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The hydrocarbon [121]tetramantane (CaoHgg) is a promising precursor material for the high-pressure high-
temperature synthesis of nanodiamonds due its diamond-like carbon bonding network. We present a compre-
hensive study of its structural behaviour under pressure using single-crystal and synchrotron X-ray diffraction,
Raman spectroscopy, and density functional theory calculations. At ambient conditions, [121]tetramantane
Raman spectroscopy crystallises igl monoclinic space group P2, /n with lattice parameters3 of a =7.7192(1) 10\, b =8.0112(1) 10\, c=
Synchrotron X-ray diffraction 12.8281(2) A, = 104.635(2)°, Z=2, and a density of 1.265(3) g/cm”. Under non-hydrostatic diamond anvil cell
DFT compression, we observe two phase transitions: first to a phase with space group P2/n at 1 GPa, followed by a
transition to a high-pressure phase above 8 GPa indexed to a unit cell with space group P2/m and lattice pa-
rameters a = 14.62(1) A, b =7.78(1) A, ¢ = 6.39(1) A, = 94.4(2)°, and Z=3, and a density of 2.010(3) g/cm® at
31 GPa. The isothermal bulk modulus By increases significantly from the value of the ambient phase of (19.4 +
0.9) GPa to that of the high-pressure phase of (147.5 + 1.7) GPa. Upon recovery, [121]tetramantane transforms
back to a P2/n phase with similar lattice parameters compared to the initial P2; /n structure, but possesses
significantly different relative peak intensities. This study provides valuable insights on the structure-property
relationships of [121]tetramantane and suggests an optimal pressure of 8 GPa for the use of [121]tetra-
mantane as a precursor for nanodiamond synthesis.

1. Introduction diamantane (Cy4Hj() and three-caged triamantane (C;gHp4) are mono-
isomeric, the addition of a fourth diamondoid cage gives way to three

Tetramantane (Ca2Hsg) belongs to an intriguing group of carbohy- geometrically different isomers, [1(2)3]tetramantane, [123]tetra-

drates, the so-called diamondoids, which are molecules composed of
fully sp3-bonded carbon cages. The first report of a diamondoid dates
back to 1933, when adamantane was first discovered and extracted from
crude oil [1]. Over the years, it was found, that diamondoids are a
common occurrence in petroleum as a thermal breakdown product of
heavy hydrocarbons [2]. The smallest diamondoid, adamantane
(C10H16), has a singular 10-atom carbon cage with the same atomic
arrangement, bond lengths and bond angles compared to the smallest
cage unit found in a pure carbon diamond lattice. By the addition of
C4H4 units to the adamantane cage, higher-order diamondoids with a
higher cage count are formed yielding the general chemical formula of
diamondoids of C4nicHani12 with n number of cages. Tetramantane
(n=4) is considered the first higher diamondoid as it is the smallest
possible diamondoid with different isomers. While two-caged

mantane and [121]tetramantane [3].

Due to their unique feature of possessing fully sp>-bonded carbon
cages, diamondoids have outstanding physical and chemical properties
compared to regular hydrocarbons, such as high chemical inertness,
high thermal stability, high molecular stiffness, and well-defined mo-
lecular sizes and shapes [3]. Furthermore, diamondoids can be func-
tionalised [4], not only giving them a highly promising application as
drug-delivery systems [5], but also raising the possibility of growing
nanodiamonds with desirable defects in situ. For example, utilising an
aza-adamantane (CoH;sN) seed where one cage carbon in the ada-
mantane molecule is substituted by nitrogen, fluorescent nanodiamonds
can be synthesised [6] with myriad potential applications ranging from
drug delivery systems and bioimaging [7] to quantum computing [8].

The unique fully sp®-bonded carbon cage structure makes
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diamondoids highly interesting materials for high-pressure research.
Park et al. (2020) [9] reported the formation of nanodiamonds at
considerably lower pressure and temperature conditions using dia-
mondoids in favour of conventional sp>-bonded carbon and hydrocar-
bon precursors. Using a decomposable, reactive, organic compound as
carbon supply, a Gely catalyst, and adamantane as a seed, diamond
growth conditions in a diamond anvil cell were reported to be pushed
down as low as 3.5 GPa and 773 K [10], remarkably lower in both
pressure and temperature compared to common high-pressure high-
temperature diamond growth conditions from graphitic precursors of
5-6 GPa and 1573-1973 K [11,12].

Apart from their potential use as nanodiamond precursors, dia-
mondoids were found to be excellent candidates for cushioning appli-
cations, outperforming conventional cushioning materials in both
working pressure range and energy absorption density due to their rigid
molecules interconnected by soft van der Waals forces [13]. Park et al.
(2020) [14] published a study comparing numerous diamondoids and
correlating their compressibility with the molecular shapes and ar-
rangements, finding phase transformations in all analysed samples and
concluding that lower H—H distances between individual molecules
lead to phase transformations at lower pressures. Yang et al. (2014) [15]
investigated the high-pressure behaviour of [121]tetramantane up to 20
GPa and found a phase transformation into a triclinic phase at 13 GPa,
however no cell geometry and indexing of peaks was provided.
Furthermore, the authors did not observe any anomalous mechanical
behaviour of the sample.

This study revisits the high-pressure behaviour of [121]tetra-
mantane, revealing previously unreported structural changes in [121]
tetramantane, aiming to enrich the knowledge of diamondoids under
high-pressure conditions, which is important for fine-tuning synthesis
conditions of nanodiamonds from diamondoid precursors with
numerous applications, as well as understanding the potential use of
diamondoids for cushioning applications.

