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ABSTRACT:	The	germanosilicide	Na4−xGeySi16−y	(0.4	≤	x	≤	1.1,	4.7	≤	y	≤	9.3)	was	synthesized	under	high-pressure,	high-temperature	
conditions.	The	novel	guest–host	compound	comprises	a	unique	tetrel	framework	with	dual	channels	housing	sodium	and	smaller,	
empty	(Si,Ge)9	units.	The	arrangement	represents	a	new	structure	type	with	an	overall	structural	topology	that	is	closely	related	to	
a	hypothetical	carbon	allotrope.	Topological	analysis	of	the	structure	revealed	that	the	guest	environment	space	cannot	be	tiled	with	
singular	polyhedra	as	in	cage	compounds	(e.g.,	clathrates).	The	analysis	of	natural	tilings	provides	a	convenient	method	to	unambig-
uously	compare	related	tetrel-rich	structures	and	can	help	elucidate	new	possible	structural	arrangements	of	intermetallic	com-
pounds.	

Intermetallic	 compounds	 are	 typically	 ordered	 solids	 com-
posed	of	two	or	more	metals or semimetals,	and	the	properties	
observed	are	often	 superior	 to	 the	 individual	 constituents.1,2	
For	the	case	of	silicon	and	germanium,	a	large	number	of	binary	
intermetallic	phases	are	known	to	exhibit	large	structural	vari-
ety	 including	simple	close-packed	arrangements,	polyanionic	
Zintl	phases,	and	more	complex	extended	clathrate	and	open-
framework	networks	hosting	guest	atoms.3,4	This	structural	va-
riety	yields	diverse	physical	properties	that	are	important	for	
a	broad	range	of	applications	 including	catalysis,5	 solar-ther-
mal	 applications,6	 thermoelectrics,7,8	 and	 superconductors.9	
While	overarching	principles	 that	govern	structural	arrange-
ments,	stabilities,	and	physical	properties	are	still	being	devel-
oped,	the	discovery	of	novel	intermetallic	compounds	can	facil-
itate	a	broader	understanding	of	complex	bonding	interactions	
and	open	new	possibilities	for	applications.10,11	
High-pressure,	high-temperature	methods	have	proven	to	be	
versatile	tools	to	access	new	compositions	and	structure	types	
with	 exceptional	 properties.12	 Under	 compression,	 a	 volume	
reduction	and,	therefore,	a	densification	of	matter	occurs,	re-
sulting	in	increased	electrostatic	interactions.13	For	the	case	of	
group-14	elements,	 a	wide	 range	of	novel	 guest–host	 frame-
work	 types	 and	 compositions	 have	 been	 synthesized	 under	
high-pressure	 conditions,	 in	 addition	 to	 the	 clathrate	 struc-
tures	 that	 are	 formed	at	 low	pressure.14−29	Many	 framework	

types	exhibit	variable	guest	atom	occupancies,	and	thus	tuna-
ble	electronic	structures,	and	in	some	cases,	guest	atoms	or	in-
tercalants	may	be	topotactically	removed	to	produce	novel	tet-
rel	 allotropes.30−34	 The	 exploration	 of	 higher-order	 systems	
with	the	possibility	of	multipartite	frameworks	adds	additional	
degrees	 of	 freedom	 to	 expand	 the	 structural	 diversity	 of	 3D	
frameworks.	

