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S 1 Detailed workflow for construction of phase diagrams

The detailed schematic of our workflow is shown in Supplementary Figure S1. The inputs to our framework
are the information about the chemical species, and the temperature and pressure range of interest. Given
the chemical information and the range of (T, P ) we start our workflow by first identifying the metastable
phases using evolutionary structure search.

S 1.1 Evolutionary structure search

Our evolutionary structure search is based on meta-heuristic genetic algorithm, wherein an initial gene pool
of crystal structures are randomly guessed and evolved in subsequent generations through genetic mutations
or crossover between the fittest structures, which mimics Darwinian evolution.

We set the size of the gene pool as N=40. We initialize the gene pool with randomly guessed atomic
positions and lattice parameters (a, b, c, α, β, γ), subject to the constrains:

1. no two atoms are closer than 0.5 Å

2. number of atoms in the unit cells lies between 4 and 20

3. length of the lattice vectors (a, b, c) lie between 2 Å and 20Å

4. lattice angles (α, β, γ) lie between 20◦and 160◦

Structure search begins by computing the fitness of the initial gene pool structures based on their
enthalpies after relaxing under a specified external pressure, with forces computed using density functional
theory (DFT) using Perdew, Burke, Ernzerhof approximation with optB86b-vdW [1–3] exchange functional
to include the van der Waals interactions.

In addition, we also perform independent evolutionary structure search using the long-range carbon
bond-order potential (LCBOP)[4] model. Classical models like LCBOP are cheaper compared to DFT and
allows for a quick search over the vast configurational space to identify the far-from-equilibrium metastable
structures.

The DFT relaxations are done using the VASP package [5]. LAMMPS package [6] is used to relax
structures using LCBOP model. Fitness of each organism (structure) in a given gene pool is evaluated as

fi =
Hi −Hmax

Hmin −Hmax
(S1)
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Supplementary Figure S1: Workflow for constructing metastable phase diagrams

where Hi is the enthalpy of the organism i, Hmax and Hmin are the maximum and the minimum enthalpy
in the current pool. The gene pool is ranked according to the fitness and parent structures are selected to
undergo genetic variations to produce new offspring structures for the subsequent generation of gene pool.
The selection probability of each structure is based on the fitness:

pi =
fi∑
i fi

(S2)

We define three types of genetic operations to build the subsequent generation of structures:

1. Crossover variation: This genetic variation involves two parents structures. The offspring structure
is generated by slicing the parent structures across a random axis and combing the atoms on one side
of the slice with the atoms on the other side in the other parent structure.

2. Structure mutation: Structure mutation involves random perturbation of the atomic coordinates
and the lattice parameters

3. Number of atoms mutation: Atoms are randomly deleted or added in such a way that the constrains
on inter-atomic distances and maximum number of atoms allowed.

A new generation offspring structures are generated using the above operations. The probability that a
parent structure is subjected to crossover variation, structure mutation and number of atoms mutation are
– 0.4, 0.4 and 0.2 respectively. Each of the offspring structure has to pass a redundancy check and satisfy
the above mentioned constrains before it can be added to the gene pool of the next generation. Once a
new gene pool of 40 structures are obtained, the fitness of the new generation is evaluated and new set of
parents are selected based on their probabilities. This cycle is repeated until the difference between the
enthalpy of the best and the top N/8 structure is less than a tolerance. The tolerance we used for the case
of carbon is 20 meV/atom. We build our algorithm based on the modules and function definitions within
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the Genetic algorithm for structure and Phase prediction code [7]. Further details on the algorithm and the
genetic variations can be found in Ref. [8, 9].

Supplementary Figure S2: Evolution of the best structure in the pool

We perform the independent evolutionary structure searches at P = 0 GPa, P = 10 GPa & P = 100GPa.
After convergence, we build a consolidated list of distinct structures ordered according to increasing value
of enthalpies. Only the phases with satisfying H < Hground + ∆Hcut−off are selected for free energy
calculations. For carbon, the graphite phase is the experimental ground state with the minimum enthalpy
of -7.365 eV/atom (computed using LCBOP model).

S 1.2 Grouping based of RDF and ADF

Some of the candidate structures are structurally very similar and the enthalpies vary only by a small value.
For example, in the case carbon, our structure search algorithm predicts hexagonal graphite, orthorhombic
graphite and rhombohedral graphite, all which only differ in their stacking patterns and have very similar
structural features. Besides at high pressure and temperature conditions, it is highly probable for the layers
to slide against each other and change stacking, as can be seen in Figure 3 of the main text. Hence, we
group such structures with very high similarity and count them as the same phase. i.e hexagonal graphite,
orthorhombic graphite and rhombohedral graphite are considered as ”graphite” phase. Only the candidate
phase with the least enthalpy within each group is used to compute the free energies. The grouping is done
based on the radial distribution function (RDF) and angular distribution function(ADF). Any two structures
with matching first two peaks of RDF and ADF are grouped together. We end up with 505 unique groups
within 670 meV from the ground state graphite phase. The Crystallographic Information File (CIF) for
each grouped structure is provided in a GitHub repository–https://github.com/Srilok/Machine-learning-
Metastable-Phase-Diagram

S 1.3 Free Energy Calculations

The Gibbs free energy at a point i in the thermodynamic phase space corresponding to a temperature (Ti)
and pressure (Pi) can be written as

