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Extending tetrahedral network similarity to carbon: A
type-l carbon clathrate stabilized by boron

Timothy A. Strobel'*, Tiange Bi', Piotr A. Gur’\kaz, Mads F. Hansen’, Julia-Maria Hiibner’,
Samuel G. Dunning', Li Zhu3, Stella Chariton?, Vitali B. Prakapenka", Yue Meng5

Clathrates are guest/host framework compounds composed of polyhedral cages, yet despite their prevalence
among tetrahedral network formers, clathrates with a carbon host lattice remain unrealized synthetic targets.
Here, we report a type-I carbon-based framework—a ubiquitous clathrate structure type found throughout com-
pounds containing tetrahedral building blocks. Following a boron-stabilization scheme based on first-principles
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predictions in the Ca-B—C system at high pressure, type-I CagB,Cas_x (x = 9) was synthesized in the archetypal Pm3n
lattice with stability derived from substitutionally disordered boron atoms on hexagonal ring framework positions.
The synthesized clathrate, which is recoverable to ambient conditions, expands topological network similarity across
tetrahedral systems and opens possibilities for a broad family of diamond-like, carbon-based compounds with
tunable properties based on the wide potential for guest/host-atom substitutions and framework versatility.

INTRODUCTION

Clathrate compounds (I) with polyhedral cages that tile three-
dimensional space populate tetrahedral systems including water
(clathrate hydrates) (2), silica (zeolites/clathrasils) (3, 4), group 14
elements (5-9), and III-V semiconductors (10). Various clathrate
structures are distinguished by the arrangements and types of poly-
hedral cages that can trap guest atoms or small molecules. The most
common clathrate structures found across all tetrahedral building
blocks are type-I and type-II (also referred to as sI and sII). Type-I
clathrate contains two small [52] cages (pentagonal dodecahedra)
and six larger [51262] cages (tetradecahedra) in a cubic unit cell with

46 framework atoms in space group Pm3n (zeolite framework type
MEP). Type-II clathrate contains 16 small (5] cages and 8 larger
[5'%6Y) cages (hexadecahedra) in a cubic unit cell with 136 frame-

work atoms in space group Fd3m (zeolite framework type MTN).
Given the similarities between carbon and the other group 14
elements, the formation of carbon clathrate structures was postu-
lated after the discovery of type-I and type-II silicon clathrates in the
1960s (5, 11). Nevertheless, these structures have never been made
for carbon and represent challenging synthetic targets as low-energy
metastable phases (12-17), though thermodynamic stability has
been suggested under hydrostatic tension (18). Carbon clathrate
structures thus represent a void in observed four-coordinate nets
based on structural similarity of tetrahedral building blocks (19). If
produced, carbon clathrates would serve as diamond-like tetrahe-
dral frameworks with high hardness and strength (20-22). The
tensile and shear strengths of type-I carbon clathrate are predicted
to exceed those of diamond due to the spatial distribution of cova-
lent bonds (23). Furthermore, the presence of guest atoms within
the clathrate cages enables tunable electronic properties (24, 25),
including predictions of superconductivity (26-29), in addition to
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low-frequency rattling vibrations, which are important for low ther-
mal conductivities in thermoelectric materials (30, 31).

While all-carbon clathrate frameworks remain elusive to date,
recent progress has been made by stabilizing carbon clathrate struc-
tures via boron substitution. The substitution of boron atoms was
predicted to improve formation energies compared with all-carbon
frameworks, and the first thermodynamically stable B-C clathrates
were recently predicted and synthesized for SrB;C; and LaB3C;
in the bipartite sodalite structure (type-VII clathrates) under high-
pressure conditions (32-34). High pressure promotes the formation
of sp>-bonded carbon, analogous to silicon and germanium at low
pressure (e.g., the cubic diamond structure). Type-VII carbon-boron
clathrates are low-compressibility sp® frameworks with tunable elec-
tronic structures ranging from semiconductors to metals and super-
conductors depending on the composition of guest atoms (33-37).
Recent predictions for structures with binary mixed guest atoms
suggest potential for high- T, superconductivity with transition tem-
peratures approaching 100 K (38-43).

Boron-substituted carbon clathrates represent a promising class
of materials with a large range of physical properties, and the success-
ful synthesis of type-VII structures hints at the possibility of access-
ing the more common clathrate structure types found among other
tetrahedral systems. Here, following first-principles calculations of
thermodynamic stability at high pressure (44), we report the successful
synthesis of a type-I carbon clathrate phase that is stabilized by boron
and traps calcium ions in the large [5%6%] and small [5"2] cages.