Figure	1.	Crystal	structure	of	Na4−xGeySi16−y	with	a	network	of	
(3b)Ge	and	(4b)Si/Ge	forming	dual	channels	(orange)	housing	
two	Na	atoms	and	empty	(Si,Ge)9	units.	
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Herein,	 we	 report	 the	 synthesis	 of	 the	 novel	 compound	
Na4−xGeySi16−y.	The	new	structure	comprises	a	3D	network	of	
four-	(4b)	Si/Ge	and	three-bonded	(3b)	Ge	atoms	that	incorpo-
rate	Na	into	extended	cavities	(Figure	1).	The	Si:Ge	ratio	is	tun-
able	based	on	the	starting	composition.	The	cavities	share	sim-
ilarities	 with	 other	 tetrel-rich	 compounds	 and	 a	 topological	
analysis	of	natural	tilings	allowed	for	the	structural	classifica-
tion	among	the	family	of	tetrelides.	
The	new	compound,	Na4−xGeySi16−y	(0.4(1)	≤	x	≤	1.1(1),	5.5(2)	≤	
y	≤	9.9(2)),	was	obtained	by	high-pressure,	high-temperature	
synthesis	(7.5	GPa,	500	≤	T	≤	650	°C	for	1	to	3	h)	from	mixtures	
of	the	elements	(synthesis	procedure	detailed	in	the	Support-
ing	 Information).	Recovered	samples	consist	of	grey	pellets	
comprised	of	Na4−xGeySi16−y	intergrown	with	Si/Ge	alloy	and	an	
air-sensitive,	 sodium-rich	phase	 (based	on	energy-dispersive	
X-ray	spectroscopy,	EDS,	see	Table	S9).	Crystals	of	the	target	
phase	can	be	isolated	from	crushed	product	agglomerates	and	
persist	after	washing.			
X-ray	diffraction	measurements	reveal	that	Na4−xGeySi16−y	crys-
tallizes	in	space	group	C2/m	with	a	≈	10.70	Å,	b	≈	3.96	Å,	c	≈	
10.73	Å	and	b	≈	117.7°	(Table	S1).	The	final	structural	model	
was	 determined	 using	 single-crystal	 X-ray	 diffraction	 data	
(SXRD)	obtained	with	synchrotron	radiation	(Advanced	Pho-
ton	 Source,	 sector	 13	 ID-D).	 The	 refinement	 resulted	 in	 five	
atomic	positions	Na1,	Si1,	Si2,	Si3,	and	Ge4.	All	Si	positions	ex-
hibit	mixed	Si/Ge	occupancy	with	the	largest	Ge	fraction	on	Si1,	
in	 line	with	 longer	distances	 compared	 to	 contacts	 involving	
the	Si2	and	Si3	positions	(Table	S6,	S8).	No	mixed	Si/Ge	occu-
pancy	was	observed	for	Ge4,	and	the	(3b)Ge–(3b)Ge	distances	
(Table	S6,	S8)	fall	into	the	range	of	(3b)Ge–(3b)Ge	distances	in	
other	alkali,	alkaline	earth,	and	rare	earth	germanides.35	Na1	
showed	 partial	 occupancy	 (the	 refinement	 procedure	 is	 de-
tailed	in	the	SI).	The	unit	cell	volumes	refined	from	powder	X-
ray	diffraction	data	(PXRD)	increase	with	increasing	Ge	content	
in	 the	precursor	mixture	 (Figure	S1,	Table	S1),	 indicating	a	
larger	amount	of	Ge	substitution	within	the	structure.	The	re-
fined	 Ge:Si	 ratio	 for	 all	 samples	 varies	 between	 ~0.5–1.6	 in	
agreement	 with	 EDS	 and	 wavelength-dispersive	 X-ray	 spec-
troscopy	(WDS)	(Figures	S1,	S2,	Tables	S1-3).	
The	structural	arrangement	consists	of	a	3D	network	of	(3b)Ge	
and	 (4b)Si/Ge	 that	 form	 cassinoidal-shaped	 cavities	 housing	
two	Na	atoms	(Figure	1).	These	cavities	form	extended	chan-
nels	 along	 [010]	 that	 are	 alternatingly	 offset	 along	 [100].	 In	
[001],	one	row	of	filled	cavities	is	followed	by	puckered	layers	
of	hexagonal	Si/Ge-rings	 forming	empty	 (Si,Ge)9	 units.	 Inter-
estingly,	similar	puckered	layers	and	empty	units	are	found	in	
ternary	P/Si	and	As/Si	 frameworks	despite	non-four-bonded	
pentel	 atoms.36-38	 The	host	 lattice	 arrangement	 is	 closely	 re-
lated	 to	a	hypothetical	3D	carbon	allotrope	 that	belongs	 to	a	
class	 of	 topological	 nodal-line	 semimetals,39	 called	m-C8,	 re-
ported	in	the	carbon	allotrope	database	SACADA	as	3,43T71.40	
The	only	difference	between	the	frameworks	is	that	three-cen-
ter	nodes	(3b)	of	Na4−xGeySi16−y	are	pyramidal	rather	than	flat	
as	in	the	C	allotrope.		
The	stacking	arrangement	of	filled	cavities	in	straight	columns	
along	[010]	resembles	stacking	sequences	in	MgSi5,18	LaSi10,14	
Na4Ge13,41	 and	 MTt6	 (M=Na,	 Sr,	 Ba,	 Eu,	 Tt=Si,	 Ge).16,19,42−44	
Whereas	 (4b)Si/Ge0	 is	 the	usual	 case	 for	 tetrel-based	 frame-
works,45	examples	with	(3b)Ge	are	known	(see	Table	S11).	In-
terestingly,	 three-bonded	 vertices	 are	 found	 in	 BaGe6−x,16	
SrGe6,17	 α-LaSi5,14	 LaGe5,15	 and	BaGe520	 on	 opposing	 sides	 of	
filled	cavities,	as	is	observed	in	Na4−xGeySi16−y.	Seemingly,	struc-
tures	containing	three-bonded	species	are	associated	with	the	
occurrence	 of	 larger	 guest	 environments	 as	 compared	 with	
those	comprised	exclusively	of	four-bonded	species.		

