
 1 

Rational Pathways to Ordered Multi-Anion Chalcogenides Using 

Retrosynthetic Crystal Chemistry 

Ayat	Tassanov†,	Huiju	Lee§,	Yi	Xia§,	and	James	M.	Hodges†*	

†	Department	of	Chemistry,	The	Pennsylvania	State	University,	University	Park,	Pennsylvania	16802,	United	States.	

§	Department	of	Mechanical	and	Materials	Engineering,	Portland	State	University,	Portland,	Oregon	97201,	United	

States.	

KEYWORDS.	Synthesis,	Chalcogenides,	Mixed-Anion,	Crystal	Structure	

ABSTRACT:	Mixed-anion	chalcogenides	are	a	versatile	class	of	materials	with	properties	that	can	be	fine-tuned	for	specific	
applications.	While	chalcogen	anions	(Q	=	S,	Se,	Te)	tend	to	form	solid	solutions	in	simple	binary	systems,	ordering	does	occur	
in	structures	that	have	more	than	one	unique	anion	site.	Here,	we	use	crystallographic	analysis	and	hard-soft	acid-base	prin-
ciples	to	predict	the	Wyckoff	positions	that	secondary	chalcogens	will	occupy	in	a	range	of	single-anion	hosts.	The	analysis	
serves	as	a	guide	for	generating	ordered	sulfoselenide,	selenotelluride,	and	sulfotelluride	products	in	a	predictable	manner.	
The	study	focuses	on	ternary	and	quaternary	systems	with	varying	compositional	and	structural	features,	with	an	emphasis	
on	3D	CsCu5Q3	(P42/mnm)	and	2D	NaCuZrQ3	(Pnma)	crystal	systems.	The	samples	were	prepared	using	high-temperature	
solid-state	methods	and	structurally	characterized	using	single-crystal	X-ray	diffraction.	Ordering	in	the	mixed-anion	prod-
ucts	is	attributed	to	size	and	bonding	variance	across	the	chalcogen	series.	The	degree	of	ordering	varies	according	to	the	
distinctiveness	of	the	local	chemistry	at	the	anion	sites	and	additionally,	the	specific	combination	of	chalcogens	employed	in	
the	reaction.	Additionally,	we	find	that	mixed-chalcogen	products	can	adopt	phases	that	are	distinct	from	their	single-anion	
end	members,	including	KCuZrTe2S	(P21m),	where	an	alternate	arrangement	of	polyhedral	building	blocks	maximizes	favor-
able	bonding	interactions.	Density-functional	theory	calculations	corroborate	the	experimental	findings	and	offer	additional	
insights	into	the	ordering	trends.	We	anticipate	that	the	reverse-engineering	approach,	which	is	inspired	by	the	retrosynthetic	
analyses	used	in	molecular	chemistry,	will	help	accelerate	the	discovery	and	understanding	of	heteroanionic	phenomena.	

INTRODUCTION 

The	discovery	of	new	materials	drives	advances	in	tech-
nology	and	is	a	central	goal	in	the	field	of	solid	state	chem-
istry.1-3	To	 this	 end,	 an	assortment	of	 synthetic	 strategies	
have	emerged	in	recent	years	that	can	be	used	to	generate	
materials	with	targeted	features	and	properties.4-7	Such	ef-
forts	have	translated	to	advances	in	various	applications	in-
cluding	 energy	 storage,8-10	 catalysis,11-13	 and	 photovolta-
ics.14-16	Still,	serendipity	continues	to	play	an	oversized	role	
in	 exploratory	 research.	 Advanced	 strategies	 that	 deliver	
atomically	 precise	 solids	 in	 a	 more	 efficient	 manner	 are	
needed	for	the	next-generation	of	applications.		

Metal	chalcogenides	are	among	the	most	structurally	di-
verse	classes	of	materials.17-19	They	are	ubiquitous	in	nature	
as	minerals	and	serve	as	key	components	in	many	energy-
related	 applications.	 Divalent	 chalcogen	 anions	 (Q2-	 =	 S2-,	
Se2-,	 Te2-)	 share	 similar	 bonding	 features	 and	 often	 form	
solid	solutions	in	binary	crystal	systems.	This	allows	their	
properties	to	be	fine-tuned	by	simply	adjusting	the	ratio	of	
chalcogens	employed	in	a	synthesis.	For	example,	the	elec-
tronic	structure	of	zincblende-type	CdTe	can	be	optimized	
for	solar	absorption	by	using	mixed-anion	CdTe1-xSex	com-
positions.20	This	tunability	is	one	of	the	reasons	they	are	the	