Gi(Ti, Pi) = Hi(Ti, Pi)− TiSi(Ti, Vi). (S3)

where

Hi(Ti, Pi) = Ui + PiVi(Ti, Pi). (S4)

Here we make the approximation

Hi(Ti, Pi) ≈ Hi(T = 0K,Pi) (S5)

In other words, we neglect the effects of thermal pressure and thermal expansion on enthalpy. This is
a reasonable approximation considering that, for solids, the change in volume with respect to temperature
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and the associated ∆PV is � Ui. We can thus separate the temperature and pressure contribution to the
Gibbs free energy as enthalpy and entropic contribution respectively. Additionally, in solids with few atomic
components, the vibrational contribution to the entropy is the dominant one [10], and hence we make the
approximation:

S(T, P ) ≈ Svibrational(T, P ), (S6)

If the atomic vibrations are modeled as harmonic oscillators, it follows that

FHarmonic = UHarmonic − TSvibrational =
1

2

∑
qv

h̄ω(qv) + kBT
∑
qv

ln[1− exp(− h̄ω(qv)

kBT
)] (S7)

The pressure range (0-100GPa), over which the phase information is desired, is discretized into nine
points - P0 ∈ { 0.0 GPa , 13.3 GPa, 26.6 GPa, 40.0 GPa, 53.3 GPa, 66.6 GPa, 80.0 GPa, 93.3 GPa, 100.0
GPa }. For any given metastable phase, the equilibrium volume V (P = P0) and enthalpy H(P = P0) is
obtained by relaxing the structure under and external pressure P0 using density functional theory (DFT).
The temperature dependent entropic part of the free energy is obtained from equation (S7) using the phonon
modes computed at the equilibrium volume V (P = P0)

The total Gibbs free energy G(T = T0, P = P0) is obtained by summing the enthalpy H(P = P0) and
the vibrational free energy FHarmonic

The DFT calculations were performed using the VASP package [5] under Perdew-Burke-Ernzerhof [11]
approximation with optB86b-vdW [1–3] exchange functional to include the van der Waals interactions.
All calculations were done with an energy cutoff of 600eV. A dense K-point grid defined by natoms ×
nkpoints ≈ 6000, where natoms is number of atoms in the primitive cell and nkpoints is the number of K-
points, is employed[12]. The phonon modes were computed from the Hessian matrix, obtained from density
functional perturbation theory, using the PHONOPY package [13]

S 2 Phase boundary classification using multiclass support vector
machine (MSVM)

Machine learning algorithms like support vector machines (SVMs)[14, 15] which can draw decision boundaries
between different classes of inputs are well suited to automate the estimation of phase boundaries given a
discrete free energy data set. SVMs are binary classifiers by definition and one has to resort to decomposition
techniques like “one-vs-all” or “one-vs-rest”[16] which involves training many classifiers and taking the
weighted value of all the output. While such decomposition techniques have been successfully used in the
past, it is computationally demanding to train multiple classifiers when there are a large of number phases.
Instead, we use a purely multiclass SVM[17–21] (MSVM), using a non-homogeneous 3rd order polynomial
kernel, which can classify multiple classes without relying on decomposition techniques. Training only
one MSVM classifier reduces the computational time tremendously while maintaining the accuracy of the
classifiers. The final equilibrium and metastable phase diagram, generated with the decision boundaries
drawn using MSVM, is shown in Figure 2 of the main manuscript.

S 3 Stability of stacking disorder diamond phases

Supplementary Figure S3 (a) shows the equilibrium phase diagram constructed by comparing the G(T, P )
of all the candidate phases identified by our algorithm. We note that the stacking disorder diamond phase
(S132) is marginally stable (∆G/kBT < 0.2, see Fig S3) compared to cubic-diamond over the high-pressure-
high-temperature region. While pure cubic-diamond has an “ABCABC” stacking pattern, stacking disorder
phases can be regarded as a mixture of “ABAB” hexagonal-stacking and ABCABC cubic-stacking. The
structure of S132 is shown in Figure S3(b). The red and orange atoms correspond to atoms with cubic and
hexagonal like co-ordination environment. Observations of stacking disorder phase with varying content of
hexagonal diamond under such conditions are well known and reported in the past[22–34].

We further inspect the ∆G between stacking disorder (S132) and cubic diamond. Supplementary Figure
S3(b) shows the Gibbs free energy profile at P=87.50 GPa, indicated as purple dashed line in Supplementary
Figure S3(a). The maximum difference with respect to the stable phase are at 3000 K with ∆GS132

Diamond(T =
3000K,P = 37.5GPa) = −35 meV/atom. At 3000 K, ∆G/kBT < 0.2 suggests a very high probability of
stacking disorder diamond co-existing with cubic-diamond in agreement with experimental observations [22–
34]. Our results suggests that such stacking faults are marginally stabilized at high temperatures due to
entropic contributions.
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Supplementary Figure S3: Equilibrium phase diagram including the stacking disorder diamond phase S132