RESULTS

Motivated by predictions of thermodynamically stable CagB;6Cso
(Fig. 1) (44), the experimental synthesis of this phase was targeted at
~50 GPa using laser-heated diamond anvil cells (DACs) combined
with in situ synchrotron x-ray diffraction (XRD) for structural char-
acterization. After heating compressed precursor samples at tempera-
tures above ~2500 K, new diffraction peaks appeared that were readily
indexed to the cubic type-I clathrate lattice (a = 7.046 A at ~50 GPa),
in addition to cubic type-VII CaB;C; clathrate (a = 4.529 A, isostruc-
tural with SrB3;Cs) (33). Prolonged heating above 3000 K produced
grains that were suitable for single-crystal diffraction methods.
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Fig. 1. Calculated ternary Ca-B-C phase diagram at 50 GPa. Thermodynamically stable phases (located on the convex hull) are represented by black squares whereas
metastable phases are represented by diamonds colored by their energy distance from the convex hull. The region within the red dashed triangle (left) is magnified (right)
to show thermodynamically stable type-l CagB16C3o (space group R3). The rhombohedral CagB1¢Csg structure is shown with carbon and boron atoms as black and purple
spheres, respectively. Large and small cages containing Ca atoms are colored red and green for visual distinguishability.

Single-crystal structure solution revealed Ca atoms located on
the 2a and 6d positions, and unambiguously revealed the type-I
Pm3n clathrate with framework atoms located on the 6¢, 16i, and
24k positions. The initial all-carbon framework solution provides
excellent structural refinement indicators (R; = 0.035); however,
this model (i.e., CagCye) is energetically implausible with a cal-
culated convex hull distance > 700 meV/atom at 50 GPa. Further-
more, CagCy is dynamically unstable with imaginary phonon
frequencies throughout the first Brillouin zone (see fig. S1 and the Sup-
plementary Materials). Thus, boron atoms must substitute within
the type-I framework for stability, and the high quality of the all-
carbon structural model reflects the difficulty in distinguishing
carbon from boron (coloring) using XRD given the one-electron
differential between the elements (45, 46). After systematic refine-
ment of potential boron distribution schemes in the cubic unit
cell, a model with partial boron occupation of the 24k site pro-
vided the best structural refinement indicators (R; = 0.032) with
the composition CagBgo(14)Cs7.1 (14) (16 standard uncertainty), or
CagBy .. 3C37 .. 3 with 95% probability (26 level confidence interval).
Boron occupation of the 16i site is disfavored, leading to unphysical
occupancy factors in all cases, including the simultaneous refine-
ment of all three framework site occupancies. A small fraction of
boron on the 6c¢ site, in addition to 24k, is conceivable but shows
statistically insignificant occupancy (R; = 0.033), and with partial
occupation of both sites, the estimated uncertainty in the refined
B composition, x, ranges between 7 < x < 15 with 95% probability.
Structure refinement models are described in the Supplementary
Materials and parameters are shown in tables S1 and S2. Supple-
mentary crystallographic data are available for this paper (see the
data and materials availability statement).
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The experimentally observed structure is in good agreement with
the thermodynamically stable phase from computational predic-
tions. A key difference is the requirement of ordered boron deco-
rations in the static calculations, which necessitate a lowering of
symmetry from cubic (Pm3n) to thombohedral (R3) for the unit cell
to accommodate the boron atoms on distinct sites. Partial site oc-
cupancies are used to treat the statistical distribution of boron
substitutions empirically. Nevertheless, the calculated rhombohedral
distortion is miniscule with a = 7.03 A and a = 89.99° for the opti-
mized cell at 50 GPa (cf., a = 7.05 A and «, B, y = 90° from experi-
ment), and the predicted structure can be approximated as cubic,
but with ordered Wyckoff positions.

The experimentally determined type-I Ca-B-C clathrate struc-
ture is shown in Fig. 2. Similar to the predicted stable R3 CagB;6Csq
structure, boron atoms in the experimental Pm3n lattice are primar-
ily located on the 24k Wyckoff position. [Note that the 34 and 9b
sites of R3 are related back to the three framework positions found
in the parent structure, as described in (44).] Boron occupation
of the 24k site in the experimental structure is clearly reflected in
average bond distances. Average distances containing B-C contacts
are longer [24k-24k = 1.772(4) A, 24k-6¢ =1.633(2) A, 24k-16i=
1.6148(14) A] than distances that are exclusively C-C [16i-16i =
1.535(4) A]. The 24k and 6¢ Wyckoff positions are associated with
the hexagonal rings of the large [5'%6%] cages. The 6c site is exclusive
to the large cages, while sites of the hexagons associated with the
24k sites are common between small cages. Chains of perpendicular
hexagonal rings (rotated 90° about the 6¢ position) run parallel
along all opposing faces of the unit cell. Boron occupation of the
hexagonal rings allows for the minimization of bond angle strain for
the ~120° hexagonal angle compared with the ideal 109.5° angle for
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Fig. 2. Structure of type-l CagBxCyex. (A) Packing of small (green) and large (red) polyhedral cages. (B) Detailed cage connectivity. Carbon atoms located on the 6¢ and
16i sites are represented by blue and orange spheres, respectively. Boron atoms that are substitutionally disordered with carbon on the 24k site are represented by purple/
black pie-chart spheres proportional to partial occupancies. Bond distances between C/B and C/C sites are indicated. (C) Hexagonal ring chains (distinguished by bond

colors) contain B atoms on the 24k site.

tetrahedral carbon, in excellent agreement with model calculations
(44). It is notable that Al doping within type-I silicon clathrates
follows a similar substitution scheme, whereas B doping in Si clath-
rates occurs predominantly on the 16i positions due to size mis-
match (47-50).

