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Abstract

We analyse the radial distribution of atoms in carbon onions optimised using
a combination of classical molecular dynamics and density functional theory.
X-ray diffractograms of thermally annealed nanodiamonds are also exploited
together with high-resolution transmission electron microscopy data pub-
lished elsewhere. The internal radial ordering of atoms inside the onions
was determined showing a gradual change of intershell separation as a func-
tion of radius. This change may result in a twisted internal structure of the
onions. The influence of atomic defects appearing in the shells altering their

curvature on the formation of twisted onions is discussed.
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1. Introduction

Open shell Carbon Onions (COs) may be useful structures with many
applications such as hydrogen storage, new absorbers and targeted drug de-
livery vehicles [1] through the encapsulation of other molecules. They might
also be precursors that occur in the nucleation of diamond [2]. Modelling
the structural properties of COs is an alternative to expensive laboratory
experiments which can throw new light on their geometry and physical and
chemical properties. Recently, classical molecular dynamics (MD) simula-
tions were performed by our group to investigate the heating of vacuum-
suspended diamond nanocrystals of extremely small size [3] (1.3-1.4 nm).
The spike heating was assumed to occur through the stochastic absorption
of ultraviolet photons by the diamond nanoclusters in the interstellar medium
[3]. It was found, depending on the heating temperature, that the nanodia-
monds transform into nanoclusters with a diversity of shapes not previously
mentioned in the literature. Namely, some of them were spirally twisted
onions, resembling the structure of the marine mollusk Rapana venosa [3].
These obtained clusters occur in a chiral [3] form.

In this paper the coordinates of carbon atoms obtained by classical MD
[3] for a spiral onion are relaxed using Density Functional Theory (DFT),
with the code PLATO [4] to test stability. A further aim is the determi-
nation of the internal distribution function of atoms inside the cluster, as a
function of the radial distance from the centre and to compare the results
with experiments. To this end we analyse the most intense X-Ray Diffrac-
tion (XRD) peak measured for COs in paper [5] and other results for the

variation of the intershell distances measured directly from high resolution



electron microscopy (HRTEM) images [2].

For the purpose of investigation of the XRD diffraction pattern, we elabo-
rate on a model of broadening of the most intense XRD peak of COs, concen-
trating on the contribution of the variation of Bragg’s angle to the resulting
pattern. This broadening may occur due to the atomic ordering within the

shells which have a specific distribution of intershell spacing.

2. Results and discussion

2.1. X-ray Diffraction Laboratory Experiment

The Scherrer equation for the XRD profile, would interpret the smaller
broadened peak in Fig. 1 as corresponding to a crystal of bigger size. As
is seen from equation 1 , the mean radius of coherent X-ray scattering as-
sociated with crystallite size is inversely proportional to the width of the
XRD band measured at half its height. However from a comparison of the
diffraction profiles of nanodiamonds and onions depicted in Fig.1, this is not
the case here. So the broadening mechanism associated with COs cannot be
interpreted as due to the size of the onions. Therefore, it seems quite natural
to assign the peak broadening to a variation in the “lattice spacings”, i.e.
the distances between shells of onions. For a more rigorous analysis we shall
present a formalism here.

This process of transformation of nanodiamonds to onions occurs with a
decrease in the mass density of diamond to the value approximately equal to
that of graphite. The transformation results in a corresponding increase in
size of the onion child compared to the size of a parent diamond nanocluster.

For example, taking the density of graphite as ~2.2 g/cm?® and 3.515 g/cm?



for diamond (see, e.g. [6]) we have for a parent nanodiamond with mean
diameter 5 nm, a diameter of ~6 nm for a median child onion.

If there was a strong correspondence between the atomic spacing in the
COs and the nanodiamonds, the XRD pattern formed due to the size distri-
bution of the onions only would be similar to that for nanodiamonds (Fig.1)
and the shape of the peak of the diffraction pattern would be a rather sharp.

However, experiments show (see, e.g. [7], [8]) that this transformation
is accompanied with a significant broadening of the most intense XRD peak
after annealing, compared to the peak for pristine nanodiamond (Fig.1).

Excepting the contribution due to internal strain, the broadening
of the diffraction pattern can occur through two basic mechanisms, namely
broadening induced by the finite size of the nanoclusters and broadening
induced by the variation in the lattice (intershell) spacings inside the clusters.
From the well-known Scherrer formula the mean crystallite size, ﬁ, is:

po_ A A (1)

wy cos(Yp)  wr
here X is wavelength of the X-ray radiation, wy, is the full width of the contour
measured at half height, K ~ 1 for spherical particles, cos(1p) ~ 1 because

of the smallness of the Bragg angle v taken for n = 1 from Bragg’s law:
20rsinyp = nA (2)

where 07 is lattice spacing.