S 4 Deep Neural Network

A deep neural network (DNN) was used to learn the Gibbs free energy of different phases of carbon. It
consisted of 8 fully connected (dense) hidden layers with 128, 256, 512, 512, 512, 512, 64 and 32 neurons,
respectively, as shown in Supplementary Figure S4(a). Relu activation function was used in all layers, except
the input and the output layers. Many dense layers were followed by batch normalization to assist training
of such a large network. The input layer consisted of smooth overlap of atomic positions [35] (SOAP) of
the 0 K and 0 GPa structure of a phase, and the normalized T and P value. The SOAP fingerprint was
obtained using the python library Dscribe [36] with the following parameter settings: rcut = 6Å, nmax = 6
and lmax = 4, where rcut is the cut-off radius for the atomic neighborhood around the concerned atom,
nmax is the number of radial basis functions (spherical Gaussian type orbitals) and lmax is the maximum
degree of spherical harmonics. This resulted in a SOAP fingerprint vector for each atom, which was averaged
using the “inner” averaging scheme (average over atomic sites before summing up the magnetic quantum
numbers) to obtain a 105-dimensional configuration fingerprint for each phase. To account for the large
variation across the different features of the fingerprint, each features was normalized by removing the mean
and scaling to unit variance, as obtained from the data in the training set. T and P values were included as
two additional features, overall resulting in a 107-dimensional input fingerprint to the DNN.

The output layer consisted of a single neuron describing the DNN predicted Gibbs free energy of a phase
at the input T and P values. The DNN was trained using Adam optimization algorithm [37] with the mean
absolute error chosen as the loss function definition. Free energy data corresponding to 273 phases was used
to train the model, while that for 19 and 31 phases was used as the validation and test set, respectively. A
few important phases, such as diamond, graphite and diaphite (S353), were part of the training set, while
others, including n-diamond (S291), stacking-disorder (S132) and 6B (S389), were part of the test set. Since
some phases were found to be dynamically unstable at different P and T conditions, caution was taken
to only include free energy training data when the phase was stable. The number of training epochs was
determined by monitoring the model performance on the validation set and multiple dropout layers (with
values of 0.1-0.3) were used for regularization purposes. The DNN code was implemented in Tensorflow
[38]. The overall performance of the DNN model on the training as well as the test set is presented in
Supplementary Figure S4(b).

Using our surrogate ML model, we can quickly estimate the proximity of a newfound metastable phase
with respect to the ground state, given only the structural information. The probability of realizing a

metastable phase at a given temperature and pressure is directly proportional to exp(−
∆G

MSj

GSi

kBT
) with

∆G
MSj

GSi
= GMSj

− GGSi
where GSi and MSj are the ground state and the metastable phase of inter-

est. Supplementary Figure S5 shows the predictions of the DNN at 31.25 GPa, G(T, P = 31.25GPa), for
metastable phases the ML model has never seen during training (S455, S291 and S389 are part of test
set). The error between DFT and the ML predictions are less than 50 meV/atom (see Figure 6 in main
manuscript). Thus, we can quickly classify a metastable phase as near-equilibrium and more likely to be
synthesized, or far-from-equilibrium and less likely to be synthesized, by comparing free energies with ground
state phases.
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Supplementary Figure S4: a) Architecture of the DNN model used to learn Gibbs free energy and b) parity
plot between the reference Gibbs free energy and respective DNN predictions for various phases of carbon
in the training and the test set. The mean absolute error (MAE) in the DNN predictions for the training
and test set are also included.

Supplementary Figure S5: (a),(b),(c) G(T, P = 31.25 GPa) computed using our workflow for W-carbon
(S455), n-diamond (S291) & 6B (S389) phases, respectively. Cubic diamond and graphite are plotted
alongside for comparison. (d),(e),(f) G(T, P = 31.25 GPa) computed using DNN for S455, n-diamond
(S291) & 6B (S389) respectively. Cubic diamond and graphite are plotted alongside for comparison. The
ordering of the different phases, along with free energy cross-over temperatures (see right most panels) are
captured accurately.

We also constructed a baseline ML model for performance comparison. The variation of free energy
with temperature (T) and pressure (P) is observed to be somewhat quadratic in nature. A quadratic fit of
the form, G = c0 + cp1P + ct1T + cp2P

2 + ct2T
2 for each individual phase, resulted in an overall (train) mean

absolute error (MAE) of ∼13 meV/atom, suggesting that the free energy surface indeed varies quadratically
with P and T . However, to make energy predictions for a new phase using such quadratic fit, the structural
information of a new phase has to be mapped to the coefficients of the quadratic fit. Thus, we constructed
another DNN model to predict the above P,T coefficients for a structure X, i.e., DNN(X)→ (c0, c

p
1, c

t
1, c

p
2, c2),

where X denotes the SOAP fingerprints of the new structure. As seen in the Figure S6 the accuracy of this
model (MAE of ∼100 meV/atom) is significantly lower than that of the ML model developed in this work
(MAE of ∼36 meV/atom). This is mainly because including X, P, T together in the DNN model allows it
to learn inter-dependencies of all the variables together.
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Supplementary Figure S6: Performance of the baseline DNN model fit to quadratic coefficients of P and T
(see text for details), against the DFT data. This model shows poor performance compared to the DNN
model developed in this work.
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S 5 Metastable Phase Diagrams with only the phases identified
in evolutionary search

Supplementary Figure S7: (a) Near equilibrium phases identified by evolutionary structure search; (b)
equilibrium phase diagram with boundary fitted using MSVM. Equilibrium phase diagrams matches with
the experimental phase diagram[4, 39]; (c),(d) & (e) metastable phase diagram (at a ∆G of 40, 140 and 220
meV/atom respectively) showing metastability of phases listed above. Regions where no metastable phase
is present other than the ground state are shaded in grey
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S 6 Far from equilibrium metastable phase diagrams