To	 unambiguously	 classify	 the	 new	 germanosilicide	 among	
other	 3D	 silicon-	 or	 germanium-based,	 guest–host	 frame-
works,	we	performed	a	 topological	analysis	of	natural	 tiles46	
using	ToposPro.47	Whereas	the	crystal–chemical	description	of	
structural	motifs	relies	on	subjective	interpretations,48	the	top-
ological	analysis	utilizes	a	discrete	set	of	rules	to	describe	the	
tiling	of	3D	space.46,49	Tetrel-rich	(MTtx,	x	≥	2)	alkali,	alkaline	
earth,	or	rare	earth	metal	compounds	were	compiled	from	the	
Inorganic	Crystal	Structure	Database	(ICSD)50,	resulting	in	117	
compounds	with	20	different	 structure	 types	 total,	 and	 their	
structures	were	decomposed	into	natural	tilings	for	topological	
analysis	(Figure	2,	Table	S11).		

	
Figure	2.	Framework	tiling	of	Na4−xGeySi16−y.	The	guest	envi-
ronment	is	represented	by	a	combination	of	t-mtw-1	and	t-umx	
tiles.	
	
The	topological	analysis	revealed	that	the	guest	environments	
for	these	silicon-	or	germanium-rich	frameworks	can	be	either	
described	by	singular	polyhedral	tiles,	or	subdivided	into	mul-
tiple	tile	elements	to	fill	3D	space	(see	Table	S11).	Single-tile	
polyhedral	 guest	 environments	 are	 defined	 as	 cages,	 as	 in	
clathrate	compounds	such	as	Na8Si46.51	Other	compounds,	such	
as	MgSi5,	LaSi10,	and	type-VIII	clathrates	also	contain	single-tile	
guest	environments,	and	therefore	may	be	considered	as	cage-
based	compounds,	but	they	also	include	additional	non-guest-
environment	 tiles.	 Another	 category	 of	 compounds	 investi-
gated	contains	guest	environments	that	are	not	unambiguously	
represented	by	one	type	of	tiling.	These	types	of	guest	environ-
ments	are	observed	in	several	structures	such	as	MTt6	(M=Na,	
Sr,	Ba,	Eu,	Tt=Si,	Ge),	and	cannot	be	considered	as	cages	due	to	
their	multi-tile	nature.	These	types	of	structures	are	thus	gen-
erally	 defined	 as	 open-framework	 compounds	 that	 contain	
cavities.	Finally,	several	analyzed	structures	contain	mixed	mo-
tifs	with	both	cage	(single-tile)	and	cavity	(multi-tile)	guest	en-
vironments.	 Cage-based	 structures	 exhibit	 the	 largest	 dis-
tances	between	guest	atoms	and	generally	have	smaller	maxi-
mum	face	ring	sizes	as	compared	with	structures	possessing	
non-cage	(cavity)	guest	environments.	The	maximum	ring	sizes	
associated	with	the	tiling	elements	for	guest	environments	can	
serve	as	an	additional	measure	for	the	classification	of	3D	net-
works	as	cage	versus	open-framework	compounds	(Figure	3).	



 

 

	

	

	
Figure	3.	Minimum	guest–guest	distances	vs.	maximum	 face	
ring	size	(number	of	ring	elements)	for	unique	guest	environ-
ments	in	tetrel-rich	alkali,	alkaline	earth	and	rare	earth	metal	
silicides/germanides	 (see	 Table	 S11).	 Na4−xGeySi16−y	 is	 out-
lined	in	red.	
	