2. Material and methods
2.1. Single-crystal X-ray diffraction

Single-crystalline transparent [121]tetramantane with crystal sizes
between 0.1 mm and 3 mm was provided by a collaborator. To unam-
biguously identify and analyse the structure of the sample and to check
for possible impurities, single-crystal diffraction (SXRD) was employed.
Measurements were carried out on a four-circle kappa diffractometer
type SuperNova by Agilent Technologies with monochromated CuK,-
radiation and a Rigaku HyPix-6000HE Hybrid Photon Counting detec-
tor. The X-ray tube was operated at 50 kV and 40 mA with a full Ewald
sphere scan. Measurements were performed at 298 K (RT) to obtain a
structure refinement at ambient conditions and at 150 K (LT) to check
for differences, as many molecular crystals are known to exhibit disorder
phenomena at RT. Data reduction including analytical absorption
correction was done with the CrysAlisPro software package
(V.1.171.42.84a by Rigaku Oxford Diffraction) [21]. The structure
determination was accomplished using shelxt (V. 2014/5) [22] with
direct methods. The structure was refined using the software shelxle [23]
with a non-linear least-squares procedure.

2.2. Generating high pressure

Boehler-Almax plate diamond anvil cells (DAC) equipped with
Almax type Ila diamonds with culet diameters of 400 um were used to
generate high-pressure conditions of up to 54.5 GPa. Single-crystalline
[121]tetramantane was crushed to a polycrystalline powder with
grain sizes between 1 and 10 pm and was loaded in a sample chamber.
Different sets of experiments utilising stainless steel (SS) and rhenium
gaskets (Re) which were pre-indented to thicknesses of (50 + 5) pm
were carried out. Pressure calibration was carried out using the equation
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of state of gold fitted to the experimental in situ X-ray diffraction data, as
well as using the Raman shift of the diamond anvil [16]. In the in situ
Raman spectroscopy compression, a ruby ball with a 5 pm diameter was
used as pressure calibrant and pressure was calculated based on the shift
of the R1 ruby fluorescence line [17]. Uncertainties were estimated
based on peak widths and wavenumber resolution of the Raman
spectrometer.

2.3. Raman spectroscopy

Raman backscattering spectroscopy experiments were carried out
utilising a Renishaw InVia Reflex Microscope. A 532 nm diode laser with
a wavenumber resolution of 1.1 cm ™}, rejection edge filter of 30 cm ™!
and maximum laser power after optics, before entering the anvils, of 5
mW, focussed down to a spot size of 2 pm and operated with a grating of
2400 I/mm was used.

2.4. In situ synchrotron powder X-ray diffraction

Synchrotron-based powder X-ray diffraction (S-PXRD) experiments
were performed at the extreme conditions beamline P02.2 at DESY,
Germany. Two sets of experiments in situ in diamond anvil cells were
carried out, one utilising an SS gasket and an X-ray wavelength of
0.2909 A focused down to a height of 7 pm and a width of 2 ym, and one
utilising a Re gasket and an X-ray wavelength of 0.2926 A focused down
to a height of 8 ym and a width of 3 pym. The beamline was equipped
with a Perkin Elmer XRD1621 detector with 2048 x 2048 pixels and a
size of 200 x 200 pmz. For calibration of the stage parameters, a CeOy
standard was used. The recorded 2-dimensional scattering images were
integrated to 1-dimensional scattering patterns utilising Dioptas v0.6.0
[18]. Peaks were indexed with GSAS-II v.5fbed4 [19], and lattice
parameter refinement was performed via UnitCell (v.02/2006) [20].

2.5. Density functional theory (DFT) calculations

Raman spectra were calculated on a structure-optimised single [121]
tetramantane molecule using the software package ORCA v. 5.0.4 [24]
with the def2-SVP basis set [25], def2/J auxiliary basis [26] and B3LYP
hybrid functional [27-30]. After ground state calculation via geometry
optimisation, 3N-6 atom displacements were simulated representing all
possible vibrational modes.

As the elastic stiffness of a structure plays a fundamental role in
governing the reaction of the structure to applied pressures, the elastic
stiffness tensor of [121]tetramantane was calculated via density func-
tional theory (DFT). Calculations were performed utilising the .cif file
obtained from RT SXRD as input with MedeA (v. 3.7) using the ab-initio
total-energy and molecular dynamics package VASP (Vienna ab-initio
simulation package) [31,32]. Two sets of calculations were done, the
first one utilising general gradient approximation (GGA) with the PBEsol
[33,34] functional with a plane wave cutoff of 400 eV and k-spacings of
0.210 A~ x 0.196 A~ x 0.127 A%, the second one using the van der
Waals corrected GGA functional revPBE-vdw [33,35] with a plane wave
cutoff of 520 eV and k-spacings of 0.120 A1%x0.112A71 x 0.072A° L.
All atoms not fixed by symmetry with a greater than zero degree of
freedom were relaxed with a convergence criterion of 0.02 eV/A. The
full elastic stiffness tensor {Cijkl} was calculated via the stress-strain
relationship using an arbitrary strain of 0.005.

3. Results
3.1. Single-crystal X-ray diffraction
The crystal structure of [121]tetramantane at room temperature was

solved and refined in space group P2, /n with lattice parameters of a =
7.7192(1) A, b = 8.0112(1) A, ¢ = 12.8281(2) A and a monoclinic angle
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of f = 104.635(2)° with 2 formula units per unit cell (Z) yielding a
density of 1.265(3) g/cm3. For the final structure refinement, 965
unique reflections were refined using 157 parameters with a final Ry
value of 0.038 and a wR? of 0.129 and an excellent Goodness of Fit
parameter (GooF) of 1.05. Hence, no systematic errors as well as no
systematic residual between observed and calculated electron density
were observed, indicating an absence of disorder phenomena within the
single-crystal. Furthermore, the anisotropic temperature factors Uy are
not unusually large, and there are no negative displacement parameters
Uj;. All C—C bonds have lengths between 1.517 A and 1.543 A, and all
C—C angles are between 107.7° and 111.6°, typical for sp>-bonded
carbon, albeit slightly distorted. Individual [121]tetramantane mole-
cules are bound via van der Waals forces with a minimal H—H distance
between molecules of 2.46(3) A.

