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anometer-sized diamond is an un-

usual form of carbon that has been

observed in interstellar dust and
meteorites.”® The detonation synthesis of
nanodiamond (ND) was discovered in the
1960s,2 but nowadays, nanocrystalline dia-
mond films are often grown by chemical va-
por decomposition (CVD) methods from ac-
tivated diluted hydrocarbon—hydrogen
gas mixtures.* Their physicochemical prop-
erties are hoped to become controllable by
size- and shape-specific CVD synthesis,
while already a variety of potential commer-
cial ND applications were already reported
during the past few years using the rather
crude detonation synthesis.>~° Due to their
inherent biocompatibility, NDs have re-
cently been “discovered” for medical appli-
cations,® for instance, for drug delivery'"2
and biolabeling.”>'* In this context, use is
made of surface or subsurface dopant
species'>'* or surface functionalization.''2

Structural characterization of NDs by

means of spectroscopic techniques is of
critical importance for the further develop-
ment of the ND research field, as well as for
practical applications. For this purpose, a
thorough understanding of the factors af-
fecting the spectroscopic properties is ur-
gently required. Among the possible spec-
troscopic techniques, Raman vibrational
spectroscopy has become one of the most
valuable tools used for the structural char-
acterization of NDs'>~% and their structural
transformations at high temperatures.? A
number of characteristic features were pro-
posed to discriminate NDs from other car-
bon nanomaterials. These features—Raman
active bands that show up in spectra of
nanocrystalline diamond in addition to the
characteristic diamond signal (which is
broadened and slightly red-shifted from its
bulk value of 1332 cm™")—include the
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ABSTRACT Structural characterization of nanodiamonds by vibrational spectroscopy requires knowledge of
the factors determining the spectra. Raman spectroscopy is widely used to detect the diamond phase in
nanodiamond powders and films, but several spectral features are still poorly understood. Here we present a
theoretical study of the evolution of diamond hydrocarbon Raman spectra with increasing size, from the
adamantane molecule to ~3 nm large tetrahedral and octahedral particles of T, symmetry, containing up to
about 1000 carbon atoms. The self-consistent-charge density functional tight-binding method (SCC-DFTB) was
used for the calculation of harmonic first-order Raman spectra. We demonstrate very good agreement with Raman
spectra computed by standard density functional theory (DFT) for the smaller model systems. The evolution of
the Raman patterns is smooth, and convergence to the bulk limit could clearly be observed in case of the acoustic
vibrational modes (w, = 0 cm~"). We found a simple relationship between nanodiamond size and vibrational
frequency, which is analogous to the corresponding equation for the radial breathing mode of single-walled
carbon nanotubes. The T, modes of octahedral diamond hydrocarbons coalesce faster to the bulk optical vibrational
mode (in experiment, o = 1332 cm™") than those of tetrahedral particles, consistent with the fact that the bulk/
surface ratio is more favorable for octahedral particles. Our simulations unequivocally show that controversial
Raman features around 500 and 1150 cm ™" do not originate from the nanodiamond crystals, and that the
nanocrystal shape plays an important role in the appearance of the Raman spectra even in the 3 nm domain.

KEYWORDS: Raman intensities - vibrational spectroscopy - nanodiamonds -
functional tight binding - size evolution of Raman spectra

density

bands around 500, 600, 1150, 1400, 1450,
and 1500—1800 cm™".*~192> However, seri-
ous controversies exist preventing an un-
equivocal assignment of the observed vi-
brational bands to NDs, and it is far from
clear whether these bands can be attrib-
uted to the NDs themselves.'~?' There is
now a consensus that the peak around 1150
cm™, which always appears together with
the peak at 1450 cm~" in poor quality CVD-
synthesized NDs, originates from trans-
polyacetylene fragments.'®? The origin of
the double-resonant band at 1400 cm ™'
and that of the broad asymmetric peak be-
tween 1500 and 1800 cm ™! has been as-
cribed to D- and G-bands of graphitic sur-
face species, but in the case of the peak
labeled as “G-band”, it was recently shown
that it is composed of O—H bending with
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Figure 1. Molecular structures and formulas of the octahedral (A, 02—08) and tetrahedral (A, T2—T10) ND models consid-
ered in the present study.