(a) ∆G = 300meV/atom

(b) ∆G = 400meV/atom

Supplementary Figure S8: Far-from-equilibrium metastable phase diagram

S 7 Comparison of LCBOP and DFT equation of states

S32 S54 S125

Supplementary Figure S9: Equation of state computed using DFT and LCBOP potential. The energy at
the original volume (or volume ratio, r = 1.0) is taken to be the reference for both LCBOP and DFT

Here, we benchmark the accuracy of LCBOP potential for the metastable phases , for which the dynamical
stability were inspected, by comparing the equation of state, E(V ), with DFT. We scale the unit cells of
metastable phase with volume ratio, r ∈ (0.95, 1.05), and compute the energy of the scaled system to obtain
the E(V ). While the energy of the isolated atom in the classical LCBOP model is zero, DFT include the
electronic energies of the atoms. This difference in the reference values results in a constant energy offset
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between the two equation of states. To make a fair comparison, we compare the E(V ) − Er=1.0 curves of
both DFT and LCBOP model. The LCBOP predicted equation of states matches excellently with DFT
(Figure S9).

S 8 Phases already reported in SACADA

Table S1: List of metastable phases within ∆Hcut−off = 670meV/atom matching with structures from
SACADA

Structure Index Reported Names Space group

S224 3D-(5,0); mC16-
carbon

Cmcm

S389 6B C12/m1

S400 mC12 A12/n1

S603 isoglitter Cmmm

S488 C-BIK Cmcm

S896 G158 Imma

S112 10A C12/m1

S375 H-6;6(3)6-09 P6222

S111 F-carbon; Z-
carbon-1; J-carbon;
S-carbon; M10-
carbon; F-C

P12/m1

S148 ”5+7”; M-carbon;
M-12

C12/m1

S160 ZGM-12; oC12-
carbon; IGN

Cmcm

S435 Z-carbon-3; 12C C12/m1

S58 CFS; unj; 6A;
P6522

P6122

S0 Structure I; C1(41);
103; 4(3)1; K4; srs

I4132

S159 (RL)2; oC16-II;
Cco-C8; Z-carbon;
oCco-C8; C8-
carbon; 3D(2,2)-
III; sie; Cmmm

Cmmm

S19 Diamond; LA1 Fd-3m

S86 12R R-3m

S677 (3,0)/(4,0); 10B Cmmm

S127 G21 P121/m1

S60 A Hypothetical
Metallic-Allotrope
of Carbon; bct-
4; sp2 allotrope;
Hinged; poly-
acetylene; 4(3)2;
Bct-C4

I41/amd
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S513 8-tetra(2,2)-
tubulane; (R2),
bct-C4; Rectan-
gulated carbon;
D; 3D(2,2)-II;
bct-carbon; crb;
3D-(2,2); LA3;
bct4-carbon; C4

I4/mmm

S596 mC16-carbon C12/m1

S319 cfc; 4H-diamond P63/mmc

S41 6(3)1-10; Rh6 R-3m

S823 3D (3,3) Cmmm

S40 bco-C16 Imma

S 9 Transformation barrier using crystal structure matching

While the metastable phase diagram provides information regarding the thermodynamics of the phases,
an approximate kinetic barrier for transformation can be estimated for given pair of phases using the
crystal structure mapping algorithm proposed by V. Stevanović et. al [40]. The algorithm determines the
transformation between the unit cell and the optimal atom-to-atom matching which minimizes the Euclidean
distance between the atoms and the number of chemical bonds broken during the transformation. Once a
list of competing metastable phases are identified over a (T, P ) of interest, we first map the crystal on to
each other and generate linearly interpolated images across the transformation pathway determined by the
algorithm. The transformation barrier is obtained by computing the energies of the generated images [40].
The structure matching algorithm and the image generation is implemented within the PYLADA software
package [41]. As an example, the transformation barriers for metastable bct-C and Z-carbon phases, starting
from ground state cubic-diamond and graphite, are shown in Figure S10.

Supplementary Figure S10: Energy barriers for (a) cubic-diamond to Z-carbon, (b) cubic-diamond to bct-
Carbon, (c) graphite to Z-carbon and (d) Graphite to bct-Carbon, by matching the phases on to each other
and computing the energies of the images along the transformation pathway.

S 10 High pressure high temperature processing

HPHT samples were obtained using a diamond anvil cell (DAC). Starting material is a 60×20 µm single
crystal graphite disk cut from a millimeter size crystal by micro laser drilling system and it was loaded into
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a hundred micron diameter rhenium gasket chamber. Both neon and silicone oil were used as the pressure
transmitting medium. Pressure was measured by monitoring the shift in the R1 fluorescence line of a ruby
ball, which was loaded along with the sample. A double-side YLF (wavelength 1064 nm) laser-heating
system was used to heat the sample. Temperatures were determined by fitting the thermal radiation spectra
of the heated sample to the Planck radiation function in a given wavelength range. When pressure is at
20 GPa, YAG laser heated samples at the center ( 1400 K) turned dark transparent but the rim remained
dark. In this work, after decompression from high pressure and temperature treatment, we opened the
DACs, transferred the samples from the chamber to a clean marble mortar with a tiny pin. TEM samples
were prepared by crushing the recovered sample using a marble mortar and pestle and then dispersing
these crushed powders onto a holey carbon grid. Focused-ion beam (FIB) technique is also used to prepare
plane-view and cross-sectional TEM specimens. Argonne Chromatic Aberration-corrected TEM (ACAT,
FEI Titan 80-300ST TEM/STEM) with a field-emission gun was used to investigate the crystallographic
orientation, high-resolution transmission electron microscopy (HRTEM) images from the recovered samples.