DISCUSSION

On the basis of initial computational design requirements for charge
balance (i.e., 2B per Ca), the theoretical R3 CagB;¢Csp structure is an
insulating phase with a calculated density functional theory band-
gap of ~2.5 eV (44). While single-crystal diffraction results unam-
biguously confirm the cubic type-I clathrate structure with boron
occupation on 24k, refinements of substitutionally disordered boron

in the Pm3n lattice apparently violate this charge balance, although
uncertainty is associated with the XRD-derived boron composition.
That is, the highest reliability structural refinements suggest only
~6 to 12 boron atoms per unit cell, which cannot entirely compen-
sate charge from fully occupied calcium ions. Future electrical trans-
port measurements on phase-pure samples (the coexisting CaB3;Cs
phase is metallic) will elucidate the electronic structure of the type-
I clathrate and potential relevance to high-T, superconductivity
as in related materials (28, 36, 41). Many clathrate compounds of
heavier tetrel elements are known to deviate from precise electron
counts (33, 51-53). The possibility for substitutions of a variety of
guest ions within the large and small cages (e.g., mono/trivalent), in
combination with different framework coloring schemes, provides
wide potential to systematically tune the physical properties of these
compounds.

Powder XRD measurements obtained during decompression
indicate that the clathrate is recoverable to ambient conditions and
persists in air for the maximum duration tested (several hours dur-
ing synchrotron time). Rietveld refinement of powder data obtained
at ambient pressure reveals only minor perturbations from the
structural model obtained at ~50 GPa, showing an expanded lattice
parameter of a = 7.4040(2) Aatlatm (Fig. 3A). Pressure-dependent
refinements of the type-I unit cell volume and equation of state anal-
ysis revealed a zero-pressure bulk modulus By = 244(8) GPa, in good
agreement with the calculated value for R3 CagB16Cso (Bo = 256 GPa).
This agreement suggests that calculated structural properties of the
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R3 model are largely representative of the experimentally observed
cubic cell. The type-I compressibility is similar to type-VII SrB;C;
and LaB3C; clathrates, and ~14% larger than that of CaB3Cs [ex-
perimental By = 214(10) GPa; calculated By = 224 GPa] (33, 34). On
the basis of first-principles calculations, the tensile strength of the
type-I clathrate is estimated to be ~30 GPa for the weakest direction
along <100>, with a similar magnitude of the shear strength, which
is weakest for {100} sheared along <001> (Fig. 3, B and C). These
values are suggestive of a Vickers hardness (54) near ~30 GPa—in
agreement with semi-empirical model estimates (55, 56) between 31
and 39 GPa—placing the clathrate on the cusp of known superhard
materials with advanced mechanical properties similar to those of
boron carbide (57). The introduction of Ca and B into the frame-
work substantially alters the mechanical properties of the clathrate
as compared with hypothetical all-carbon Cy6. The bulk modulus
of the pure allotrope is calculated to be ~400 GPa and the tensile
and shear strengths are both estimated to exceed 100 GPa (21, 23).
Nevertheless, the incorporation of boron enables the thermodynamic
synthesis of the type-I framework, and the introduction of a variety
of guest atoms holds potential to access a wide range of electronic
properties while maintaining a robust covalent lattice.

Following theoretical predictions of a thermodynamically stable
type-I clathrate phase, high-pressure synthesis has revealed a carbon-
based type-I clathrate, closing the gap for observed structural net-
work topologies among tetrahedral building blocks. Boron atoms serve
to stabilize the clathrate framework via partial substitution with
carbon on hexagonal ring positions, and account for approxi-
mately 20% of the framework composition. The boron-stabilized type-I
structure remains highly incompressible with large tensile and shear
strengths, comparable to advanced technical ceramics. Moreover, a
wide range of potential host/guest substitutions provides the oppor-
tunity to readily modify the electronic structure and optimize syn-
thetic conditions to create a broad family of tunable diamond-like
framework materials.