The	guest	environments	within	Na4−xGeySi16−y	cannot	be	repre-
sented	by	singular	polyhedral	tiles	and	consist	instead	of	two	
tile	types,	t−mtw−1	and	t−umx,	both	found	in	zeolites	(Figure	
2,	Table	 S11).48	 Therefore,	Na4−xGeySi16−y	 is	 classified	 as	 an	
open-framework	 compound,	 which	 possesses	 cavities	 with	
shorter	guest–guest distances and larger ring sizes compared to 
cage-based structures.	The	new	compound	also	contains	empty	
(Si,Ge)9	units	represented	by	t-pes	tiles,	as	found	in	the	zeolite	
EEI	 and	 the	 high-pressure	 compounds	NaSi6,19	 SrGe6−x52	 and	
SrGe6,17	 as	 well	 as	 allo-Si,30	 allo-Ge,31,53-55	 and	 Li(Na)7Ge12.56	
The	novel	framework	is	represented	by	a	3,43T71	net	accord-
ing	to	the	TopCryst	system.57	The	underlying	net	can	be	related	
to	 hypothetical	 zeolites	 with	 sqc206058	 (corresponding	 to	
Deem's59	 PCOD	 8126237)	 and	 4,4,4T3425-HZ57	 topology	
(Deem's	PCOD	8045767),	neither	of	which	have	been	observed	
experimentally	 before.	As	 the	 transformation	 to	 the	 first	 net	
comprises	 an	 intermediate	 3D	 32,42-c	 net	without	 change	 in	
space	group,	a	solid-to-solid	transformation	becomes	possible.	
Transformation	to	the	latter	topology	requires	an	intermediate	
honeycomb	 net	 and,	 therefore,	 a	 decrease	 of	 net	 periodicity,	
pointing	towards	amorphization	rather	than	structural	trans-
formation.	Strikingly,	no	straightforward	transformation	path-
way	between	the	3,43T71	net	and	common	4-c	tetrel	nets	ex-
ists,	 highlighting	 the	 unusualness	 of	 the	 new	 tetrel	 network	
(see	SI	 for	 details).	 However,	 topologically	 similar	 networks	
are	 derived	 from	 slicing	 and	 rearranging	 diamond-type	 Si,	
highlighting	the	potential	for	further	possible	structural	rich-
ness.60		
Given	the	open-framework	nature	of	Na4−xGeySi16−y,	Na	mobil-
ity	and	guest	atom	removal	are	conceivable,	similar	to	the	for-
mation	 of	 Si24	 from	 NaSi633	 and	 predicted	 desodiation	 of	
Na4Ge4,	Na1-xGe3+z	and	NaxGe136.61	The	 theoretical	 storage	ca-
pacity	 for	 the	 idealized	 stoichiometry	 Na4Ge4Si12	was	 calcu-
lated	based	on	Faraday’s	law	to	149	mAhg−1,	which	is	similar	to	
sodium	battery	materials	such	as	NaTiO2.62	Despite	the	reduc-
tion	of	 the	Na	content	that	was	observed	after	samples	were	
kept	at	ambient	conditions	for	several	weeks	(Figure	S8-	S10	
and	Table	S9,	S10)	and	upon	heating	to	100	°C	(Figure	S4-S7),	
the	observed	Na	removal	 is	accompanied	by	a	broadening	of	
PXRD	 reflections	 (Figure	 S7,	 S10)	 and	 an	 increase	 in	 the	

(Si,Ge)	alloy	content	of	the	sample,	indicating	a	degradation	of	
the	crystallites,	and	the	3D	structure,	as	well	as	disproportion-
ation	(see	SI).		

	
Figure	4.	 (a)	Calculated	Na–Si–Ge	phase	diagram	at	10	GPa.	
Green	 circles	 indicate	 stable	 structures	 on	 the	 convex	 hull.	
Squares	represent	metastable	structures	colored	by	their	hull	
distance.	(b)	ELF	isosurface	for	Na4Ge4Si12	where	olive	coloring	
represents	 ELF	 =	 0.8.	 (c)	 Electronic	 band	 structure	 of	
Na4Ge4Si12	with	density	of	states	(DOS)	contributions	projected	
onto	atomic	orbitals.	
	