contributions from sp? carbon and (=0 stretching vi-  (DFT) and Hartree—Fock (HF)-based studies have been

brations.?® published previously,”2 which reported contradictory
Theoretical calculations of Raman spectra based on  conclusions regarding the peak assignments. Zhang

(scaled) harmonic vibrational frequencies are often per-  and Zhang—using rather tiny molecular models of nano-

formed for the assignment of experimental spectra. In diamonds up to the size of 44 carbon

the case of NDs, only two density functional theory atoms—predicted?’ that only the band at ~500 cm™'
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should be indicative of the presence of nanodiamonds,
while the other experimental bands around 1140 and
1480 cm ™" were ascribed to Raman activity of sp?
bonded carbon atoms. Filik et al.—using slightly larger
models up to 88 carbon atoms—argued?® that actually
none of these features originate from nanodiamonds,
suggesting that the only Raman activity of NDs is pro-
duced by the broadened zone-center (1325 cm™")
mode and low-frequency (<100 cm™") cage deforma-
tion modes. The authors conceded that their small
model systems were not sufficiently large enough to
make definite assignments of the experimental bands
appearing in ND Raman spectra. A thorough theoreti-
cal study of the evolution of Raman spectra from ada-
mantane to bulk diamond was considered
impossible.”2°

The calculation of Raman spectra by standard ab ini-
tio or first-principles methods requires enormous com-
putational resources, imposing severe restrictions on
these conventional quantum chemical methods. Yet,
the high density of diamond requires the use of model
systems with a large number of atoms in even
moderate-size atomistic model systems. We have
shown in recent studies that the computationally much
more economical self-consistent-charge density func-
tional tight-binding (SCC-DFTB, abbreviated in the fol-
lowing text as DFTB) method>®®' is comparable in accu-
racy to conventional DFT methods for the theoretical
investigation of vibrational IR and Raman spectra3%33
and can easily surpass the size limitations imposed on
the first-principles methods.3*~3” DFTB is therefore ide-
ally suited for a study of the size and shape effect on the
theoretical Raman spectra of finite-size atomistic model
systems for ND species and in the position to shed
light on the discrepancies between the previously pub-
lished studies.

In this work, we focus on the size evolution of the Ra-
man bands of nanocrystalline diamonds using two
families (tetrahedral and octahedral) of finite molecular
models. We selected these two families because they
represent examples of least and higher sphericity of
shape; NDs synthesized or found in nature certainly
come in a great variety of shapes, most prominently
quasi-spherical, but also irregular shapes with no sym-
metry at all. The simulated spectra can be expected to
converge to the extremely simple Raman spectrum of
bulk diamond, which consists of a single sharp peak at
1332 cm™'. We note that vibrational analysis based on
harmonic force constant approximation is not expected
to yield the fundamental vibrational frequencies. More-
over, the limitations in the accuracy of quantum chemi-
cal methods for predicting harmonic force constants
can lead to deviations up to the order of 100 cm™". The
Raman spectra of nanocrystalline diamonds are, of
course, more complex and depend strongly on the
size and shape of the crystallite. In comparison with pre-
vious theoretical studies focusing on the simulation of
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Raman spectra, significantly larger molecular models
of NDs are used—up to ~ 103 carbon atoms—which en-
able us to visualize the Raman spectrum evolution dur-
ing the transition from the molecular to the solid-state
regime. It is also shown here that a large portion of the
simulated Raman signal is generated by the atoms lo-
cated in the vicinity of the outer surface of the clusters.
An attempt to eliminate the surface effects by immobi-
lizing the terminal atoms shows that the convergence
of the Raman spectra toward that of the bulk diamond
is remarkably enhanced by this procedure.