MATERIALS AND METHODS

Experimental synthesis

Precursor powders were prepared by ball milling CaBe (Sigma-
Aldrich, 99.5%), CaC, (>98%, prepared following a literature method)
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Fig. 3. Recoverability and mechanical properties. (A) Powder XRD data (points), Rietveld refinement (blue line), and residual (red line) of type-1 CagBCae.x Clathrate re-
covered to ambient pressure. The type-I clathrate (upper tick marks, 73 wt %) coexists with type-VIl CaB3C; clathrate (lower tick marks, 23 wt %). The inset shows the ex-
perimental type-I clathrate unit cell volume as a function of pressure (points) and the refined PV equation of state (solid line) compared with the theoretical equation of
state for ordered type-| CagB1¢Cso (dashed line). Calculated tensile strength (B) and shear strength (C) for CagB16C30 at ambient pressure.

(58), and glassy carbon (Sigma-Aldrich, 99.95%) under argon at 600 rpm
for 99 1-min cycles, targeting a bulk composition of CagB4Cs. The
milled powder was pressed into ~50 pm X 50 pm X 10 pm pellets
using 1-mm flat diamond anvils, and the pellets were loaded into
DACs equipped with 300-pm culets and ~40-pm-thick Re gaskets
with ~150-um-diameter sample chambers. All sample pellets were
loaded within an inert Ar glovebox with O,/H,O < 1 parts per mil-
lion. The sample chambers were subsequently loaded and clamped
with Ne at ~1 kbar, which served as thermal insulation, the pres-
sure medium, and XRD pressure calibrant (59).

The DAC samples were compressed to ~50 GPa and heated with
a double-sided infrared laser system with in situ synchrotron XRD
at the Advanced Photon Source, sector 13 [GeoSoilEnviroCARS
(GSECARS)] and sector 16 [High-Pressure Collaborative Access
Team (HPCAT)] (60, 61). Diffraction data were collected using a
Pilatus3 CdTe 1M hybrid photon counting detector, which was
calibrated using LaB¢/CeO, powder standards and an enstatite
single-crystal standard. After high-pressure, high-temperature syn-
thesis, powder XRD patterns were obtained from samples during
decompression to establish the PV equation of state (third-order
Birch-Murnaghan) using EoSFit (62). Type-I samples were mea-
sured at ambient conditions in air and did not decompose over a
period of hours. Powder data were analyzed using Dioptas and
GSAS/EXPGUI (63, 64).

Strobel et al., Sci. Adv. 11, eadv6867 (2025) 23 May 2025

Single-crystal XRD

A multigrain sample was recrystallized from powder at 48(2) GPa
using the laser heating system at GSECARS. Prolonged heating
at >3000 K led to the formation of grains large enough to obtain
diffraction patterns amenable to multigrain analysis with a syn-
chrotron beam size < 5 pm X 5 pm. Frames were recorded between
® = —32°and +32°in 0.5° steps with an exposure time of 5 or 3 s per
frame. Reflections were harvested using CrysAlis™° (65), assigned
to individual domains with DAFi (66), and subsequently indexed
and integrated using the CrysAlis* ° software suite. Crystal struc-
tures were solved with SHELXT 2018/2 and refined using SHELXL
2019/3, invoked from within the Olex2 suite (67-69). Reflections
from three individual grains were merged using SORTAV for struc-
ture refinement of type-I clathrate (70, 71). SORTAV was invoked
from WinGX (69). In the case of type-VII clathrate, diffraction data
from one grain were used.

Computational methods

Calculations were performed in the framework of density function-
al theory within the Perdew-Burke-Ernzerhof (72) parameteriza-
tion of the generalized gradient approximation (73) as implemented
in the VASP (Vienna Ab Initio simulation package) code (74).
The projector-augmented wave (PAW) method (75) was adopted
with the PAW potentials taken from the VASP library where 3p°4s’,
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2572p" and 2s*2p” are treated as valence electrons for Ca, B, and C
atoms, respectively. A plane-wave kinetic energy cutoft of 500 eV
was used for convergence of total energies. The dynamical stability
of structures was established via phonon dispersion calculations us-
ing the finite displacement approach, as implemented in the Pho-
nopy code (76). Stress—strain relations were calculated by estimating
the stress response to structural deformation along specific load-
ing paths using a quasistatic relaxation method (77). The stress re-
sponse under tensile and shear strains was used to establish the ideal
strengths, i.e., the lowest stress to plastically deform a perfect crystal.

Supplementary Materials
This PDF file includes:

Description of structural models

Tables S1to S3

Figs.S1to S3

REFERENCES AND NOTES

1. H. M. Powell, The structure of molecular compounds. Part IV. Clathrate compounds.
J. Chem. Soc. (Resumed), 61-73 (1948).

2. E.D.Sloan, C. A. Koh, Clathrate Hydrates of Natural Gases, Third Edition (CRC Press, 2007).

3. A.von Lasaulx, Mineralogisch-krystallographische Notizen. VII. Melanophlogit, ein neues
Mineral. Neues. Jahrb. Mineral., 250-257 (1876).