Density	functional	theory	(DFT)	calculations	were	performed	
on	an	 idealized	model	Na4Ge4Si12	without	Ge	substitution	on	
(4b)-framework	sites.	At	10	GPa,	this	model	structure	is	located	
on	the	ternary	convex	hull	when	considering	known	binary	and	
ternary	compounds	 in	 the	Na–Si–Ge	system	(Figure	4),	 indi-
cating	that	the	new	compound	is	likely	thermodynamically	sta-
ble	 under	 high-pressure	 conditions.	 At	 ambient	 pressure,	
Na4Ge4Si12	 remains	 dynamically	 stable	 with	 a	 formation	 en-
thalpy	of	ca.	−153	meV/atom	but	is	metastable	with	respect	to	
known	binaries	(such	as	Na4Ge4	63	and	Na8Ge46/NaxGe136).64		
According	 to	 the	 Zintl–Klemm	 concept,	 the	 occurrence	 of	
(3b)Ge	 and	 (4b)Si/Ge	 results	 in	 an	 electron	 balance	 of	
Na+4−x[(3b)Ge−]y[(4b)Si0]16−y.	Nevertheless,	the	calculated	band	
structure	for	the	idealized	composition	Na4Ge4Si12	shows	me-
tallic	behavior	with	an	appreciable	density	of	states	(DOS)	at	
the	 Fermi	 level,	 pointing	 to	 a	 deviation	 from	 the	 idealized	
charge-balanced	picture.	The	DOS	plot	shows	significant	con-
tributions	of	the	Ge	p	and	Si	p	orbitals	at	the	Fermi	level,	with	
Ge	showing	a	more	dominant	role	(Figure	4).		
To	understand	this	apparent	contradiction,	we	probed	the	elec-
tronic	structure	through	Electron	Localization	Function	(ELF)	
and	Bader	charge	analysis.	Bader	analysis	revealed	noticeable	
charge	transfer	from	Na	atoms	to	the	Ge–Si	framework.	Nota-
bly,	 Ge	 atoms	 accumulate	more	 charge	 than	 Si.	 This	 is	 con-
sistent	with	 the	ELF	results;	 the	extra	electrons	of	 the	3b	Ge	
form	a	lone	pair,	exhibiting	sp3	bonding	characteristics.	Addi-
tional	crystal	orbital	Hamiltonian	population	(COHP)	analysis	
provides	detailed	and	atom-specific	insights	into	the	bonding	
nature	 of	 states	 within	 a	 particular	 energy	 window.	 For	
Na4Ge4Si12,	it	is	evident	that	a	significant	number	of	antibond-
ing	 states	 are	 occupied	 below	 the	 Fermi	 level	 (Figure	 S13),	



 

 

	

which	 is	 directly	 correlated	 with	 the	 occupied	 conduction	
bands	and	the	metallic	nature	of	 the	compound.	This	picture	
shows	 similarities	 to	 SrGe6,	 which	 exhibits	 more	 complex	
guest–host	 bonding	 interactions	 compared	with	 other	 open-
framework	 compounds	 comprising	 cavities.17	 Given	 that	 the	
idealized	Na4Ge4Si12	stoichiometry	was	never	observed	exper-
imentally,	the	complete	picture	involving	partial	Na	occupancy	
and	lattice	substitutions	is	more	complex.	
In	summary,	a	new	type	of	Si/Ge	framework	was	obtained	by	
high-pressure,	high-temperature	 techniques.	The	new	guest–
host	compound	Na4−xGeySi16−y	(0.4(1)	≤	x	≤	1.1(1),	5.5(2)	≤	y	≤	
9.9(2))	 contains	 ellipsoidal	 cavities	 that	 house	 Na,	 while	
smaller	empty	(Si,Ge)9	units	complete	the	3D	space-filling	ar-
rangement.	 Topological	 analysis	 of	 natural	 tilings	 revealed	 a	
structural	 relationship	 with	 a	 hypothetical	 carbon	 allotrope	
and	 allowed	 for	 the	 classification	 among	 tetrel-rich	 silicides	
and	 germanides.	 The	 analysis	 revealed	 that	 guest	 environ-
ments	comprising	cages	can	be	described	by	a	single	type	of	til-
ing,	 whereas	 open-framework	 structures	 require	 more	 than	
one	type	to	describe	one	individual	guest	environment.	Follow-
ing	the	approach	to	predict	new	zeolite	frameworks,	the	analy-
sis	 of	 structural	 topology	 can	 be	 employed	 in	 the	 search	 for	
new	intermetallic	frameworks.	
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