S 11 n-diamond

1. 50 Å

1. 5
6 Å

(a) (b)

Supplementary Figure S11: (a): Structure of n-diamond after relaxation, (b) phonon dispersion of n-
diamond

The initial structure of n-diamond (S291) as identified by our evolutionary algorithm is relaxed under
an anisotropic pressure of 48 GPa in the y-direction and 20 GPa in the x- and z- directions. The resulting
structure is still a cubic diamond like structure with two different bond lengths of 1.56 Å and 1.50 Å
(Supplementary Figure S11). The simulated diffraction pattern of the final structure matches well with
the previously reported n-diamond structure. We next inspect the stability of the proposed structure by
computing the phonon spectrum and checking for any possible imaginary modes. The phonon spectrum is
computed using PHONOPY package [13] with force constants obtained form density functional perturbation
theory (DFPT). The relevant high symmetry points labeled in the phonon spectrum were obtained using
the algorithm described in Ref.[42] which uses the spglib library [43] to construct the brillouin zone. The
structure is stable since there are no imaginary modes.

Cubic-diamond consists of two fcc lattices that shift along [111] diagonal direction respect to each other.
When the shift distance equals to a sp3 bond length, (200) diffraction spots extinguish since cubic-diamond
has one sp3 bond length. When the shift distance of these two fcc lattices is away from 1.54 Å, the intensity
at (200) diffraction spots gradually increases. In the simulated diffraction pattern using S291 structure, we
can find the intensity of (200) spots are much lower than (220) spots due the small difference in these two
bond lengths (1.56 Å, 1.50 Å). In the experiment diffraction pattern, the (200) intensity is close to the (220),
indicating this n-diamond has a much smaller bond length than 1.50A

S 12 Existence of anisotropic pressure

As discussed in section S5, both neon and silicone oil were used as the pressure transmitting medium, so we
do not expect a pressure differential in the DAC. However, the internal stress in the single crystal itself can
result in pressure differential. Fig S12 shows a cross-sectional TEM image of a recovered graphite sample
treated at 20 GPa and 1000 K. Many rhombus voids can be observed in the image, indicating there exists
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such pressure differential in the DAC. In these buckled areas, we observed metastable graphitic phases such
as orthorhombic graphite (OG) and rhombohedral graphite (RG).

Supplementary Figure S12: Low magnification TEM image showing rhombus voids recovered from HPHT.
HRTEM image of OG stabilized between two RG and its corresponding FFT.

Supplementary Figure S13: (a) HRTEM image of a n-diamond nanodomain with its corresponding FFT
in (b). (c) The simulated diffraction pattern using the structural model S291 (before relaxation). (d)-
(f) HRTEM image, FFT and simulated diffraction pattern using relaxed S291 model of another area of
n-diamond.

In the sample we recovered from 20GPa and 1200K, we found several nanodomains (∼100 nm) showing
the diffraction pattern similar to n-diamond (Fig S13). In the FFT in Fig S13(b), the intensity of (200) is
much weaker than (220). Fig S13(c) shows the simulated electron diffraction pattern using the structure
of S291 (before relaxation). Many buckled areas in graphite matrix lead to some local strains during
transformation. These strains would induce some bond length variations and diffraction intensity differences.
By comparing these two diffraction patterns, we can see the intensity of (200) reflections match reasonably
well with the structural model with shorter bond lengths. Fig S13(d)-(f) show another area with less strain.
The diffraction intensity is more uniform.
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S 13 Relative stability of far from equilibrium structures

Supplementary Figure S14: Relative stability of far from equilibrium structures

14



S 14 Diaphite-like lonsdaelite phase

Supplementary Figure S15: AC-HRTEM image of lonsdaleite along [112̄0] showing two different bond lengths
of OA (≈ 1.56Å) and OB (≈ 1.47 Å). Lonsdaelite phase after relaxing under anisotropic pressure

Supplementary Figure S16: (a) UV Raman spectrum on the recovered sample showing three peaks. (b)
Calculated frequencies dependence on bond length OB with fixed bond length OA (1.56 Å). Experimentally
observed Raman vibration frequencies are indicated by black stars.
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S 15 Know topological nets not present in SACADA

Table S2: Structures with topological nets not present within SACADA database [44]. The topological nets
are characterized by the ToposPro software package [45]

Structure Index E − Edia(eV ) Topology Net Type Point Symbol of Net

S134 0.208 hne 3,3,3-c {5.7ˆ2}3{5ˆ2.7}
S421 0.286 xca 3,4-c {6ˆ3}{6ˆ6}2
S419 0.354 4,4,4T86 4,4,4-c {4.5ˆ2.6ˆ3}{5ˆ3.6ˆ3}
S30 0.383 noe 3,3,3-c {7.12ˆ2}{7ˆ2.8}3
S38 0.435 nof 3,3-c {6.10ˆ2}{6ˆ2.10}