For investigation of the line shape of the most intense diffrac-
tion peak of COs we have used two models. The first is based on
an assumption that a set of uniform spheres with a certain size

-distribution function may contribute to the diffraction pattern.
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The second one assumes a stochastic contribution of intershell dis-
tances to the pattern.

The principles of the first model are presented in paper [9] where
direct calculation of the diffraction intensity profile by an ensemble of spher-
ical particles with log-normal distributed sizes was performed and it was
shown that for the case of a rather narrow distribution function of cluster
sizes, the XRD profile associated with this distribution follows the Lorentzian

(Cauchy) function [9]:
24, g
T 4]€2 + U}Lz

L(k) = (3)

Here k is the wavenumber associated with the diffraction vector, k = w,
wy is the FWHM. Assuming a small angle of diffraction, one may write

k~k = (QL)\%B) and rewrite equation (3) as follows:

QAL w_)\L — 2AL wr,
T k24 1;}\_2 T 4(2¢ — 2¢p)? + w?

L(4,vp, w, Ar) = (4)

here W = %, AL and A; are constants.

The results of fitting the XRD profile for nanodiamonds using equation
(3) is shown in Fig.2 by the full line with the fitting parameters in the figure
caption. Because the Bragg angles may fluctuate in the COs, it is natural
to perform a decomposition of the most intense diffraction peak using the

equation:
M

P(y) ~ > L(y, p;, wij, Ary) (5)

j=1
Because there should be a strong correlation between the diamond and onion

distributions, this correlation justifies the choice of Lorentzians in equation



(5) keeping the same parameter wy; but correcting it taking into consider-
ation a slight inflation of size of the onions as a result of annealing. I.e.,
because this parameter defines the median diameter of the nanocrystallite,
we slightly reduced its value for onions, taking into consideration the re-
duction of density during the diamond-onion transformation similar to that
for diamond-graphite transformation. This decreases the number of fitting
parameters in equation 5. We found that fitting with an odd number of
Lorentzians (we tried seven and eleven Lorentzians) results in decomposition
with positive amplitudes. The upper number of Lorentzians was limited by
a reasonable error value generated in the course of application of the least-
squares method.

The results of fitting together with values of the fitting parameters are
presented in the Figure 2 captions for seven Lorentzians involved in the fit
(M = 7 in the equation (5)). The fit with M = 11 is not presented for
eye convenience to avoid overload with the contour lines. It is possible to
demonstrate that the trend in the order and intensity of the maxima of the
Lorentzians does not depend on the number of Lorentzians involved in the
decomposition.

We also used a stochastic model for analysis of the contour
profile. Only two Gaussians were considered in the decomposition
of the experimental data, as follows:

. _ (h=1yi)?
Ai 2B

PW) =y e (6)

1,; is the most probable diffraction angle; w; equals 2 times the

standard deviation of the Gaussian distribution (20;) or approxi-



mately 0.849 the width of the peak with number ¢ measured at half
height. The result of fitting of equation (6) to the experimental
data in the actual range of the diffraction angles is presented in
Fig.2 by dotted and dash-dotted curves with the best fit param-
eters given in the Fig.2 captions. It is seen from Fig.2 that the
model fits the experimental data reasonably well. Note that the
resulting profile demonstrates a lack of symmetry.

After analysis of HRTEM images of COs, some authors concluded that
the intershell spacings for the onions lie within the range 3.5 — 3.8 A [4].
This estimation is in a good agreement with the position and width of the
Gaussian marked by dotted-dashed line in Fig.2.

The X-ray diffraction profiles given in Fig.2 exhibit a lack of
symmetry. Therefore application of the standard procedure for
fitting the diffraction peak with a Voigt function is inappropriate
since the Voigt profile is symmetric. Thus, standard procedures
of analysis of the internal strain cannot be applied for the case of
CO. Moreover, for the CO, the other X-ray diffraction peaks are
weak in comparison. This poor resolution of the line shape for the
rest of the bands complicates the analysis. Therefore, one might
fail with application of standard methods allowing separation of
the size and strain parts in the diffraction pattern broadening.
The asymmetry of the diffraction peak which gives a pronounced
increase in the diffraction intensity, towards the smaller angular
region (Fig.1, Fig.2), may result from a spiral structure of COs

forming the diffraction pattern.



2.2. Numerical Experiment

It is also possible to perform a similar comparison with data obtained
from numerical computation.

Previous work using classical MD [3] had determined that carbon spiral
COs could be formed in the course of thermal annealing of nanodia-
monds. Here we relaxed some of the resulting structures using DF'T but we
found that the optimisation by DFT does not introduce significant changes
to the cluster topology.