At LT conditions of 150 K, the structure was successfully refined with
an identical structure compared to ambient, with slightly smaller lattice
parameters of a = 7.6551(1) A, b = 7.9657(1) A, ¢ = 12.7939(2) A, f =
104.892(2)°, and Z=2, yielding a density of 1.288(3) g/cm>. For the
final LT refinement, 945 unique reflections were refined using 157 pa-
rameters with a final R; value of 0.037 and a wR? of 0.120 and a GooF of
1.09. The full structure results including a complete list of all observed
and indexed peaks can be found in the .cif files provided in supple-
mentary data.

3.2. Computational studies

3.2.1. Calculated vs experimental Raman spectrum

The experimental Raman spectrum of the sample has the unique
fingerprint of [121]tetramantane, reported by Filik et al. 2006 [36],
with 72 of the 144 vibrational modes being Raman active due to its
molecular symmetry of Cy,. The experimental spectrum can be well
represented by DFT calculations with a single molecule as input (see
Fig. 1). The calculation slightly overestimates the Raman shift in the
higher wavenumber region, corresponding to C—H stretching vibra-
tions. The use of correction factors may lead to more accurate results in
this regime in future calculation attempts. Nevertheless, the DFT results
enable the assignment of each peak to its respective vibrational mode,
and indicate a negligible influence of the molecular crystal arrangement
(i.e. the van der Waals forces between individual molecules) on the
vibrational properties since all observed Raman modes can be perfectly
represented by the vibration of a single molecule.

C-C-Cbend C-Hwag C-H,

C-C stretch  C-H, twist scissors
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3.2.2. Elasticity

Results of the calculation of the elastic stiffness coefficients c; using
Voigt notation are listed in Table 1. Both DFT GGA PBEsol and GGA
revPBE-vdw approaches are in decent agreement regarding the general
anisotropy of the elastic stiffness tensor. Molecular crystal structures
with strong dependence on van der Waals interactions are known to be
prone to produce largely variable absolute magnitudes of elastic prop-
erties with different DFT methods, with up to 50 % deviations, while
generally giving a more reliable representation of the overall elastic
anisotropy [37]. In the case of [121]tetramantane, the longitudinal
stiffness c11, ca2 and cs3 are in reasonable agreement, the transverse
interactions c;2, ¢13 and ca3, as well as the coupling coefficients c;s, c2s,
c35 and c46 are in excellent agreement, while the shear coefficients c44,
css5 and ce are inconsistent. Therefore, both approaches can reasonably
describe the longitudinal and transverse elastic response, whereas
considerable uncertainties about the response to shear stresses remain.
However, the solution provided by the GGA revPBE-vdw approach is
most likely more accurate due to the correction for van der Waals in-
teractions, the higher plane wave cutoff, and the finer mesh size used in

Table 1

DFT computed elastic coefficients ¢; (Voigt Notation) and Hill averages of bulk
modulus By and shear modulus Gy of [121]tetramantane via GGA PBEsol and
GGA revPBE-vdw functionals. The reported error bounds are obtained from the
MT least-squares fitting algorithm and provide a measure of numerical uncer-
tainty in the computed elastic coefficients.

quantity GGA PBEsol (GPa) GGA revPBE-vdw (GPa)
c11 28.65 + 1.84 30.16 + 1.88
C22 31.98 + 1.84 37.46 + 1.88
C33 31.17 £ 1.84 31.93 +1.88
Ca4 10.36 + 2.61 25.27 + 2.66
Css 15.85 + 1.84 15.46 + 1.88
Co6 15.24 + 1.84 27.16 + 2.66
C12 12.05 + 1.30 13.49 +1.33
c13 12.42 +£1.30 13.60 + 1.33
Cis —7.89 +£1.30 —7.70 £ 1.33
Co3 16.63 + 1.30 16.52 + 1.33
Cas 0.34 £ 1.30 0.42 +£1.33
C35 —12.99 + 1.30 —12.51 £1.33
C46 —7.90 + 1.30 —8.59 + 1.33
By 16.73 18.16

Gy 9.13 13.74

C-H stretch

Calculated def2-SVP B3LYP

Counts (Arbitrary Units)

Experimental - A = 532 nm

b bvvr b by e b b b a buag
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200

Raman Shift (cm™1)

Fig. 1. Experimental Raman spectrum of a single-crystal [121]tetramantane and DFT calculated Raman spectrum of a single molecule [121]tetramantane, high-
lighting the negligible influence of the crystal structure on the vibrational properties of [121]tetramantane.
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the computation.

The elastic stiffness tensor{Cl-jkl} obtained from the DFT calculations
of [121]tetramantane were used to visualise the 3D representation of
Young’s modulus {E} in a specified direction d (with direction cosines
with |d| = 1). The representation surfaces were determined using

E(d) = (did;didi{Sia } )71, following Einstein’s summation convention.
Here, {Sijkl} represents the elastic compliance tensor derived through

{Cl-jkl}fl = {Sju}. E(d) represents the material’s stiffness in the direc-
tion d [38-40]. Fig. 2 shows the 3D representation of Young’s modulus
{E} which highlights the considerable elastic anisotropy of [121]tetra-
mantane resulting from both calculation approaches.