S235 0.675 3,3,3,3T2 3,3,3,3-c {11ˆ3}{5.11ˆ2}5
S338 1.571 cem-a 3,3,3-c {5.6.8}2{5.6ˆ2}2{5.8ˆ2}

S 16 Metastable phase diagrams of select few phases

Supplementary Figure S17: Metastable phase diagram only considering S134 (hne), S421 (xca), S419
(4,4,4T86), S30 (noe), diamond and graphite at (a) ∆G=500 meV/atom, (b) ∆G=700 meV/atom and
(c) ∆G=950 meV/atom

S 17 New topological Nets

Table S3: Structures with topological nets not present within Topological Types Database (TTD) [46, 47]
as identified by the ToposPro software package [45]

Index E − Edia(eV ) Net Type Point Symbol of Net

S83 0.135 3,3,3,4-c {6ˆ3}3{6ˆ5.8}
S112 0.172 4,4,4,4,4-c {5ˆ2.6ˆ3.8}{5ˆ2.6ˆ4}2{5ˆ3.6ˆ3}{6ˆ5.8}
S260 0.228 3,3,3,3,4-c {6ˆ3}4{6ˆ5.8}
S623 0.244 3,3,4-c {4.6ˆ3.8ˆ2}2{6ˆ3}3
S297 0.276 3,3-c {5.8ˆ2}{5ˆ2.8}2
S487 0.283 3,3,3,3,4,4-c {5.6ˆ3.7ˆ2}{5.7ˆ2}2{5ˆ2.6ˆ2.7ˆ2}{6ˆ3}2
S596 0.290 3,4-c {4.6ˆ3.8ˆ2}{6ˆ3}
S108 0.303 3,3,3,3-c {5.12ˆ2}2{5.6.9}2{5.6ˆ2}{6ˆ2.10}
S530 0.318 3,3,3,3,4,4-c {5.6ˆ3.7ˆ2}2{5.7ˆ2}{5ˆ2.7}{6ˆ3}2

Continued on next page
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Index E − Edia(eV ) Net Type Point Symbol of Net

S424 0.322 3,4,4,4,4-c {5.7ˆ2}2{5ˆ3.7ˆ3}2{5ˆ4.7.8}{5ˆ4.7ˆ2}2{5ˆ5.7}
S54 0.334 3,3,3,4,4-c {5.6ˆ3.7.8}{5ˆ2.6ˆ2.7.8}{5ˆ2.8}{6ˆ3}2
S470 0.337 3,3,4-c {6ˆ3}3{6ˆ5.8}2
S568 0.352 3,3,4,4-c {5.6ˆ3.7ˆ2}2{5.7ˆ2}{5ˆ2.7}
S698 0.379 3,3,4,4-c {4.5.7ˆ3.8}2{5.7ˆ2}{5ˆ2.7}
S529 0.406 3,3,4,4-c {5.6ˆ3.7.8}{5ˆ2.6ˆ2.7.8}{5ˆ2.8}{6ˆ3}
S763 0.408 3,4,4,4,4-c {5.6.8ˆ4}{5.6.8}2{5.6ˆ4.8}{5ˆ2.6ˆ3.8}2{5ˆ3.6ˆ3}2
S907 0.410 3,3,3,3,3,3,4,4,4,4-c {4.5.6.7ˆ2.8}{4.6.7ˆ2.8ˆ2}{5.6.7}{5.7ˆ2}{5ˆ2.7}
S857 0.412 3,4,4,4-c {4.5.6ˆ3.8}2{5.6ˆ2}{5.6ˆ5}2{6ˆ6}2
S912 0.418 3,3,4,4,4,4,4,4,4,4,4,4-c {4.5.6ˆ3.7}{4.5ˆ3.6.7}3{5.6.7}{5.6ˆ3.7ˆ2}{5.6ˆ...

S310 0.424 3,3,3-c {5.12ˆ2}3{5ˆ2.8}
S47 0.427 3,4-c {4ˆ2.6ˆ2.8ˆ2}{6ˆ2.8}
S589 0.434 3,3,3,4,4-c {4.6.8}{4.6ˆ3.8ˆ2}{4ˆ2.6ˆ2.8ˆ2}{6ˆ2.8}2
S234 0.438 3,3,3,3,3,3,3,3,3,3-c {4.5.7}2{4.7.9}2{5.7.9}4{5ˆ2.7}{5ˆ2.8}
S866 0.455 3,3,4,4,4,4,4,4,4,4-c {5.6.7}2{5.6ˆ3.7ˆ2}{5.6ˆ4.7}{5.6ˆ5}2{5ˆ2.6ˆ2.7...

S358 0.456 3,3,4-c {6ˆ2.10}3{6ˆ3.10ˆ3}
S994 0.475 3,4,4-c {5.6ˆ3.7.8}2{5.8ˆ2}{5ˆ2.6ˆ4}
S999 0.487 3,3,4,4-c {4.6.8}{4.6ˆ3.8ˆ2}{6ˆ3}{6ˆ5.8}
S455 0.489 3,4-c {5.8ˆ2}{5ˆ2.6ˆ2.7.8}2
S70 0.501 3,3,3,3,3,3,3,3-c {5.10ˆ2}{5.7.10}4{7.10ˆ2}3
S26 0.506 3,3,3-c {6.8ˆ2}3{8.12ˆ2}
S336 0.509 3,3,3,3,3,3,3,3,3,3,4-c {5.6.9.12ˆ2.13}{5.6.9}3{5.6ˆ2}{6.12ˆ2}{6ˆ2.9}4...