Model Systems. The model systems employed in the
present study were constructed taking into account
the following symmetry considerations. The symmetry
space group of the diamond crystal is Fd3m, and the
corresponding point group is Op. Some of the symme-
try elements of Oy, like inversion center, are present
only in infinite diamond crystals. The highest symme-
try point group appropriate for finite molecules is T,.
Under the restriction of Ty symmetry, two different fami-
lies of nanodiamond structures are conceivable: octahe-
dral and tetrahedral. The building block used to con-
struct these structures—adamantane (C;oH;¢) referred
to in the following as A—is identical for both families.
By replicating the carbon backbone of the building
block an appropriate number of times, we obtain seven
octahedral (02—08) and nine tetrahedral (T2—T10)
nanodiamond structures. Their molecular structures
and chemical formulas are given in Figure 1. The outer
surface of all of the models is saturated with hydrogen
atoms. The largest considered structure (O8) consists of
969 carbon atoms. The size of the investigated models
ranges from 0.3 nm (A) to 2.6 nm (T10) and 2.9 nm (08)
across the maximal carbon—carbon distance (rmay). It is
convenient to give here an equation allowing an esti-
mate for the size of the model structures from the num-
ber of the carbon atoms and vice versa. It was obtained
by fitting ryax to the corresponding number of carbon
atoms (n) for the five largest structures of each family.
The correlation coefficient was practically equal to
unity. The effective formula is given by

r=an® —c (1

where a = 3.264 A, b = 0.3349, and ¢ = 3.5 A for the oc-
tahedral models and a = 3.168 A, b = 0.3498, and ¢ =
4.5 A for the tetrahedral models. As expected, the size of
the models scales approximately as a cubic root of n.

RESULTS AND DISCUSSION

Comparison of DFTB with DFT and Previous Results. Both
DFTB and DFT methods were used to compute Raman
spectra of smaller model systems (A, T2—T4, 02, and
03), while for larger models (T5—T10 and 04—08), only
the DFTB method could be employed. To assess the
quality of the DFTB Raman spectra, a comparison of the
DFTB and DFT (BLYP/3-21G and BLYP/6-31+G¥) Ra-
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Figure 2. Comparison of the Raman spectra calculated using BLYP/3-21G, BLYP/6-31G*, and SCC-DFTB for the A, T2, T3, T4,

02, and O3 models.

man spectra computed for the smaller models is given
in Figure 2. The overall agreement is satisfactory, with
the largest discrepancies concerning a somewhat al-
tered intensity pattern and shifts (up to 50 cm™") in the
position of some of the peaks. This picture is consis-
tent with our previous studies of the SCC-DFTB Raman
spectra of organic molecules and fullerenes.323438 |n the
present study, the main differences between the spec-
tra are associated with the vibrational activity of the CH,
groups at the model system vertices, which, fortu-
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nately, is irrelevant for the main purpose of our current
investigation. It was earlier demonstrated by Filik et al.?®
that a similar degree of change in the simulated Ra-
man spectrum of adamantane can be induced upon
the change of the computational method (HF vs DFT)
and/or the basis set.

The previous theoretical studies of nanodiamond
Raman spectra?’2® were limited to very small molecu-
lar models with less than 100 atoms. The largest struc-
ture studied by Zhang and Zhang?’ (Cy4Hyy) is interme-
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diate between our 02 and O3 models. Our simulated
02 spectrum agrees reasonably well with the O2 spec-
trum computed by these authors, who used a different
level of DFT, namely, B3LYP/6-31G*. The largest atomis-
tic models used by Filik et al.®® comprise approximately
90 carbon atoms and are directly related to our O3 and
T4 models. Unfortunately, it is not feasible to compare
their Raman spectra with ours because they used Ra-
man activities to display their data instead of more ap-
propriate Raman intensities.