4. K.Momma, Clathrate compounds of silica. J. Phys. Condens. Matter 26, 103203 (2014).

5. J.S.Kasper, P. Hagenmuller, M. Pouchard, C. Cros, Clathrate structure of silicon NagSise
and Na,Siq3¢ (x < 11). Science 150, 1713-1714 (1965).

6. S.Bobev, S.C. Sevov, Clathrates of group 14 with alkali metals: An exploration.
J. Solid State Chem. 153, 92-105 (2000).

7. C.Cros, M. Pouchard, Clathrate-type phases of silicon and related elements (C, Ge, Sn).
C.R.Chim.12,1014-1056 (2009).

8. A.J.Karttunen, T.F. Fassler, M. Linnolahti, T. A. Pakkanen, Structural principles of
semiconducting group 14 clathrate frameworks. fnorg. Chem. 50, 1733-1742 (2011).

9. G.S.Nolas, The Physics and Chemistry of inorganic Clathrates. (Springer, 2014).

10. B.Owens-Baird, J. Wang, S. G.Wang, Y.-S. Chen, S. Lee, D. Donadio, K. Kovnir, III-V
Clathrate semiconductors with outstanding hole mobility: Csgln,;Sb1g and AgGay;Sbig (A
=Cs, Rb). J. Am. Chem. Soc. 142, 2031-2041 (2020).

11. C.Cros, P. M. P.Hagenmuller, Sur deux nouvelles phases du systéme silicium-sodium.
C.R. Acad. Sci. 260, 4764-4767 (1965).

12. R.Nesper, K.Vogel, P. E. Blochl, Hypothetical carbon modifications derived from zeolite
frameworks. Angew. Chem. Int. Ed. Engl. 32, 701-703 (1993).

13. A.San-Miguel, P. Toulemonde, High-pressure properties of group IV clathrates. High Press.
Res. 25, 159-185 (2005).

14. J.T.Wang, C.F. Chen, D. S. Wang, H. Mizuseki, Y. Kawazoe, Phase stability of carbon
clathrates at high pressure. J. Appl. Phys. 107, 063507 (2010).

15. H.-Y.Zhao, J. Wang, Q-M. Ma, Y. Liu, From Kelvin problem to Kelvin carbons. J. Chem. Phys.
138, 164703 (2013).

16. A.Mujica, C. J. Pickard, R. J. Needs, Low-energy tetrahedral polymorphs of carbon, silicon,
and germanium. Phys. Rev. B91, 214104 (2015).

17. R.Hoffmann, A. A. Kabanov, A. A. Golov, D. M. Proserpio, Homo citans and carbon
allotropes: For an ethics of citation. Angew. Chem. Int. Ed. Engl. 55, 10962-10976 (2016).

18. C.A.Perottoni, J. A. H. da Jornada, The carbon analogues of type-I silicon clathrates.

J. Phys. Condens. Matter 13,5981 (2001).

19. M. O'Keeffe, G. B. Adams, O. F. Sankey, Duals of Frank-Kasper structures as C, Si and Ge
clathrates: Energetics and structure. Philos. Mag. Lett. 78, 21-28 (1998).

20. D.Connetable, First-principles calculations of carbon clathrates: Comparison to silicon
and germanium clathrates. Phys. Rev. B 82, 075209 (2010).

21. A.J.Karttunen, V.J. Harkonen, M. Linnolahti, T. A. Pakkanen, Mechanical properties and
low elastic anisotropy of semiconducting group 14 clathrate frameworks. J. Phys. Chem.
C115,19925-19930 (2011).

22. Z.H.Li, M.Hu, M. D. Ma, Y. F. Gao, B. Xu, J. L. He, D. L. Yu, Y. J. Tian, Z. S. Zhao, Superhard
superstrong carbon clathrate. Carbon 105, 151-155 (2016).

23. X.Blase, P. Gillet, A. San Miguel, P. Mélinon, Exceptional ideal strength of carbon
clathrates. Phys. Rev. Lett. 92, 215505 (2004).

24. V.Timoshevskii, D. Connétable, X. Blase, Carbon cage-like materials as potential low
work function metallic compounds: Case of clathrates. App/. Phys. Lett. 80, 1385-1387
(2002).

25. X.Blase, Quasiparticle band structure and screening in silicon and carbon clathrates.
Phys. Rev. B 67,035211 (2003).

Strobel et al., Sci. Adv. 11, eadv6867 (2025) 23 May 2025

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

D. Connetable, V. Timoshevskii, B. Masenelli, J. Beille, J. Marcus, B. Barbara, A. M. Saitta,
G. M. Rignanese, P. Mélinon, S. Yamanaka, X. Blase, Superconductivity in doped sp’
semiconductors: The case of the clathrates. Phys. Rev. Lett. 91, 247001 (2003).