3.3. High pressure studies

3.3.1. Optical observations

Above pressures of 10 GPa, the sample chamber filled with [121]
tetramantane underwent a drastic expansion lateral to the compression
axis. This effect was especially significant in an SS gasket, where the
gasket was almost fully pushed out of the anvil culet diameter at 18 GPa
(see Fig. 3). Compressing [121]tetramantane in a mechanically more
resilient Re gasket had a similar effect, albeit much less distinct.

3.3.2. Split of Raman modes at high pressure conditions

A full set of Raman spectra of [121]tetramantane at various pressure
steps up to 25.6 GPa compressed in an SS gasket is presented in Fig. 4 a).
Clear splits of Raman modes can be observed during the compression
with the first recorded splits commencing at a pressure step of 1.3 GPa.
In particular, the doubly degenerate cage shearing mode, which is sit-
uated at 350 cm ™! at 0 GPa, splits into two individual modes [see Fig. 4
b)]. A distinct split of the cage breathing mode which has a Raman shift
of 680 cm ! at 0 GPa, can be observed at a pressure step of 7.7 GPa [see
Fig. 4 c)], albeit a faint emergence of a peak shoulder can already be
observed at 5.4 GPa. At 9.9 GPa, the main cage breathing mode shifts
towards slightly lower wavenumbers compared to the previous pressure
step, while the newly emerged split peak gains intensity matching the
intensity of the initial cage breathing mode. As the cage breathing mode
is a non-degenerate vibrational mode, the formation of a new mode
could imply a coexistence of two phases with a different molecular ge-
ometry. In the higher wavenumber region between 2800 cm™! and
3100 cm™! [see Fig. 4 a)], corresponding to C—H stretching vibrations,
the relative intensities of the vibrational modes change between ambient
conditions and the first pressure step, and again at 2.9 GPa.

A general trend of the pressure-dependent Raman spectra is the
significant broadening and loss of intensity of peaks towards high
pressures with almost all peaks indistinguishable from background

GGA PBEsol

[001] ]l c

[010]|| b (10011l a d
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above pressures of 20 GPa, except for the cage-breathing mode. As the
characteristic Raman spectrum of [121]tetramantane results from the
vibration of the individual molecules, this observation can be explained
by the suppression of molecular vibration due to the significant reduc-
tion of intermolecular distances at high pressures and the shift from a
solid characterised by weak van der Waals interactions to a lattice-like
structure.

As the sample chamber with the SS gasket experienced a significant
lateral expansion during compression, the maximum pressure achiev-
able was limited to 25.6 GPa, and hence the experiment was repeated
utilising a mechanically more resilient Re gasket up to a maximum
pressure of 54.5 GPa. As mentioned in section 3.3.1, the sample chamber
expanded at pressures above 10 GPa as well, albeit less pronounced.
Fig. 5 shows the comparison of Raman spectra in the range of the cage
breathing mode for the compression in SS and in Re at the edge of the
sample chamber and the centre of the sample chamber. At the edge of
the Re sample chamber, the pressure-dependent Raman shift of the cage
breathing mode is comparable to the previous experiment in SS, with a
slightly higher peak split onset of 7.7 GPa, and a full split at 10.5 GPa. At
the centre of the sample chamber, however, the onset and full split of the
cage breathing mode occurs at considerably higher pressures of 14.0
GPa and 24.2 GPa, respectively. This finding suggests a significant in-
fluence of local stress fields on the Raman active vibrational modes of
[121]tetramantane. In the centre of the Re gasket sample chamber, the
pressure conditions are most hydrostatic among all probed spots, while
the SS compression is highly non-hydrostatic due to the significant
lateral expansion of the sample chamber. Therefore, the cage mode split
may be an indicator of highly non-hydrostatic stresses. Furthermore, the
onset of the split of the cage breathing mode can be indicative of the
beginning of the lateral expansion of the sample chamber in future
experiments.

Remarkably, after decompression to ambient pressures, all peaks
return to their original state with identical peak positions (see Fig. 6),
indicating a full reversibility of intramolecular geometry after
compression to a maximum pressure of 54.5 GPa. A plot of the pressure
dependence of all recorded Raman modes up to 54.5 GPa is provided in
supplementary data. In general, the modes shift more significantly as a
function of pressure between 0 and 10 GPa, and almost linearly and less
distinct beyond 10 GPa, which could be due to the decreasing inter-
molecular distances.

3.3.3. X-ray diffraction

Two sets of in situ S-PXRD experiments were carried out, using an SS
and a Re gasket, respectively. Due to a large lateral expansion of the
sample chambers, data were collected only up to 17 GPa in the SS gasket,
and up to 31 GPa in the Re gasket. Compared to the Raman experiments

GGA revPBE-vdw
GPa y’ N

) ' |

50
40

40
30

" 20
10 ' 10

Fig. 2. 3D representation of Young’s Modulus {E} of [121]tetramantane computed by GGA PBEsol (left) and GGA revPBE-vdw (right). Note the slight difference in
scale bars. Both approaches result in a similar anisotropy with the direction corresponding to [101] being least resistant to compression, while the direction cor-
responding to [102] is about 5 to 6 times stiffer. The difference between both results arises from the van der Waals interaction correction of the GGA revPBE-vdw
approach, which likely gives a more detailed representation of the elasticity of [121]tetramantane, whereas the GGA PBEsol result represents a more simplified

version. Images generated with VELAS [40].
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Rhenium

44 .4 GPa

Fig. 3. Optical images taken with a Renishaw Raman inVia microscope with a 20 x magnification lens through the top anvil of the diamond anvil cell (corresponding
to the compression axis) utilising an SS gasket and a Re gasket. The sample chamber is illuminated from both the top, and the bottom side. In the centre of the SS
sample chamber, a ruby ball used for pressure calibration can be seen. Starting from around 10 GPa, the sample chambers experience a considerable expansion
perpendicular to the compression axis with the gasket material being pushed away. The effect is much more pronounced with SS as gasket material compared to Re.