S856 0.520 3,3,4,4-c {5.6ˆ3.7ˆ2}{5.7ˆ2}2{5ˆ2.6ˆ2.7.8}
S397 0.525 3,3,3,3,3,3,3,3,3,3,4-c {5.6.9.13ˆ3}{5.6.9}3{5.6ˆ2}{6.13ˆ2}{6ˆ2.9}4{6ˆ3}
S964 0.538 3,4,4-c {3.6ˆ3.7ˆ2}4{3ˆ2.10ˆ4}{6ˆ3}2
S407 0.538 3,3,3,3,4-c {5.6.9}2{5.6ˆ2}2{5.9ˆ4.12}{6.9ˆ2}2{6ˆ2.9}2
S892 0.549 2,3,3,3-c {16}{5.12ˆ2}2{5.16ˆ2}{5ˆ2.8}
S342 0.566 3,3,4,4,4,4-c {3.5.6.7.8.9}2{3.5.8ˆ2.9ˆ2}2{3ˆ2.9ˆ4}{5.6.8}2{...
S688 0.567 3,3,3,3,3,3,4,4,4,4-c {5.7.8}2{5.8ˆ3.9ˆ2}{5ˆ2.7.8ˆ2.9}{5ˆ2.7}{5ˆ2.8}...
S133 0.580 3,3,3,3,3-c {5.8.9}2{5.8ˆ2}{5.9ˆ2}2{8.9ˆ2}2{8ˆ2.9}
S121 0.588 3,3,3,3,3,3,3,3,3,3,4-c {5.6.7.9.10ˆ2}{5.6.7}{5.7.10}{5.7.8}{5.8.10}{6...

S830 0.595 3,3,3,3,3,3,3,3,3,3,4-c {4.6.8}2{4.7.9.12ˆ2.13}{4.7.9}{6.7.9}2{6ˆ2.7}2...

S711 0.599 3,3,3,4,4-c {5.6ˆ4.9}{5.9ˆ2}{5ˆ2.6ˆ3.9}2{5ˆ2.8}2{6.9ˆ2}
S701 0.601 2,3,3,3,3,3,3,4-c {10.12ˆ2}{12}{5.10ˆ2}{5.12ˆ2}{5ˆ2.8.10ˆ2.11}{5...

S114 0.609 3,3,3,3,3,3-c {5.9ˆ2}3{5ˆ2.8}{9.12ˆ2}
S165 0.625 3,3-c {8.10ˆ2}
S941 0.632 3,3,4-c {4.8ˆ2}{4.8ˆ3.10ˆ2}{8ˆ3}2
S869 0.643 3,3,3,3,4-c {10ˆ3}{5.10ˆ2}{5.10ˆ4.12}{5ˆ2.8}4
S773 0.653 4,4,4,4,4,4,4,4,4,4-c {3.4.5.6.7.8}{3.4.5ˆ2.6.7}{3.4.5ˆ2.6ˆ2}{3.4.6....

S210 0.656 3,3,3,3,4-c {5.6.9}2{5.8.11}2{5.8ˆ2.11ˆ3}{6.8.11}4
S152 0.678 3,4,4-c {5.10ˆ2}2{5ˆ4.8ˆ2}{5ˆ5.8}4
S192 0.698 3,3,3,3,3,3,4,4,4-c {4.6.8ˆ3.10}{4.6.8}{4.6ˆ2.8ˆ3}2{6.8ˆ2}2{6ˆ2.10...

S748 0.699 3,3,3,3,4,4,4,4,4-c {6.7ˆ2}3{6ˆ2.7}{6ˆ3.7ˆ3}{6ˆ4.7.8}2{6ˆ5.8}{6ˆ6}
S610 0.706 3,3,4,4,4,4,4-c {3.5ˆ2.8ˆ2.9}{3.5ˆ3.6.8}{3ˆ2.4.5.6.7}{3ˆ2.4.9ˆ...

S976 0.712 3,3,3,3,3,3,4-c {5.6.9ˆ3.10}{5.6.9}3{5.9ˆ2}{6.9ˆ2}2

Continued on next page
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Index E − Edia(eV ) Net Type Point Symbol of Net

S315 0.730 3,3,3,3,3,3,4-c {6.7ˆ2.11ˆ3}{6.7ˆ2}5{7.11ˆ2}
S578 0.732 3,3,3,3,4-c {5.6.7}2{5.6.8}2{5.7.8ˆ2.11ˆ2}{6.7.8}2{7.12ˆ2}2
S542 0.733 3,3,3,3,4,4,4-c {3.6.7ˆ3.8}2{3.7.10ˆ4}{6.7ˆ2}4
S528 0.755 3,3,3,3,4,4,4-c {4.10ˆ2}{4.5.8ˆ2.9.10}{4.5ˆ2.7ˆ2.8}2{5.10ˆ2}{5...