In this paper we thoroughly calculated the variation of the in-
terlayer distance in the numerically DFT- optimised CO structures
as a function of the radial distance from the centre of the onion,
for the direct comparison with the available experiment. For this
purpose we exploited the equatorial cross sections of the CO obtained by
DFT. Typical images of a twisted CO and its equatorial cross sec-
tion (Fig.3a) are presented in Fig.3 and Fig.4, correspondingly. We
measured the intershell distance as a function of the radius, vary-
ing the equatorial angle. The origin of the coordinate system was
selected at the centre of the cross-section. Fig.4 shows the spiral,
which was drawn for convenience as an artist impression, to fit
the internal distribution of atoms inside the CO. It is seen in the
picture that the spiral circles a compact, mainly sp? -bonded core
in the CO centre. For calculation of the dependence of the inter-
shell distance on the radius, a line was drawn connecting the CO
centre of the cross section and points on the adjacent spiral turns,

for a fixed equatorial angle. Afterwards, the equatorial angle was



changed and the calculation was repeated for the new set of cross-
ing points. The scatter of points depicted in Fig.4 about the spiral
introduces error bars in Fig.5 where the results are presented by
the grey circles, where the symbol R denotes the normalised CO

radius calculated using the equation:

R _ T — Tcore (7)

Tmax

here r is radial distance inside the CO (700 > 7 > Teore)y Teore 1S
radius of the core and r,,,, equals to the external onion radius with
subtraction of the core radius for convenience of comparison with
the laboratory experiment data.

Fig. 5 shows the full dependence of R as a function of the
intershell spacing where the lines connecting the data are given
for eye guidance only. It is seen from Fig.5, that the dependence
attains saturation at §r ~ 3.34. The uncertainty in the positions of
the atoms is marked by bars. The origin of the bars arises from a
statistical averaging of intershell distances measured for different
equatorial cross sections. The origin of the uncertainty may be
associated with presence of internal strain in the CO, resulting in
stochastic fluctuation of atoms about their optimal positions. The
origin of the strain results from distorted bonds, their torsions,
and fluctuations of valence angles appearing within the shells of
the CO. These defects may cause a symmetry break in the trigonal
environment of carbon atoms belonging to the strained CO’s shell.
As a result, carbon atoms may move from their optimal positions

in an ‘ideal‘ CO shell. The data presented in Fig.5 may be used for



estimation of the strain-induced radial displacement of atoms to
the X-ray diffraction peaks broadening. It is seen from the figure
that the value of the error associated with irregularities in the
position of atoms scattered about the ideal spiral trajectory does
not exceed 5% of the absolute value of the intershell spacing. Thus,
one may expect, the contribution of the displacement should not
exceed 5% of the mean value of the corresponding Bragg angles

(see equation (2)).

2.3. Comparison between the Numerical and Laboratory Experiments

2.3.1. TEM data

Comparing X-ray diffraction and high resolution HRTEM en-
ables direct observation of the intershell distances in the CO. So,
in addition a comparison of the results of COs subjected to simultaneous
annealing and electron irradiation observed in HRTEM is also presented.

Data from various onions were used. These have different cores depending
on how they were formed. The cores could be nanodiamonds or voids and
some onions have no core at all. Equation (7) was used in the comparison of
these clusters.

We show the experimental results in Fig.5, after renormalisation of the
results presented in paper [2]. Three sets of results are shown: 1) An onion,
generated at 700° C which has concentric shells down to the centre and is
depicted by black squares; 2) Onion 2 has a hollow core of ~ 2.5 nm diameter,
generated at 400° C and depicted by hollow circles; 3) Onion 3 generated at
730° C has a diamond core of 4.5 nm diameter and is depicted by open

triangles. The exterior onions radii for these cases vary over the range 4 — 10

10



nm. The dispersion of the curves shown in Fig.5 together with the changing
spacings between the onion shells is in direct contrast to graphite which has
a fixed interlayer spacing.

A striking coincidence between the numerical and experiment data for
onion 1 is seen from Fig.5.