the maximum pressure achieved was lower as the lateral expansion was
more pronounced which could be explained by uncertainties in the
gasket thickness measurements, or a slight overfilling of the cell with
sample material. It is worth noting that due to the grain sizes of about 1
to 10 pm and beam sizes of 2 x 7 ymz (SS)and3 x 8 /Hl’lz (Re), no perfect
powder rings were recorded at all steps. Upon pressurising, clearer
powder rings developed due to further crushing of grains within the cell.
Example raw data images for boths runs at low, medium and high
pressures are provided in supplementary data for reference. Fig. 7 shows
the evolution of the XRD peaks of [121]tetramantane in both experi-
ments. Due to the imperfect powder rings and grain size distribution,
differences in relative intensities arise due to some of the strongest re-
flections being predominatly caused by single or very few large strained
grains, causing an overrepresentation of those reflections in the inte-
grated XRD patterns. Peaks of the initial monoclinic unit cell could be
indexed and lattice parameter refinements were successfully carried out

up to 13 GPa in SS, and 15.8 GPa in Re, however noting that at the first
recorded pressure step in the SS experiments at 0.8 GPa, a novel peak at
q=0.799(5) Al with a corresponding lattice plane spacing of d = 7.86
5) Ais present. As this lies almost within uncertainties of the calculated
lattice parameter b = 7.93(1) A at this pressure step, this peak was
indexed to (010). In Re, this (010) peak is present from 3.7 GPa onwards.
As the (010) reflex is systematically absent in P2; /n, the structure was
indexed to P2/n for consecutive pressure steps.

At7.3 GPain SS, and 8.1 GPa in Re, a new peak around g ~ 0.77 A™?
was detected, marked with a green star in Fig. 7: This peak is incom-
patible with the original unit cell. At the following pressure steps of 10.0
GPa in SS, and 11.6 GPa and 15.8 GPa in Re, several other novel peaks
emerge, and indexing a majority of the peaks utilising a single original
unit cell is no longer possible. At 20 GPa in Re, several peaks that could
be previously indexed to the original unit cell vanish, indicating a full
completion of a phase change. Utilising the 31 GPa step of the Re
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Fig. 4. a) Raman spectra of [121]tetramantane at pressure various steps from 0 GPa to 25.6 GPa. Blue-coloured spectra correspond to phases beyond the first
observation of peak splits, while orange spectra correspond to phases after the split of the cage breathing mode. b) Clear split of the cage stretching Raman mode,
situated at 350 cm™ at ambient, into two individual modes at the second recorded pressure step of 2.9 GPa. ¢) The cage breathing mode, at 680 cm™! at ambient,
splits into two individual modes with an onset at 7.7 GPa. A faint shoulder already emerges above 5.4 GPa, marked with a green arrow.

experiment, the new phase was successfully indexed to a monoclinic cell
with space group P2/m. Cell parameters were refined using 14 indexed
reflections yielding a = 14.62(1) A, b = 7.78(1) A, ¢ = 6.39(1) A, g =
94.4(2)°, and Z=3, resulting in a cell volume V = (724.8 +1.1) A3anda
density of 2.010(3) g/cm?®. Utilising this cell geometry, phases at steps
11.6 GPa, 13.0 GPa, and 15.8 GPa were successfully attributed to a
combination of the original phase and the new cell. The high intensity
(101) and (101) reflections of the original cell are still present at 10.0
GPa and 13.0 GPa in SS, and 11.6 GPa and 15.8 GPa in Re, indicating a
coexistence of two phases at this pressure regime. A table with unit cell
parameters for each pressure step is provided in supplementary data.
The pressure-dependent volume V of both phases, with the volumes
of the different phases normed to one [121]tetramantane molecule to
enable comparison, is plotted in Fig. 8 a). The data was fitted with the
Vinet and 3rd-order Birch-Murnaghan equation of state utilising the
EosFit7 software [41] to calculate the isothermal bulk modulus By. The
3rd-order Birch-Murnaghan equation is defined as follows [42]:

() - () r5a ()

with pressure P, the pressure derivative of the bulk modulus By, the unit
cell volume V and the unit cell volume at 0 GPa Vj.

The Vinet equation of state is a modification of the Birch-Murnaghan
equation of state and tends to perform better for highly compressible
solids [43-45]:

3
1 —
+5

3B,

P(V) ==

(€8]

P(V) = 330(1;7_2")&@{; (B,—1)(1 ,,7)} @

Here, 7 is defined as: 5 = (V—‘;) %

Axial stiffnesses were fitted with the same approach, utilising the
pressure-dependent length change of the axes a, b, and ¢ with respect to
their lengths at 0 GPa ay, by, and ¢ to obtain the axial stiffnesses My and
the pressure derivatives M,. All equation of state fit results are listed in
Table 2. For the low-pressure phase, the initial volume and axes lengths
were fixed as the values obtained from SXRD results. The values for
Vinet and 3rd-order Birch-Murnaghan fits agree within uncertainties,
apart from axial stiffnesses of the b- and c-axis of the high-pressure
phase. This may be caused by the rather high scatter of data points
around the fit curve. In general, the uncertainties for the high-pressure
phase are quite large, as the peaks are broad and a precise unit cell fit
is not practicable. The a-axis of the high-pressure phase appears to be
remarkably stiff with an axial stiffness M, of over 600 GPa. Results for
the low-pressure phase are plotted in Fig. 8 b) and for the high-pressure
phase in Fig. 8 c). It is worth noting, that the equation of state fits of the
low-pressure phase were done through data points including both P2, /n
and P2/n phases, and thus, the results are strictly speaking apparent
bulk moduli, since the transition potentially affects the physical prop-
erties of the crystal. However, due to the similarities in XRD patterns and
a continuous volume change, resulting in a smooth equation of state fit
through all data points, the effect of the phase transition on the equation
of state fits is likely minimal.
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Fig. 5. Raman spectra of the cage breathing mode which resides at around 680 cm™! at 0 GPa. Black spectra indicate pressure regions where a single mode is present,
blue spectra indicate pressure regions where a satellite peak emerges, and orange spectra show pressure regions where a full split of the cage breathing mode is
present. In the centre of an SS gasket sample chamber, the first satellite peak emerges at 5.4 GPa with a full split detected at 7.7 GPa (a). At the sample chamber edges
in a Re gasket, the first satellite peak emerges at 7.7 GPa and a full split occurs at 10.5 GPa (b). In contrast, the satellite peak appears at 14.0 GPa and a full split