General Evolution of Raman Spectra of Octahedral and
Tetrahedral NDs. Before presenting the results for the evo-
lution of ND Raman spectra with increasing model sys-
tem size, we shortly discuss the Raman spectrum of in-
finitely large diamond, which constitutes the bulk limit
toward which our finite ND models are expected to con-
verge. The phonon dispersion structure of diamond
consists of six phonon bands: three acoustic and three
optical. Their frequencies can be experimentally deter-
mined using first-order Raman and Brillouin scattering
only in the vicinity of the I" point owing to the crystal
momentum conservation. At I, the optical (wo = 1332
cm™") and acoustic (wa = 0 cm™") phonons are degen-
erate. Therefore, the first-order Raman spectrum of bulk
diamond consists only of a single sharp band located
at 1332 cm 13742

Clearly, the finite-size models considered here pos-
sess no translational symmetry and can be treated as
very large molecules. Consequently, the Raman spec-
tra of NDs can be expected to consist of a large num-
ber of bands corresponding to the Raman active vibra-
tional modes. Their activities are, in principle, governed
only by the T, point group selection rules. In practice,
however, it is reasonable to expect that, for large finite
models, the vibrational densities of states (VDOSs) will
resemble and in the limit of an infinite number of atoms
will converge to the phonon density of states of the
crystal diamond. This expected convergence behavior
can be expressed alternatively by saying that the vibra-
tional frequencies of large models studied here probe
uniformly the phonon dispersion surfaces of diamond
over the whole Brillouin zone. Therefore, it is reasonable
to expect that the Raman activities of vibrational modes
not corresponding to the I" point (i.e., out-of-phase
with respect to the relative motion of unit cells inside
the finite models) will contribute only marginally to the
simulated Raman spectra. For smaller models, where
the similarity is only approximate, the optical phonons
at I would have a nonvanishing overlap with a larger
number of vibrational modes of a finite model leading
to the characteristic asymmetric line width broadening
of the red-shifted zone-center mode and producing a
number of additional Raman features. Note that this
molecular interpretation is essentially equivalent to the
phonon-confinement model* that was used previ-
ously to interpret the Raman spectra of nanocrystalline
diamonds.** A similar interpretation can be given for
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the acoustic phonons that manifest themselves in fi-
nite models as a comb of low-frequency bands usually
referred to as the cage deformation modes.

Speaking more precisely, it would be reasonable to
expect the aforementioned behavior if we could avoid
including the terminal hydrogen atoms in our model
systems. The C—H stretching modes (2850—3400 cm™")
are not interfering with the studied spectral region,
but, unfortunately, the H—C—H bending modes
(1350—1460 cm™") with a priori unpredictable intensity
pattern do complicate the analysis of the simulated
spectra. This complication is solved by setting the
atomic mass of hydrogen to a large value (10 000 amu),
which corresponds effectively to shifting away the in-
tervening features from the studied spectral window.
The Raman spectra obtained using this modification
will be further referred to as the “infinitely heavy hydro-
gens” (briefly, infH) Raman spectra.

With the preceding theoretical considerations in
mind, we are now ready to analyze the results of our
simulations. As expected, the Raman spectra obtained
for the hydrogen-terminated tetrahedral and octahe-
dral finite models (shown in Figure 3) display a large
number of active bands. Most of these bands have
very small intensity. The bands are grouped in two fami-
lies, one with @ < 400 cm™~" and one centered around
1200 cm ™. This pattern is more pronounced for larger
NDs. The evolution of the simulated Raman signal with
growing size of the models is very regular. The positions
of the bands and their intensities change smoothly,
demonstrating a clear convergence pattern underlying
the Raman spectra of NDs. Two features of this evolu-
tion are worth particular attention. First, the number of
intensive Raman bands is considerably reduced with
the growing size of the model. For the largest model
systems size of the tetrahedral family (T10), there are
only seven intensive bands, while for that of the octahe-
dral family (O8), almost all Raman intensity is carried
by five bands. We use this regularity below to discuss
the anticipated Raman spectra of much larger NDs, for
which we could not afford explicit DFTB calculations.
Second, the low-frequency bands experience a quite
substantial red shift during the evolution, while the
other bands (with @ > 800 cm™") remain almost un-
changed in the same region of the spectra for differ-
ent size model systems. This feature allows for tracking
back the origin of the active Raman bands of NDs to
those of adamantane, which are much easier to inter-
pret. A detailed analysis along this line is given below.

