 20°-220 °C which is
well within the range of the thermal stability of diamond-
oids [12]. The vapor pressures in the absorption cell are on
the order of 10 Pa. Prior to the measurement the samples
are outgassed in vacuum (~10~* Pa) at elevated tempera-
tures and no buffer gas is used.

The absorption data are shown in Fig. 2. The spectra are
arranged corresponding to the structures depicted in Fig. 1.
The overall optical absorption of the diamond clusters
changes strongly as a function of their size and shape,
reflecting the geometric classifications described above.
For the three smallest diamondoids [adamantane, diaman-
tane, triamantane; Fig. 2(a)] a transition from discrete,
molecularlike excitations into smooth, quasicontinuous
spectra is observed. This sudden transition cannot be solely
explained by thermal broadening as average thermal ener-
gies increase from only 32 to 37 meV. The spectrum of the
smallest diamondoid with a single cage, C;yH;¢ (adaman-
tane), exhibits numerous sharp features, the most promi-
nent of which have been identified as Rydberg states [17].
Diamantane with 2 diamond cages displays similar fea-
tures. An assignment of peaks to a specific Rydberg series
is no longer possible. The sharp resonances vanish com-
pletely when a third cage is added.

As one examines the spectra of larger diamond clusters,
following the arrows in Fig. 2, distinct spectra evolve
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FIG. 2 (color online). Optical absorption as a function of
cluster size and shape. The spectra are arranged corresponding
to the structures shown in Fig. 1. The optical gaps are indicated
by small arrows.

within each structural family. The 3-dimensional family,
displayed in the top row of Fig. 2, shows strong resonances
at the absorption onset and five sharp almost equidistant
peaks emerge. In contrast, the absorption onset of the 2D
family, shown in the middle row, is rather smooth and
overall the spectra exhibit relatively few features. The
spectra of the 1D family (rods or wires) are smooth over
most of the energy range with only sporadic appearance of
spectral structure. The absorption onset consists of a con-
tinuous increase rather than a distinguishable single ab-
sorption peak. For the larger cluster sizes, the high
symmetry 3D structure shows the most pronounced spec-
tral features corresponding to the most degenerate elec-
tronic structure. The data show that for stoichiometrically
identical diamond clusters, the optical properties depend
sensitively on the atomic configuration of the structural
isomer, i.e., shape.

The absorption onset of the nanocrystals determines
their optical gap. The gap can be defined as a small but
nonzero fraction of the integrated oscillator strength. This
method has the advantage of being applicable to both
theory and experiment [6,18]. Figure 3(a) presents the
integrated oscillator strength for the investigated diamond-
oids, normalized to the value at the ionization potential
[19]. The data allow us to set the threshold for the optical
gap at a fraction of 5 X 10™* of the normalized oscillator
strength [dashed line in Fig. 3(a)] which is comparable to
values used in theoretical studies [6]. Two main effects
dominate the experimental error of the optical gaps: the
reproducibility of the measured spectra and the experimen-
tal values for the ionization potentials [19] used to normal-
ize the integrated oscillator strength. They each result in an
uncertainty of about 5 meV. Considering the beam line
resolution of 20 meV, the presented gap values can be
estimated to be accurate within 30 meV. The resulting
optical gaps are marked with arrows in the spectra in
Fig. 2 and are summarized in Fig. 3(b) as well as Table .
The optical gap values exhibit a clear deviation from a
simple scaling of the gap with the number of atoms for the
C4H, cluster (diamantane) and the 1D transitional struc-
ture with 22 carbon atoms ([121]tetramantane). These
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FIG. 3 (color online). (a) Integrated oscillator strength for the
measured diamond clusters. The threshold defining the optical
gap is marked by a dotted line. (b) Optical gaps as function of
size. The experimental gaps are compared to optical gaps de-
rived by QMC calculations [21]. The dashed line marks the
energy gap of bulk diamond [30].

irregularities coincide with the lack of pronounced spectral
features at the absorption onset. Interestingly, for the basic
shapes (26 carbon atoms, panel c), a pronounced resonance
at the gap is only clearly observable for the 3D structure,
and the gap values are similar for all isomers.

For comparison, computed gap values of recent quantum
Monte Carlo (QMC) calculations explicitly tailored to
yield optical gaps of diamondoids [21] are added to
Fig. 3(b). The theoretically predicted gaps are more than
1 eV too large, overestimating the quantum size effects by
100% to 300%. Furthermore, the irregularity for the second
smallest cluster is not observed in the QMC data. Efforts to
calculate the optical spectra of small nanodiamonds using
time-dependent density functional theory [22] fail to re-
produce the well-known spectra of the smallest cluster [17]
and the quantum size effects for structures similar to the
ones in this work seem largely overestimated. Deviations
of comparable extent are found for previous experimental
band edge investigations [23] and other theoretical work
[24,25]. However, these studies focused on band edge
shifts rather than optical transitions; thus, the comparabil-
ity is limited.

TABLE I. Optical gaps for all measured diamondoids. Names
in the Balaban-Schleyer nomenclature [20] are listed with the
chemical formula. Cat. refers to categories introduced in the text:
M denotes molecular structure, 7' transitional structure, and B
basic shape. Symmetry is given in Schonflies notation.