D. Connétable, X. Blase, Electronic and superconducting properties of silicon and carbon
clathrates. App/. Surf. Sci. 226, 289-297 (2004).

F. Zipoli, M. Bernasconi, G. Benedek, Electron-phonon coupling in halogen-doped carbon
clathrates from first principles. Phys. Rev. B 74, 205408 (2006).

X. Blase, E. Bustarret, C. Chapelier, T. Klein, C. Marcenat, Superconducting group-IV
semiconductors. Nat. Mater. 8, 375-382 (2009).

M. Christensen, S. Johnsen, B. B. Iversen, Thermoelectric clathrates of type I. Dalton Trans.
39,978-992 (2010).

J. A. Dolyniuk, B. Owens-Baird, J. Wang, J. V. Zaikina, K. Kovnir, Clathrate thermoelectrics.
Mater. Sci. Eng. R Rep. 108, 1-46 (2016).

T. Zeng, R. Hoffmann, R. Nesper, N. W. Ashcroft, T. A. Strobel, D. M. Proserpio, Li-Filled,
B-substituted carbon clathrates. J. Am. Chem. Soc. 137, 12639-12652 (2015).

L. Zhu, G. M. Borstad, H. Liu, P. A. Gurika, M. Guerette, J.-A. Dolyniuk, Y. Meng,

E. Greenberg, V. B. Prakapenka, B. L. Chaloux, A. Epshteyn, R. E. Cohen, T. A. Strobel,
Carbon-boron clathrates as a new class of sp*-bonded framework materials. Sci. Adv. 6,
eaay8361 (2020).

T. A. Strobel, L. Zhu, P. A. Gurika, G. M. Borstad, M. Guerette, A lanthanum-filled
carbon-boron clathrate. Angew. Chem. int. Ed. Engl. 60, 2877-2881 (2021).

L. Zhu, T. A. Strobel, R. E. Cohen, Prediction of an extended ferroelectric clathrate. Phys.
Rev. Lett. 125, 127601 (2020).

L. Zhu, H. Liu, M. Somayazulu, Y. Meng, P. A. Gurika, T. B. Shiell, C. Kenney-Benson,

S. Chariton, V. B. Prakapenka, H. Yoon, J. A. Horn, J. Paglione, R. Hoffmann, R. E. Cohen,

T. A. Strobel, Superconductivity in SrB;C; clathrate. Phys. Rev. Res. 5,013012 (2023).
R.Rao, L. Zhu, Predicting new heavy fermion materials within carbon-boron clathrate
structures. Phys. Rev. B 108, 235101 (2023).

S. Di Cataldo, S. Qulaghasi, G. B. Bachelet, L. Boeri, High-T, superconductivity in doped
boron-carbon clathrates. Phys. Rev. B 105, 064516 (2022).

T.-T. Gai, P-J. Guo, H.-C. Yang, Y. Gao, M. Gao, Z.-Y. Lu, Van Hove singularity induced
phonon-mediated superconductivity above 77 K in hole-doped SrB3Cs. Phys. Rev. B 105,
224514 (2022).

P.Zhang, X. Li, X. Yang, H. Wang, Y. Yao, H. Liu, Path to high-T. superconductivity via Rb
substitution of guest metal atoms in the SrB3;C; clathrate. Phys. Rev. B 105, 094503 (2022).
N. Geng, K. P. Hilleke, L. Zhu, X. Wang, T. A. Strobel, E. Zurek, Conventional high-
temperature superconductivity in metallic, covalently bonded, binary-guest C-B
clathrates. J. Am. Chem. Soc. 145, 1696-1706 (2023).

J.Li, ). Yue, S. Guo, A. Zhang, L. Zhu, H. Song, Z. Liy, Y. Liu, T. Cui, High-temperature
superconductivity of boron-carbon clathrates at ambient pressure. Phys. Rev. B 109,
144509 (2024).

Y. Sun, L. Zhu, Hydride units filled boron—carbon clathrate: A pathway for high-
temperature superconductivity at ambient pressure. Commun. Phys. 7, 324 (2024).

T. Bi, B.T. Eggers, R. E. Cohen, B. J. Campbell, T. Strobel, Computational screening and
stabilization of boron-substituted type-l and type-Il carbon clathrates. J. Am. Chem. Soc.
146, 7985-7997 (2023).

J. K. Burdett, E. Canadell, T. Hughbanks, Symmetry control of the coloring problem: The
electronic structure of MB,C; (M = Ca, La, ...). J. Am. Chem. Soc. 108, 3971-3976 (1986).
C. D. Haas, A. Fischer, C. Hauf, C. Wieser, A. P. Schmidt, G. Eickerling, E-W. Scheidt,

J. G. Schiffmann, O. Reckeweg, F. J. DiSalvo, U. C. Rodewald, R. Péttgen, L. van Wiillen,

W. Scherer, The color of the elements: A combined experimental and theoretical electron
density study of ScB,C,. Angew. Chem. int. Ed. Engl. 58, 2360-2364 (2019).