Evolution of the Low-Frequency Bands. The low-frequency
bands originate from the breathing and cage-
deformation modes and clearly can be associated with
the acoustic phonons of diamond. Their frequencies
and intensities converge rapidly with growing model
size. For the largest studied models, O8 and T10, all of
the low-frequency Raman bands are located below 200
cm™ . The intensity and position pattern of these bands
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Figure 3. Evolution of the simulated Raman spectra for the tetrahedral and
octahedral finite models of nanodiamonds.

is quite different for both studied families of struc-
tures. The octahedral models display a quartet of ac-
tive bands, corresponding to the E, T,, T,, and A irreps,
of approximately similar intensity. During evolution, the
spacing between the peaks decreases and their fre-
quencies approach zero. The tetrahedral models dis-
play two doublets of active bands, each of them show-
ing similar behavior as discussed for the quartet of
octahedral models. The active modes correspond to
the following irreducible representations (irreps): E, T,
E, T,, and A; the second pair of the E and T, modes coin-
cide, appearing as a single peak. Despite of the fact
that the pattern is different for both families, it is clear
that in the bulk limit of the size evolution they converge
toward the same Rayleigh line. The strong depen-
dence of the position of these peaks on the size of the
model can be used as a diagnostic for determination of
the size of the nanocrystalline grains of diamond, as
suggested earlier by Filik et al.?® We have fitted the po-
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sitions of the observed bands to the following formula
o=an" (2)

with n being the number of atoms in a given structure,
using the data for the five largest models of each fam-
ily. The quality of the fit is almost perfect (for details,
see Supporting Information). Since the exponent b is
roughly equal to 1/3, the low-frequency modes scale
approximately inversely with the size of the model ..
This behavior agrees well with the previous experimen-
tal semiconductor®~#” and theoretical results.**~>° To
allow the prediction of the position of the low-
frequency bands in general size nanocrystals, we give
here the fitted coefficients for the limiting low-
frequency bands of each model. They are a = 882 cm™
and b = 0.3691 for the lowest band (E) and a = 1410
cm™"Tand b = 0.3431 for the highest band (A) of the tet-
rahedral model, and a = 1005 cm~" and b = 0.3034
for the lowest band (E) and a = 1578 cm™'and b =
0.3231 for the highest band (A) of the octahedral model.
Assuming that the regular pattern described here can
be extrapolated also to much larger systems, eq 2 to-
gether with the given coefficients can be used to esti-
mate the anticipated positions of the low-frequency
bands in the recently reported Raman spectra of two
single-crystal nanodiamonds.?*?* The nanodiamond of
the size 90 nm, which contains approximately 20 [10.5]
million carbon atoms and corresponds effectively to a
0246 [T314] model system, would have the low-
frequency bands located in the range 5.7—6.9 [2.2—6.2]
cm~ " assuming the octahedral [tetrahedral] regime.
Analogously, the smaller nanodiamond of the size 35
nm, which contains approximately 1.2 [0.7] million car-
bon atoms and corresponds effectively to our 096
[T126] model, would have the low-frequency bands lo-
cated in the range 14.0—17.2 [6.0—14.8] cm™". It would
be relatively easy to distinguish between the two re-
gimes, as the octahedral models display almost equally
spaced bands, while for the tetrahedral models, the
separation between the doublets becomes even more
pronounced for large NDs. We note that eq 2 can be
written as an analogue of the dependence of the ra-
dial breathing mode of single-walled carbon nanotubes
on the inverse tube diameter>*