occurs at 24.2 GPa at the centre of the sample chamber in a Re gasket (c).
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Fig. 6. Raman spectra taken before compression (black curve) and after
compression to 54.5 GPa. Apart from one peak at 1170 cm ?, all peak positions
and relative intensities are identical, indicating a full recovery of molecular
geometry after releasing pressure. A slight intensity difference in one vibra-
tional mode at 1170 cm~! may be due to the recovered sample being poly-
crystalline and randomly orientated, whereas the uncompressed spectrum was
collected on a single-crystal with a specific orientation.

Upon unloading, the structure transforms back to P2/n. A clear (010)
peak implies an absence of the 2; screw axis, and a considerable change
in relative peak intensities compared to the uncompressed [121]tetra-
mantane is present. The structure therefore does not reversibly trans-
form into its original P2;/n structure. The lattice parameters of the
recovered P2/n phase are a =7.69(1) 10\, b=28.02(1) 10\, c=12.83(1) A, p
= 105.07(2)°, and Z = 2, resulting in a cell volume V = 763.5(2) AB,
minimally smaller compared to the initial volume V = 767.552(19) A3
of the uncompressed P2; /n structure.

4. Discussion

[121]tetramantane undergoes a series of phase transformations, the
first of which occurs around 1 GPa and is associated with a loss of screw
axis symmetry, changing the space group from P2, /n to P2/n. A second
phase transformation to a high-pressure phase has a transition onset of
around 8 GPa. Between the onset and about 17 GPa both low-pressure
and high-pressure phases coexist. While both phase transformations
are associated with a change in the long-range order, the geometry of
individual molecules remains mostly unchanged due to the Raman
modes, apart from few peak splits, experiencing no significant change.
Beyond 17 GPa, no XRD peaks of the low-pressure phase can be detec-
ted, and thus, the phase transition to the high-pressure phase can be
considered complete. At pressures exceeding the phase transformation
onset of 8 GPa, the sample chamber starts expanding. Regions that
experience the greatest deformation, i.e. the entire sample chamber in
an SS gasket, and the edges of the sample chamber in a Re gasket, show a
split of the non-degenerate cage breathing vibrational mode at pressures
above the expansion onset. Fig. 9 shows a proposed mechanism as an
explanation for the expansion. As the low-pressure phase has a strong
elastic stiffness anisotropy [see Fig. 9 a)], the [121]tetramantane crystal
grains likely realign with their structurally softest direction along [101]
facing the compression axis due to the gasket material being softer than
the diamond anvils. This in turn causes an increase in the monoclinic
angle  which is the angle between the [100] and [001] axes [see Fig. 9
b)]. I.e. uniaxially compressing along [101] would cause an increase in
B. Indeed, refined unit cells have a steady increase in $ from 104.635(2)°
to 107.0(5)° from ambient to 17 GPa [see Fig. 9 c¢)]. Furthermore, the
phase recovered from high pressures has a strong preferential orienta-
tion compared to the initial uncompressed powder as the (101) and
(101) reflections become very faint in the recovered phase [see Fig. 9
d)]. In a randomly orientated powder, as is approximately the case in the
uncompressed sample, the (101) and (101) reflections are among the
highest intensity peaks.
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Fig. 7. Low g-range X-ray diffraction peaks of [121]tetramantane compressed in SS (a) and Re (b). Newly emerging peaks are marked with a green star and vanishing
peaks are indicated by a red cross. The initial P2; /n structure transforms into a P2/n structure at 0.8 GPa in the SS gasket experiment, which is characterised by the
appearance of a (010) peak at around q ~ 0.8 A~'. This peak appears at 1.6 GPa in Re. At 7.3 GPa in SS and 8.1 GPa in Re, a phase transformation into a P2 /m phase
starts, manifesting in the emergence of new peaks. At 17 GPa (a), and 20 GPa in (b), no peaks of the P2/n structure remain, and the structure can be fully described by
a P2/m unit cell with a different cell geometry. Upon unloading, the structure transforms into a P2/n phase with similar unit cell parameters to the original un-
compressed structure, albeit with a significant shift in relative peak intensities. Note the difference in relative peak intensities between the phases recovered from the
SS and Re gasket experiments, likely resulting from lateral gasket expansion and preferential reorientation of crystallites which was more pronounced in the SS

gasket experiment.