W. Jung, J. Lérincz, R. Ramlau, H. Borrmann, Y. Prots, F. Haarmann, W. Schnelle,

U. Burkhardt, M. Baitinger, Y. Grin, K;B;Siso, a borosilicide with the clathrate | structure.
Angew. Chem. Int. Ed. Engl. 46, 6725-6728 (2007).

J.H. Roudebush, C. de la Cruz, B. C. Chakoumakos, S. M. Kauzlarich, Neutron diffraction
study of the type | clathrate BagAl,Sise_x: Site occupancies, cage volumes, and the
interaction between the guest and the host framework. inorg. Chem. 51, 1805-1812
(2012).

M. Bobnar, B. Bchme, M. Wedel, U. Burkhardt, A. Ormeci, Y. Prots, C. Drathen, Y. Liang,

H. D. Nguyen, M. Baitinger, Y. Grin, Distribution of Al atoms in the clathrate-l phase
BagAl,Sis_x at x = 6.9. Dalton Trans. 44, 12680-12687 (2015).

J.-M. Hiibner, W. Jung, M. Schmidt, M. Bobnar, P. KoZelj, B. Bohme, M. Baitinger, M. Etter,
Y. Grin, U. Schwarz, Cage adaption by high-pressure synthesis: The clathrate-I borosilicide
RbgBgSisg. fnorg. Chem. 60, 2160-2167 (2021).

A.V. Shevelkov, K. Kovnir, in Zint! Phases: Principles and Recent Developments, T. F. Fassler,
Ed. (Springer Berlin Heidelberg, 2010), pp. 97-142.

M. Baitinger, B. Bchme, F. R. Wagner, U. Schwarz, Zintl defects in intermetallic clathrates.
Z. Anorg. Allg. Chem. 646, 1034-1041 (2020).

J.-M. Hubner, W. Carrillo-Cabrera, P. Kozelj, Y. Prots, M. Baitinger, U. Schwarz, W. Jung, A
borosilicide with clathrate VIIl structure. J. Am. Chem. Soc. 144, 13456-13460 (2022).

. J.S.Tse, Intrinsic hardness of crystalline solids. J. Superhard Mater. 32, 177-191 (2010).

50f6

$Z0T ‘€0 dun[ uo Qe [BUONEN dUUOSIY Je S10°90UdIds Mma//:sdPY WOl popeo[umo(]



SCIENCE ADVANCES | RESEARCH ARTICLE

55.

56.
57.
58.
59.

60.

61.

62.
63.
64.
65.
66.

67.

68.
69.

70.
71.
72.

73.

Strobel et al., Sci. Adv. 11, eadv6867 (2025)

X. Guo, L. Li, Z. Liu, D. Yu, J. He, R. Liu, B. Xu, Y. Tian, H.-T. Wang, Hardness of covalent
compounds: Roles of metallic component and d valence electrons. J. Appl. Phys. 104,
023503 (2008).

F.Gao, J. He, E.Wu, S. Liu, D. Yu, D. Li, S. Zhang, Y. Tian, Hardness of covalent crystals. Phys.
Rev. Lett. 91,015502 (2003).

V. Domnich, S. Reynaud, R. A. Haber, M. Chhowalla, Boron carbide: Structure, properties,
and stability under stress. J. Am. Ceram. Soc. 94, 3605-3628 (2011).

M. Knapp, U. Ruschewitz, Structural phase transitions in CaC,. Chem. A Eur. J. 7, 874-880
(2001).

A. Dewaele, F. Datchi, P. Loubeyre, M. Mezouar, High pressure-high temperature
equations of state of neon and diamond. Phys. Rev. B 77, 094106 (2008).

V. B. Prakapenka, A. Kubo, A. Kuznetsov, A. Laskin, O. Shkurikhin, P. Dera, M. L. Rivers,

S.R. Sutton, Advanced flat top laser heating system for high pressure research at
GSECARS: Application to the melting behavior of germanium. High Press. Res. 28,
225-235 (2008).

Y. Meng, R. Hrubiak, E. Rod, R. Boehler, G. Shen, New developments in laser-heated
diamond anvil cell with in situ synchrotron x-ray diffraction at high pressure collaborative
access team. Rev. Sci. Instrum. 86, 072201 (2015).

R.J. Angel, M. Alvaro, J. Gonzalez-Platas, EosFit7c and a Fortran module (library) for
equation of state calculations. Z. Kristallogr. Cryst. Mater. 229, 405-419 (2014).

C. Prescher, V. B. Prakapenka, DIOPTAS: A program for reduction of two-dimensional X-ray
diffraction data and data exploration. High Press. Res. 35, 223-230 (2015).