1

ow=an = (3)

where . takes the place of the tube diameter. We
hope that these considerations can prove helpful for as-
sessing the size and shape of diamond nanocrystals in
low-frequency Raman spectroscopy experiments. We
are aware that unfortunately, at present, the experi-
mental sample quality for the size range of NDs, where
these modes are detectable by Raman spectroscopy,
does not allow detection of these features.
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Evolution of the 800—1500 cm ™" Spectral Window. For the
octahedral models, the bands located between 800
and 1500 cm ™' converge toward a single, dominant
peak. DFTB predicts the position of this T, band, corre-
sponding to the optical phonons of diamond, at ap-
proximately 1200 cm™'. A detailed discussion of the
evolution history for the T, band is given in the next sec-
tion for both families of models. For the tetrahedral
models, the convergence behavior is again quite differ-
ent. The most important observation is that the mod-
els used by us are not sufficiently large to predict
uniquely the Raman spectra of larger tetrahedral nano-
diamonds. One may expect that the presented series of
Raman spectra of T2—T10 would converge to three
separated bands located around 1050, 1200, and 1450
cm™ . In analogy with the octahedral models, the signal
at 1200 cm™" corresponds to the zone-center T, band.
The remaining two bands, at 1050 and 1450 cm™', pre-
sumably fade away only for much larger numbers of at-
oms. Their origin can be easily traced back to specific vi-
brational modes of adamantane. The E band at 1450
cm™', whose position is practically constant for all mod-
els, originates from the 1453 cm™! scissoring motion
of the adamantane CH, groups (observed in experi-
ment>’ at 1439 cm™"). Clearly, there are very few rea-
sons for this band to change its position during the evo-
lution. Note that this band is present in all of the Raman
spectra simulated by us, but for the octahedral mod-
els, it is rapidly shadowed by other, more intensive
bands, while for the tetrahedral models, the decay of
its relative intensity is much slower. The other mode,
around 1050 cm™’, evolves from the T, 942 cm™! vibra-
tion of adamantane (observed in experiment®' at 970
cm™ 1), which is a specific amalgam of CH, rocking, CC
stretching, and CCC deformation. For larger models, the
constituent contributions change slightly and the mode
shifts toward higher frequencies: 1025 cm™' for T2,
1038 cm™ for T3, and 1048 cm ™! for T4.

Evolution of the T, Raman Band. The rate of convergence
of the simulated Raman spectra of NDs can be most
conveniently inspected by the analysis of the spectral
region around 1100—1300 cm ™', which effectively cor-
responds in DFTB to the optical phonons of diamond at
I'. The evolution of this region in the Raman spectra
studied here of the three largest tetrahedral and octa-
hedral structures is shown in Figure 4. For the octahe-
dral structures, the convergence toward the diamond
band is very clear and rapid. The intensity of the T, band
is enhanced with the growing size of the model, while
the intensity of the other bands is practically unaltered.
The position of the T, band depends on the size of the
model: 1185 cm™! for 06, 1192 cm ™! for 07, and 1196
cm™ for O8. (The corresponding diameters of these
NDs are 2.2, 2.5, and 2.9 nm.) Unfortunately, our mod-
els are still too small to extrapolate this trend further as
it has been done for the low-frequency modes. Such
an extrapolation would allow us to evaluate how much
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the displaced position of the T, band in our simulation
(~1200 vs 1332 cm ™" in experiment) is caused by the
harmonic approximation and the deficiencies of the
DFTB method and how much it originates from the not
fully converged size of our model. A certain estimation
of this effect can be obtained by computing the DFTB
vibrational frequencies for butane (C4H,o) and compar-
ing the position of the symmetric C<>C—C«>C stretch
mode (982 cm ™) with its experimental value (1059
cm™).52 The difference of approximately 80 cm™' sug-
gests that in the DFTB Raman spectrum performed for
a fully converged model one may expect the position of
the T, band at approximately 1250 cm™. In this con-
text, the red shift of the T, band by 50 cm ™' observed
for small models is not surprising; an analogous effect
was observed earlier in experiment?*2* and in theory'744
when the size of the diamond nanocrystals was re-
duced from 2 to 5.0 nm. We note in comparison that
harmonic vibrational frequency calculations for bulk
diamond using periodic boundary conditions predict
the position of the T, anywhere between 1277 and 1361
cm71.53

The evolution pattern for the tetrahedral structures
is much more structured. As can be seen from Figure
4, the Raman signal in the studied spectral window is
actually dominated by an E band. The relative intensity
of the T, band is slowly growing and may/will dominate
the E band for much larger models than those in-
spected in the present study. The position of the T,
band is gradually blue-shifted with the growing size of
the model, analogously as for the octahedral models,
while the position of the E band is practically
uninfluenced.