After exceeding 8 GPa, the phase transformation into the high-
pressure phase starts, and the structural changes associated with the
transition may cause a lateral push on the gasket. It is worth noting that
the high-pressure phase has significantly different mechanical proper-
ties compared to the low-pressure phase. Due to the different bulk
modulus pressure derivatives of the low- and high-pressure phases, the
bulk modulus at a pressure where both phases coexist enables a more
accurate comparison. Therefore, the bulk modulus at a coexistence
pressure P = 15 GPa was calculated from the equation of state fit pa-
rameters via B(P) = By + B,P + 1B,,P?, resulting in (47.7 + 4.6) GPa and
(60.4 + 4.6) GPa for the low-pressure phase, and (198.0 + 3.4) GPa and
(199.3 + 3.4) GPa for the high-pressure phase, using the Vinet and 3rd-
order Birch-Murnaghan fit results, respectively. The reason for this
considerable difference in stiffness between low- and high-pressure
phase likely roots in the significant reduction of intermolecular dis-
tances, and the practically incompressible individual molecules due to
their diamond-like sp>-bonded carbon cage structure. The high-pressure
phase could thus be regarded as similar to a hydrogen-terminated dia-
mond lattice, whereas the low-pressure phase is highly compressible due
to the soft intermolecular van der Waals forces between molecules.
Consequently, the transformation pressure threshold is a good indicator
of the pressure regime where individual [121]tetramantane molecules
are pushed close enough together to form a diamond-like lattice.
Therefore, pressure conditions of around 8 GPa may be ideal for the
synthesis of diamonds from [121]tetramantane precursors, with the
addition of high temperatures locking in the structure, and removing
C—H bonds.

A previous high-pressure study of [121]tetramantane by Yang et al.

2014 [15] found a bulk modulus value for the low-pressure phase of
(5.45 + 0.58) GPa with a 3rd-order Birch-Murnaghan equation of state
fit, and (6.36 + 0.18) GPa with a Vinet fit. The reported bulk moduli
disagree with fit results for By carried out in this study, as well as with
the bulk modulus By obtained from DFT calculations. The authors re-
ported considerably higher first derivatives of the bulk modulus with B,
of (18.75 + 2.32) and (11.54 + 0.21) compared to the fit results within
this study of (4.3 + 0.3) and (4.7 + 0.3) via 3rd-order Birch-Murnaghan
equation of state and Vinet equation of state fits, respectively. Utilising
the reported values by Yang et al. 2014 [15], the data collected within
our study can not be well represented, as the decrease in volume is too
steep at low pressures, whereas it flattens too much at higher pressures
compared to the experimental data. A possible reason for the discrep-
ancies might be differences in pressure calibration. Yang et al. 2014 [15]
reported utilising the ruby pressure gauge, which is only calibrated for
hydrostatic pressure conditions. Within our study, pressure in the in situ
XRD experiment was estimated based on a combination of the diamond
anvil Raman shift, and shift of XRD peaks of a gold calibrant. The results
reported in our study are based on fixing the V, value to 767.522 A% as
obtained from SXRD results. Yang et al. 2014 [15] fitted the value and
reported significantly higher best-fit values of 782.80(5) A® and 786.00
(8) A® via 3rd-order Birch-Murnaghan equation of state and Vinet
equation of state fits, respectively. To cross-check, a final attempt at
fitting the equation of state was done by freeing the V, parameter for
refinement, leaving out the 15.8 GPa step of the Re experiment due to it
potentially being an outlier, and fitting both Re and SS datasets simul-
taneously. The approach yields best-fit values of Vo = (775.6 = 1.1) A3,
By = 18.00(16) GPa, and B, = 4.55(6) for the 3rd-order Birch-
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Fig. 8. a) Vinet equation of state fit to the pressure-dependent volume V of the unit cell of [121]tetramantane. Data from SS gasket and Re gasket experiments are in
good agreement. V/V, data of the high-pressure phase was normed to Vj of the low-pressure phase based on the volume of one formula unit per elementary cell for
each phase to keep consistency. b) Vinet equation of state fit to the pressure-dependent axial lengths of the low-pressure phase unit cell of [121]tetramantane
compressed in a Re gasket. ¢) Vinet equation of state fit to the pressure-dependent axial lengths of the high pressure phase unit cell of [121]tetramantane compressed
in a Re gasket.
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Table 2

Vinet and 3rd-order Birch-Murnaghan (BM3) equation of state fit results for both
low- and high-pressure phases of [121]tetramantane, for both volumetric, and
axial changes. Indices (0) refer to values at 0 GPa, indices (p) are the first de-
rivatives as a function of pressure. Indices (pp) are the second pressure de-
rivatives which are implied values from the fit and therefore have no
uncertainties.

low-pressure phase high-pressure phase

Vinet BM3 Vinet BM3
Vo (A% 767.522 767.522 847.3 £ 0.9 846.9 + 0.9
Bo (GPa) 19.4+09 19.9+0.9 1475+17 149.5 + 1.7
By 4.7 £0.3 43403 3.6 £ 0.2 35402
By (GPa™) ~0.375 -0.213 ~0.031 ~0.024
a A) 7.719 7.719 15.069 £ 0.010  15.070 & 0.002
M, (GPa) 53.6+47 550+43 617+15 613 £ 15
M, 13.9+17 128+13 31.6+18 33.9+ 2.4
My, (GPa™)  —1.205 ~0.688 —0.437 ~0.952
bo (R) 8.011 8.011 8.215 + 0.010 8.200 + 0.098
M, (GPa) 56.3+4.5 57.9+4.6 461 18 573 £ 19
M, 156+16 143+16 96418 294+ 1.1
My, (GPa™))  -1.419 -0.814 -0.071 ~0.159
co (A) 12.828 12.828 6.820 + 0.005 6.831 + 0.005
M, (GPa) 824+71 834+62 389+6 356 + 5
M, 110+£19 105+13 4705 73404
M, (GPa™})  —0.508 ~0.393 —0.021 —0.121

Murnaghan equation of state and Vy = (776.7 = 1.1) }0\3, Bo =17.34(15)
GPa, and B, = 4.98(7) for the Vinet equation of state, similar to the
previously obtained values.