Diamondoid Name Formula  Cat. Sym. Gap [eV]

adamantane CioHye M T, 6.49
diamantane C4Hyg M D5, 6.40
triamantane CsHou M Cs, 6.06
[1(2)3]tetramantane CyHy T @3D) G, 5.94
[123]tetramantane CyHy,y T (2D) G, 5.95
[121]tetramantane CyHyy T (ID) Gy, 6.10
[1(2,3)4]pentamantane  CysHs;, B (3D) Ty 5.81
[12312]hexamantane CyxHzy B (2D) Dy, 5.88
[1212]pentamantane CyxH;, B (1D) Gy, 5.85

To investigate the correlation between the gap value and
the absorption onset, symmetry selection rules governing
optical transitions are considered. For this purpose, the
orbital symmetries are calculated at B3LYP/6-31G" level
of theory [26] using GAUSSIANO3 [27]. For those struc-
tures which behave irregularly, the lowest transitions are
symmetry-forbidden. In the case of the 1D transitional
structure belonging to the C,;, point group, transitions
from highest occupied molecular orbitals (HOMO,
HOMO-1, and HOMO-2) to the lowest unoccupied mo-
lecular orbital (LUMO) are forbidden. This is also true for
the HOMO-LUMO and (HOMO-1)-LUMO transitions of
the two-cage C4H,, diamantane, exhibiting D;; symme-
try. Interestingly, the lowest transitions for the 2D basic
shape are also symmetry-forbidden. While this is also
reflected in the spectra, showing a smooth absorption
onset, its absolute gap value exhibits only a minor devia-
tion from the other two basic shapes. In this context, it
should be noted that of all samples, the 2D basic shape is
measured at the highest temperature. Therefore phonon-
assisted transitions may play a role in lowering the mea-
sured gap. The allowed HOMO-LUMO transitions for all
other diamondoid structures coincide with an accentuated
single or double peak at their absorption onset defining the
optical gap. This spectral feature can thus be assigned to
transitions from the HOMO into the LUMO which is
defined by the hydrogen surface [28]. This interpretation
is in agreement with calculations predicting optical gaps of
larger hydrogen-passivated nanodiamonds to lie below the
bulk value due to such surface states [29].

The closest related system to the presently investigated
diamond clusters are hydrogen passivated silicon nano-
crystals. Various theoretical approaches have been applied
to the problem of optical gaps and spectra for these systems
[5-7]. The sudden transition from sharp, distinct features to
smooth spectra, as presently found for diamondoids going
from two to three crystal cages, has not been reported [6].
Furthermore, the spectra are predicted to become more
continuous with increasing size even for highly symmetric,
spherical Si-nanocrystals [6]. These predictions contrast
our results of a spectrum with strong, equally spaced
resonances for the highly symmetric 3D basic shape.

The optical absorption of the 3D basic shape (compare
Fig. 1) shows a surprising similarity to that of bulk dia-
mond [30] suggesting that this tetrahedral nanodiamond
([1(2,3)4]pentamantane) can, in many respects, be consid-
ered the smallest diamond [31]. In Fig. 4, the nanocrystal’s
spectrum has been shifted by 0.73 eV to overlay with the
spectrum of bulk diamond in order to account for quantum
size effects. Both spectra exhibit strong resonances with
equal energy spacing. A resemblance to the bulk spectrum
is only observed for the 3D basic shape with 7,; symmetry
which is the largest finite subgroup of the infinite O, bulk
diamond symmetry group. The growing intensity deviation
towards higher energies is due to the different applied
methods of transmission and luminescence yield absorp-
tion measurements [30]. The two spectra differ in relative
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FIG. 4 (color online). Comparison of the optical absorption of
the 3D basic shape ([1(2,3)4]pentamantane) with the absorption
of high purity type Ila diamond (dotted line) [30]. The spectra
are plotted over different axes which are shifted by 0.73 eV. The
spectral inset shows the enlarged onset of the bulk diamond
spectra.

intensity of the pre-edge spectral features. For bulk dia-
mond, an indirect, wide band-gap semiconductor, these
transitions have been related to impurities, so-called N9-
centers [32]. In the defect-free nanodiamond, they must be
ascribed to transitions into the LUMO defined by the
hydrogen surface [28] as discussed above. The difference
in relative intensities for the bulk and nanocrystal samples
is due to their different surface-to-bulk ratio.

In conclusion, the optical response of diamond clusters
is determined by an interplay of size, shape, and symmetry.
The data show that for each of the diamond growth
branches towards 1D, 2D, and 3D structures, characteristic
optical properties evolve. They reveal irregularities of gap
evolution with cluster size that can be attributed to sym-
metry constraints for the lowest transitions. Theoretical
results for optical gaps do not match the current experi-
mental findings with respect to both the absolute and trends
in the gap value. Our experimental environment mimics the
ideal boundary conditions typically assumed in theoretical
electronic structure investigations delivering benchmark
data against which competing theoretical approaches may
be tested. Comparison of the spectra of the tetrahedral
CysH3, cluster and bulk diamond shows remarkable sim-
ilarities suggesting that optical properties of diamond
evolve in the sub-nm regime.
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