Evolution of the Simulated infH Raman Spectra. It is easy to
understand the difference between the Raman spectra
of the tetrahedral and octahedral models taking into ac-
count the C/H ratio, closely related to the bulk/surface
ratio for both the considered sets of models. The bulk/
surface ratio (for an object with average side length R,
volume scales with R* ~ n, and surface area scales with
~R?) naturally increases as a function of n'? and lin-
early with the number of layers (which is directly pro-
portional to R); however, for small model systems, de-
viations from ideal scaling are observed. Moreover,
different polyhedra such as the octahedron and the tet-
rahedron possess different volume to surface ratios.
This ratio is considerably smaller for the tetrahedral
models, suggesting slower convergence of the corre-
sponding Raman spectra patterns (for details, see Fig-
ures ST and S2 in the Supporting Information). As men-
tioned earlier, a certain way to evade this problem is
by artificially increasing the masses of the terminating
hydrogen atoms in the mass-weighted Hessian matrix
prior to diagonalization. Since the low-frequency
modes are related to breathing and shearing, they are
suppressed by this technique, and we are left only with
the bands converging to the optical phonon of dia-
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Figure 4. Evolution of the T, band in the simulated Raman spectra of the three largest tetrahedral (T8 —T10) and octahedral

(06—08) models of nanodiamonds.

mond. Consequently, the simulated infH Raman spec-
tra simulated using only the T, modes (shown in Figure
5) are markedly simpler and consist only of a single
group of peaks corresponding to the optical phonon
of diamond. The evolution history and the final Raman
pattern are quite similar for both families of NDs. For
smaller models, a number of moderately intense peaks
are observed. When the size of the models grow, these
peaks merge together developing a single, dominating
band centered at approximately 1200 cm™'. The con-
vergence toward the Raman spectrum of a diamond
crystal is remarkably rapid. For the largest studied mod-
els, the only different spectral feature is a satellite band
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consisting of low-intensity peaks between 1250 and
1300 cm™". Clearly, as can be inferred from their evolu-
tion behavior, this band will vanish for larger finite
models.

The details of the evolution history of the zone-
center T, band for the simulated infH Raman spectra is
presented in Figure 6 for both families of models. As
mentioned earlier, the convergence is rapid. The result-
ant band consists of a number of closely spaced Ra-
man signals; their number is substantially larger for the
tetrahedral models. The half-width of the effective en-
velope of the Raman band is reduced with the growing
size of the model; this effect is particularly pronounced
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Figure 5. Evolution of the simulated infH Raman spectra for the tetrahedral and octahedral models of nanodiamonds. For

details, see text.

for the tetrahedral NDs. Note that this observation is in
line with the earlier theoretical and experimental results
obtained for large nanodiamond crystals, where the po-
sition of the T, band and its half-width were shown to
be closely related to the size of the ND grains (for com-
parison, see in particular Figure 8 of ref 44 and Figure 3
of ref 17).

SUMMARY AND CONCLUSIONS

The size evolution of the Raman spectra of octahe-
dral and tetrahedral NDs with a diameter range of
0.3—2.9 nm has been studied using the DFT and DFTB
methods. To the best of our knowledge, this is the first
time that the size evolution of Raman spectra for mol-
ecules up to about 1000 atoms was followed using a
quantum chemical method of similar accuracy to DFT.
A clear and smooth convergence toward the Raman
spectrum of a diamond crystal has been observed, par-
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ticularly in the octahedral regime. The Raman spec-
trum of the largest studied octahedral structure, O8
(CosoH324), is dominated by a single T, band at 1200
cm™ " corresponding to the optical phonons of diamond
at I', and a comb of low-frequency bands located be-
tween 120 and 170 cm™', which correspond to the dia-
mond’s acoustic phonons. In the tetrahedral regime,
two additional spectral features are detected, at 1050
and 1450 cm™', which we assume will fade away for
model systems larger than those studied here since
they originate from surface effects. This assumption is
based on the fact that these features do not persist in
the octahedral regime and, therefore, are expected to
similarly fade away since the Raman spectra for both
polyhedra types have to converge in the bulk limit. The
position of the T, band for both families of structures
is gradually blue-shifted with the growing size of the
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Figure 6. Formation of the T, band of diamond in the simulated infH Raman spectra of the octahedral and tetrahedral nanodia-
monds.