It is interesting to compare other results from X-ray diffraction experi-
ments for the presence of variable-step onion fingerprints in nanodiamonds
subjected to thermal annealing. It is easy to calculate mean values for
the experimental data presented in Fig.5: for the open circles 07pean =
2.5240.179 A, for the grey circles 67,ean = 2.75+£0.35 A, for the black squares
OTmean = 2.68 £ 0.26 A, and for open triangles 07 ,cqn = 3.082 £0.11 A. The
corresponding doubled Bragg’s angle calculated for the CuKa wavelength
with equation (2) using n = 1 are: 35.6°, 32.54°, 33.42° and 28.97°, respec-
tively. These values differ from the experimental values presented in Fig.1.
However, the existence of a weak diffraction peak centred at ~ 35° given in
paper [10] may be evidence for the existence of transitional forms of hybrid
diamond-onion clusters arising from a crude nanodiamond substance subject
to thermal annealing. These forms were investigated in more detail by elec-
tron microscopy in paper [2] and theoretically in papers [3], [1] as well as
here.

The formation of COs during annealing may be considered as an inverse
process to diamond formation. There are important processes that occur dur-
ing annealing: 1) unfolding of adjacent (111) fragments of diamond planes
during their transformation to fragments of (002) graphene planes; this pro-

cess may appear in the course of enlargement of the lattice spacings from
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~ 2.2 A that is typical for diamond to ~ 3.4 A that is typical for graphite; 2)
welding the edges between the immediate fragments; 3)introduction of curva-
ture to the planes through formation of short-range atomic ordering defects
in the fragments. These defects may appear either during welding or as a
result of the non-linear dynamics of atomic movement. Consequently defects
of short-range-order atomic ordering may induce curvature of the fragments

through topological alteration.

3. Conclusions

We conclude that the origin of the broadening of the XRD pattern of COs
may reflect internal ordering of their shells similar to that which occurs for
spirally twisted onions. The DFT study combined with analysis of experi-
mental data confirms this conclusion. In addition a profusion of transitional
allotropic forms of COs may exist between the ideal nanodiamonds and ideal

onions. Some of them may be chiral and twisting.
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Figure captions.

Figure 1. The intensity profiles P(2¢)) measured for the most intense
bands of the experimental X-ray diffraction patterns for Cu-Ka radiation
(A=1.54059 A). The double diffraction angle v for the narrow peaked curve
denotes the result for detonational nanodiamonds [5]. The broad peaked
curve relates to nanodiamonds annealed in vacuo for 10 min, at a temperature
of 1500° C, as reported in paper [5]. The solid line reproduces the Lorentzian
fit (equation (4)) with the following set of parameters: 2¢p = 43.9°, w;, =
2.338 £ 0.0419°, Ay = 7.325 £+ 0.127 arbitrary units. Black spots show the
reference data for graphite.

Figure 2. The Lorentzian decomposition of the central part of the X-
ray diffraction pattern P(2¢). Thin lines marked with numbers portray
each of seven Lorentz contours used for the decomposition: the thick line
shows the sum of all of the Lorentzians included (equation 5). The best fit
parameters are: wp; = W = Wr3 = W4 = Wiy = Wrg = wry = 1.994°;
2¢p, = 19.900 £ 0.023°, 2¢p, = 21.433 £+ 0.020°, 2¢p, = 22.753 £+ 0.020°,
2, = 23.987 £ 0.021°, 2¢p, = 25.114 £+ 0.020°, 2¢p, = 26.188 % 0.021°,
2p, = 27.368 = 0.024°; A;; = 0.713 £0.017, Azy = 1.371 £0.024, Ar3 =
1.834£0.031, Ay = 2.307£0.040, Ars = 2.814£0.045, Arg = 2.348£0.044,
A7 = 0.977 £ 0.034, normalised units.

The parameters of the stochastic model, given in equation (6)
for 1 = 1 (dashed line)and i = 2 (dash -dot line) are: v, = 22.35 £
0.41°, w; = 5.162 £ 0.30°, A; = 4.914 4+ 0.827, 1),y = 25.4550.079°, wy =
3.90 £ 0.08°, Ay = 6.309 £+ 0.822.
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Figure 3. A typical example of a stick and ball model of DFT-
optimised spiral CO. Green colour (colours are shown in the on-
line version only) refers to the external atoms of the CO; blue colour out-
lines the internal core of CO. The entrance to the CO 1is outlined
by the red contour.

Figure 4. The cross section of the twisted CO presented in
Fig.3. The full line marked with red (colours are shown in the
online version only) shows an artist’s reconstruction of the spiral
ordering of atoms.

Figure 5. The dependence of the normalised radial distance of the COs
on the intershell spacings. Grey filled circles (symbols) represent the cal-
culated dependence using the equatorial cross sections of images of twisted
COs simulated by MD/DFT at a temperature of 1135 K and presented in
paper [3]. The black squares are the literature data for COs generated at
700° C and presented in [2]. Open circles represent the literature data for
COs generated at 400° C and presented in [2]. The open triangles show the
trend for an onion obtained at 730° C. The solid lines connecting the symbols

are for eye guidance only.
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