S956 0.755 3,3,3,3,3,3,4-c {5.6.9.10ˆ3}{5.6.9}3{5.9ˆ2}{6.10ˆ2}{6.9ˆ2}
S51 0.755 3,3,3,3-c {7.10.11}{7.10ˆ2}{7ˆ2.10}{7ˆ2.8}
S78 0.757 3,3,3,3,3,3,3,3-c {6.11ˆ2}{6.7.9}4{6.9ˆ2}{7.11ˆ2}{7.9ˆ2}
S849 0.770 3,3,3,3,4,4,4-c {3.6.7.8ˆ2.9}{3.6.7.9ˆ3}{3.6.8ˆ2.9ˆ2}{6.8ˆ2}3{...
S45 0.775 3,3,3,3,3-c {7.10ˆ2}{7.9.10}2{7.9ˆ2}4{9.10ˆ2}
S826 0.776 3,3,3,4-c {4.6.8ˆ3.10}{4.6.8}{6.8ˆ2}{8ˆ3}
S416 0.786 2,3,3,3,3-c {12}{6.10ˆ2}4{6.12ˆ2}2
S835 0.827 3,3,3,3,3,3,4-c {6.11ˆ2}{6.7ˆ2}4{6.7ˆ3.10.11}{7.11ˆ2}
S700 0.828 2,3,3,3,3-c {11ˆ3}{13}{5.11ˆ2}3{5.13ˆ2}2
S724 0.829 3,3,3,3,3,3,3,3,4,4,4-c {3.7.8ˆ3.9}{3.7.8ˆ4}2{7.8ˆ2}4{8.10ˆ2}2{8ˆ3}2
S524 0.831 3,3,4,4,4,4,4,4,4,4-c {6ˆ3}{6ˆ6}4
S573 0.841 3,3,3,3,3,3,4-c {6.10ˆ2}2{6.8ˆ2}{6ˆ2.8ˆ3.10}{6ˆ2.8}3
S791 0.859 3,3,4,4-c {3.6.7.8ˆ3}{3.6.7}{3.8ˆ3.9ˆ2}{6.8ˆ2}
S922 0.862 3,3,3,3,4,4,4,4-c {3.5.7ˆ2.9ˆ2}{3.7ˆ3.8ˆ2}2{5.7.9}3{5.7ˆ4.9}{7ˆ3}
S423 0.863 3,3,3,3,4-c {6.8ˆ2}2{6ˆ2.8ˆ4}{6ˆ2.8}
S867 0.946 3,3,3-c {4.6.8}2{6ˆ2.8}2{6ˆ3}
S434 0.971 2,3,3,3,3-c {9ˆ3}6{9}
S425 0.982 3,3,3-c {5.6.8}2{5.8ˆ2}{5ˆ2.6}
S660 0.993 3,3,3,3,3,3,3,3-c {6.11.12}{6.11ˆ2}{6.7.9}4{7.9ˆ2}2
S232 1.048 3,4,4-c {3.6ˆ3.7ˆ2}4{3ˆ2.10ˆ4}{6ˆ3}4
S674 1.193 2,3,3-c {12}{5.12ˆ2}{5ˆ2.8}2
S842 1.240 3,3,3,3,3,3,4,4,4-c {5.10.11}{5.10ˆ2}{5ˆ2.8}4{5ˆ3.8ˆ3}2{5ˆ4.8ˆ2}
S395 1.243 3,3,3,3,3,3,3,3,4,4,4-c {5.7.8}{5.7.9}{5.7ˆ2}2{5ˆ2.7.8ˆ2.10}2{5ˆ2.7}2{...
S621 1.248 3,3,3,4-c {5.6.9}4{5.9ˆ4.12}{6.9ˆ2}2
S787 1.271 3,3,3,3,3,3,4-c {10ˆ3}{5.10ˆ2}2{5ˆ2.8.10ˆ2.11}{5ˆ2.8}3
S184 1.324 3,3,3,4,4-c {6ˆ3}3{6ˆ5.8}2
S664 1.363 3,3,3,3,4,4,4-c {4.5.7.8ˆ3}{4.5ˆ2.7.8ˆ2}{4.5ˆ2.8ˆ2.9}{4.8ˆ2}{5...

S903 1.382 3,3,3,3,3,3,4-c {10ˆ3}{4.6.8.10ˆ2.12}{4.6.8}3{6.10ˆ2}2
S768 1.392 3,3,4,4,4,4,4-c {3.4.5ˆ2.6.8}2{3.4ˆ2.8ˆ2.9}{4.5.7}{4.8ˆ4.10}{4...

S109 1.457 3,3,3,3,3,3-c {5.6.7}2{5.7ˆ2}{5ˆ2.7}{6ˆ2.7}2
S158 1.746 3,3,3,3,3-c {11ˆ2.12}{5.11ˆ2}{5.6.9}4{6.11ˆ2}2
S740 1.864 3,3,3,4,4-c {3.5ˆ2.6.8.9}2{3.9ˆ4.10}{5.9ˆ2}2{5ˆ2.8}2
S747 2.040 3,3,4,4,4,4,4,4,4-c {5ˆ2.6.8ˆ3}{5ˆ2.6ˆ3.8}{5ˆ3.6ˆ3}2{5ˆ4.6.8}2{6.8...

S808 2.384 3,3,4,4,4,4,4,4,4-c {6ˆ2.8ˆ4}{6ˆ2.8}2{6ˆ5.8}2{6ˆ6}4
S534 2.826 2,3,3,3-c {7.11ˆ2}6{7}
S944 3.252 3,3-c {4.6.8}{6ˆ2.8}
S452 4.053 3,3,4,4-c {4.6ˆ5}{6ˆ3}
S868 4.813 2,3,3,3,3-c {10ˆ3}3{10}
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