Yang et al. 2014 [15] reported a phase transition into a triclinic P1
phase above 13 GPa with a bulk modulus of (126.00 + 12.25) GPa and
(123.84 + 11.88) GPa using 3rd-order Birch-Murnaghan and Vinet
equation of state fits, respectively. The authors have not provided in-
formation on the unit cell metric of this phase, and within the limits of
our study, observed peaks of the high-pressure phase could not be
adequately described by a P1 unit cell with similar volumes to the low-
pressure phase at transition pressure. As new peaks emerge at a lower
g-values compared to the low-pressure phase, corresponding to larger
d-spacings, an increase in cell volume is implied. Nevertheless, the bulk
modulus of the high-pressure phase given by Yang et al. 2014 [15] is
similar to the bulk modulus By of the high-pressure phase found within
our study. Therefore, the phases could be structurally related. However,
without in situ high-pressure SXRD data, it is not possible for our work to
determine the exact structure of [121]tetramantane due to the ambi-
guity in indexing few PXRD peaks in low symmetry space groups.

Upon unloading, Yang et al. 2014 [15] found [121]tetramantane to
transform into a structure with space group Pc and unit cell parameters a
=7.689(2) A, b = 8.045(2) A, ¢ = 13.167(3) A, # = 109.3(3)°, and V =
769.0(2) A3. The peaks observed at d = 7.23(1) A and 5.70(1)A of the
recovered phase from our study are incompatible with the Pc space-
group. However, the peaks can be indexed as (101) and (101) reflections
in space group P2/n with lattice parameters a = 7.69(1) A, b = 8.02(1)
A, ¢ = 12.83(1) A, g = 105.07(2)°, and V = 763.5(2) A3, which
adequately describes all observed reflections. Furthermore, this unit cell
metric is very close to that of the uncompressed P2; /n structure. This
indexing works for recovered samples from both Re and SS gasket ex-
periments. The Raman spectrum of the recovered phase was found to be
identical to the uncompressed P2;/n phase, indicating an identical
molecular geometry of the recovered phase compared to the uncom-
pressed phase. Hence, the observed difference between the initial and
recovered phase arises from a difference in the long-range order of
molecules, and not from a change of the structure within the molecules.
It is possible that [121]tetramantane molecules can crystallise in several
geometrically different arrangements with different crystal structures,
which are energetically close to one another. Depending on the specific
deviatoric stresses from hydrostaticity on each individual cell loading,
[121]tetramantane could potentially lock into different metastable, but
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energetically close crystal structures. Experiments carried out in
perfectly hydrostatic environments would be desirable. However, it is
worth noting that the use of pressure-transmitting media is difficult in
the case of molecular crystals due to the possibility of gases and liquids
diffusing in between individual molecules, and thus changing the
compressibility of the molecular crystal structure, possibly hindering the
compaction of molecules. It might be worth testing the feasibility of
using a soft solid-state pressure medium such as NaCl. However, due to
[121]tetramantane being very soft at low pressures itself, solid-state-
pressure media may introduce undesirable non-hydrostatic stresses
too. For future experiments, we suggest the use of even softer solid-state
materials as pressure-transmitting media, such as plasticine.

5. Conclusions

This study shows that [121]tetramantane has a complex high-
pressure response. Pressures above 10 GPa with significant non-
hydrostatic stress components may hinder successful nanodiamond
synthesis from [121]tetramantane due to competing molecular ar-
rangements. Remarkably, despite compression to 54.5 GPa and sub-
stantial structural changes, [121]tetramantane’s molecular structure
completely recovers upon decompression, demonstrating the consider-
able structural integrity of the diamondoid cage molecules. Further-
more, our work reveals that non-hydrostatic compression can uncover
unique structural properties, while the choice of gasket material
significantly impacts the pressure conditions within the sample cham-
ber. The high-pressure phase exhibits unusual mechanical properties,
displaying remarkable stiffness for a hydrocarbon and likely causing the
observed anomalous lateral expansion. The observed phenomena may
however be concerning when considering [121]tetramantane for cush-
ioning applications, as the crystal structure does not fully revert back to
its original state upon decompression. Instead, the material could be
suitable to act as an emergency pressure trigger, as the sample chamber
expands once the phase transformation pressure threshold to the high-
pressure phase is reached. As the high-pressure phase is quite stiff, the
individual molecules are likely pushed close enough together to form a
lattice-like structure. Therefore, pressures above 8 GPa, with the addi-
tion of high temperatures to lock in the compacted structure, may be
ideal to synthesise nanodiamonds from [121]tetramantane. High de-
grees of non-hydrostatic stresses above 10 GPa could introduce unde-
sirable disorder and defects into the synthesis product due to the
intramolecular strain observed via Raman spectroscopy. To fully un-
derstand the structural evolution of [121]tetramantane, future studies
should employ high-pressure SXRD to determine the complete structure
of the high-pressure phase. Such experiments need to carefully consider
the use of an appropriate pressure-transmitting medium, due to a
possible diffusion of liquids and gases in between the molecules, and the
potential introduction of non-hydrostatic stresses from a solid-state
pressure medium.
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Fig. 9. a) (010) projection of the Youngs Modulus {E} of [121]tetramantane, exhibiting a distinct elastic stiffness minimum along [101]. b) Proposed mechanism for
the transverse expansion in [121]tetramantane: Under non-hydrostatic pressure, the crystal structure predominantly aligns with the [101] direction facing the
compression axis, causing a transverse expansion (black arrows) with regard to the compression axis (purple arrows). As the onset of the transverse expansion
correlates with a phase transformation observed by in situ XRD and Raman spectroscopy, the mechanism described above could be the main trigger of the trans-
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B significantly increases upon compression which can be explained by a higher compressibility along the [101] direction of the crystal. Le. a uniaxial compression
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