B. H. Toby, EXPGUI, a graphical user interface for GSAS. J. App!. Cryst. 34,210-213 (2001).
CrysAlisPro Software System Ver. 171.40.61a (Rigaku OD, 2019).

A. Aslandukov, M. Aslandukov, N. Dubrovinskaia, L. Dubrovinsky, Domain Auto Finder
(DAFi) program: The analysis of single-crystal X-ray diffraction data from polycrystalline
samples. J. Appl. Cryst. 55, 1383-1391 (2022).

G. Sheldrick, SHELXT—Integrated space-group and crystal-structure determination. Acta
Cryst. A71,3-8(2015).

G. Sheldrick, Crystal structure refinement with SHELXL. Acta Cryst. A 71, 3-8 (2015).

L. Farrugia, WinGX and ORTEP for Windows: An update. J. App!. Cryst. 45, 849-854
(2012).

R. H. Blessing, Data reduction and error analysis for accurate single crystal diffraction
intensities. Crystallogr. Rev. 1, 3-58 (1987).

R. Blessing, DREADD—Data reduction and error analysis for single-crystal diffractometer
data. J. Appl. Cryst. 22, 396-397 (1989).

J. P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple.
Phys. Rev. Lett. 77, 3865-3868 (1996).

J.P.Perdew, Y. Wang, Accurate and simple analytic representation of the electron-gas
correlation energy. Phys. Rev. B 45, 1324413249 (1992).

23 May 2025

74. G.Kresse, J. Furthmuller, Efficient iterative schemes for ab initio total-energy calculations
using a plane-wave basis set. Phys. Rev. B 54, 11169-11186 (1996).

75. P.E. Blochl, Projector augmented-wave method. Phys. Rev. B 50, 17953-17979 (1994).

76. A.Togo, F.Oba, |. Tanaka, First-principles calculations of the ferroelastic transition
between rutile-type and CaCl,-type SiO; at high pressures. Phys. Rev. B 78, 134106 (2008).

77. D.Roundy, C.R.Krenn, M. L. Cohen, J. W. Morris Jr., Ideal shear strengths of fcc aluminum
and copper. Phys. Rev. Lett. 82,2713-2716 (1999).

Acknowledgments: Portions of this work were performed at HPCAT (sector 16) and
GSECARS (sector 13), Advanced Photon Source (APS), Argonne National Laboratory. HPCAT
operations are supported by DOE-NNSA'’s Office of Experimental Sciences. GSECARS is
supported by the National Science Foundation Earth Sciences (grant no. EAR-1634415) and
Department of Energy (DOE) GeoSciences (grant no. DE-FG02-94ER14466). The Advanced
Photon Source is a US DOE Office of Science User Facility operated for the DOE Office of
Science by Argonne National Laboratory under contract no. DE-AC02-06CH11357. We
acknowledge the following HPC centers for providing computational resources: the
Resnick High Performance Computing Center, supported by the Resnick Sustainability
Institute at the California Institute of Technology; the Carnegie Memex cluster, Carnegie
Institution for Science; and the National Energy Research Scientific Computing Center
(NERSC), a US DOE Office of Science User Facility located at Lawrence Berkeley National
Laboratory, operated under contract no. DE-AC02-05CH11231 with the support of NERSC
award ERCAP0021774. Funding: This work was supported by the US DOE, Office of Science,
Basic Energy Sciences, under award no. DE-SC0020683. P.A.G. thanks the Polish National
Agency for Academic Exchange for financial support (PPN/BEK/2018/1/00035). Author
contributions: Conceptualization: T.A.S. Formal analysis: TA.S., T.B,, PA.G., M.F.H,, J.-M.H.,
and L.Z. Investigation: TA.S., T.B,, PA.G,, M.FH., J.-M.H., S.G.D,, L.Z,, S.C., V.B.P, and Y.M.
Resources: S.C., V.B.P, and Y.M. Software: T.B. and L.Z., Writing—original draft: T.A.S.
Writing—review and editing: All authors. Competing interests: T.A.S. and T.B. filed
provisional patent application 18/778,446 on 19 September 2024. All other authors declare
that they have no competing interests. Data and materials availability: CSDs 2338099 to
2338100 contain supplementary crystallographic data for this paper. These data can be
obtained free of charge from the joint CCDC’s and FIZ Karlsruhe’s service to view and
retrieve structures via https://ccdc.cam.ac.uk/structures/. Raw diffraction data have been
deposited at https://doi.org/10.5281/zenodo.10784739. All other data needed to evaluate
the conclusions in the paper are present in the paper and/or the Supplementary Materials.

Submitted 2 January 2025
Accepted 17 April 2025
Published 23 May 2025
10.1126/sciadv.adv6867

60f6

$Z0T ‘€0 dun[ uo Qe [BUONEN dUUOSIY Je S10°90UdIds Mma//:sdPY WOl popeo[umo(]