model. This suggests that one of the reasons for the ob-
served discrepancy between the positions of the simu-
lated (~1200 cm™") and experimental (1325 to 1332
cm™") band—in addition to that of the harmonic ap-
proximation and the inherently approximate nature of
DFTB—may be the insufficiently large size of the mod-
els studied here. This observation particularly applies to
the family of tetrahedral structures, for which the con-
vergent trend in the evolution of the non-low-
frequency bands requires large model systems.

We obtained three important findings from this
work. (i) We have given a quantitative relationship be-
tween the ND size and the position of the low-
frequency Raman active peaks (eqs 2 and 3) as a an ana-
logue of the dependence of the frequency of the ra-
dial breathing mode (RBM) on the inverse diameter in
single-walled carbon nanotubes.> (ii) The Raman spec-

METHODS

Density functional theory (DFT) calculations using
BLYP/3-21G>*7%7 and BLYP/6-31+G*>>%658-60 \were performed us-
ing the implementation in the GAUSSIAN 03 quantum chemis-
try code with default convergence criteria.®' BLYP is known to
yield harmonic vibrational frequencies that are in better agree-
ment with experiment than hybrid functionals such as B3LYP,
which inherit the systematic error of the Hartree—Fock method.
We computed equilibrium geometries, harmonic vibrational fre-
quencies, and Raman activities following the standard proce-
dures. SCC-DFTB calculations were performed using a stand-
alone FORTRAN-based DFTB code with an implemented
analytical Hessian module. 385263 For geometric optimization of
the nanodiamond (ND) models, we adopted the SCC energy con-
vergence criterion of 1072 hartree for energies and 107 for the
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tra evolution pattern depends quite strongly on the
shape (here octahedral versus tetrahedral family) of the
crystalline ND grains. To the best of our knowledge, the
influence of the shape on the appearance of the ND Ra-
man spectra has not been considered before. (iii) No
evidence of other spectral features previously sug-
gested for Raman characterization of ND samples is
found in our simulations, in good agreement with pre-
vious considerations from experiments.'®? Our work
confirms the theoretical predictions made by Filik et
al?® that the only Raman activity expected for NDs is as-
sociated with the zone-center mode around 1325 cm™'
and the low-frequency cage deformation and breath-
ing modes. Studies of the effect of defects, different and
irregular shapes, and surface functional groups on ND
vibrational spectra are currently ongoing in our
laboratories.

gradient in atomic units. The Hessian and computed harmonic
frequencies were left unscaled to allow for transferability of the
reported data. The Raman intensities were obtained® from the
computed activities assuming the following experimental condi-
tions: T = 25 °C and Njzer = 514.5 nm. The simulated DFT and
DFTB Raman spectra were constructed by superposing Gauss-
ians (with half-width of 1.5 cm™") located at the computed har-
monic vibrational frequencies with heights corresponding to the
calculated intensity. The presented Raman spectra are given in
arbitrary intensity units; the area under each spectrum is normal-
ized to unity.

It was found that the hydrogen-terminated surface of the in-
vestigated models produces a large number of spurious Raman
peaks. In order to minimize this undesirable effect, the masses of
the terminal hydrogen atoms were set to a very large value
(10 000 amu) in analogy with previous work on polycyclic aro-
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matic hydrocarbons (PAH)®* and nanodiamonds.? This change
effectively eliminates the surface contribution to the Raman
spectra, allowing only the inner carbons to vibrate.
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