primary	absorber	used	in	thin-film	photovoltaic	technolo-
gies.21	

Although	chalcogen	anions	form	solid	solutions	in	simple	
structures,	ordering	does	occur	in	systems	with	more	than	
one	crystallographically	distinct	anion	site.22-26	Such	order-
ing	can	have	a	profound	influence	on	their	properties.	A	no-
table	 example	 is	 the	 Bi2Te3-xSex	 pseudo-binary	 system.	
These	narrow-gap	semiconductors	serve	as	the	n-type	com-
ponent	in	thermoelectric	modules	and	have	emerged	as	an	
active	 area	 in	 quantum	materials	 research.27,	 28	 Here,	 the	
single-anion	Bi2Te3	and	Bi2Se3	end	members	both	adopt	the	
tetradymite-type	structure,	which	can	be	described	as	quin-
tuple	Q2-Bi-Q1-Bi-Q2	layers	held	together	by	Van	der	Waals	
interactions.	Due	 to	 the	distinct	 local	chemistry	at	 the	Q1	
and	Q2	sites,	 the	mixed-anion	Bi2Te3-xSex	compositions	do	
not	 form	true	solid	solutions.	 Instead,	Te	anions	prefer	to	
occupy	the	Q2	positions	at	edge	of	the	 layers	due	to	their	
larger	size	and	polarizability,	while	Se	occupies	the	Q2	sites	
that	are	fully	coordinated	to	Bi3+	cations.	The	ordered	con-
figuration	results	in	more	favorable	Van	der	Waals	interac-
tions	at	the	interface	between	the	layers.29,	30	Critically,	the	
degree	of	 ordering	 can	 vary	depending	on	 the	method	of	
synthesis	 and	 significantly	 affect	 their	 properties.31	 This	
variability	 creates	 problems	 with	 reproducibility	 and	
makes	them	notoriously	difficult	to	model	accurately.32		
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Local	ordering	can	affect	the	properties	of	extended	sol-
ids	in	many	ways	but	can	be	challenging	to	characterize	in	
bulk	 powders.33-36	 This	 represents	 a	 scientific	 roadblock	
since	most	 applications	 rely	 on	 polycrystalline	materials.	
Single-crystal	X-ray	diffraction	(SCXRD)	can	be	an	effective	
tool	 for	 characterizing	 local	 ordering	 phenomena	 but	 re-
quires	high-quality	single	crystals.	Accordingly,	we	are	ex-
ploring	anion	ordering	in	laboratory-grown	crystals	with	a	
range	of	structural	and	compositional	features	in	order	to	
establish	a	framework	for	predicting	when	and	how	order-
ing	will	occur.	This	 information	augments	existing	 frame-
works	used	in	materials	optimization,	while	simultaneously	
delivering	model	substrates	 for	studying	 latent	structure-
property	relationships.				

A	 survey	 of	 the	 existing	 literature	 suggests	 that	 basic	
bonding	principles	can	be	effective	descriptors	for	predict-
ing	 how	 anions	 will	 segregate	 on	 a	 given	 sublattice.37-39	
Here,	we	exploit	 this	 feature	 to	 reverse-engineer	ordered	
sulfoselenide,	 selenotelluride,	 and	 sulfotelluride	 products	
in	a	predictable	manner.	Single-anion	hosts	with	 targeted	
features	 are	 first	 identified	 from	 the	 structural	 database.	
Crystallographic	 analysis	 is	 then	 used	 to	 predict	 the	
Wyckoff	position	each	chalcogen	will	prefer	to	occupy	in	a	
given	mixture	of	anions.	The	analysis	is	used	as	a	guide	for	
generating	ordered,	mixed-chalcogen	solids	with	predeter-
mined	arrangements	of	atoms	and	bonding	motifs.	Here,	we	
draw	analogy	to	the	retrosynthetic	analyses	used	in	organic	
chemistry,	which	provide	 rational	 pathways	 to	molecules	
with	targeted	bonds	and	functionality.			

Compared	to	metal	oxides,	the	chalcogenides	have	rela-
tively	 low	melting	points	 and	 can	be	 synthesized	directly	
through	 high-temperature	 methods.17	 This	 feature,	 along	
with	 their	 structural	 and	 compositional	 diversity,	 makes	
them	ideal	systems	for	substitutional	studies.	In	this	report,	
we	systematically	explore	anion	substitution	on	a	series	of	
single-chalcogen	 parent	 structures.	 Priority	 is	 given	 to	
metal	 selenide	hosts,	 since	Se2-	 has	 intermediate	 size	and	
electronegativity	among	the	chalcogen	series.	This	affords	
more	substitutional	degrees	of	freedom,	but	the	technique	
is	also	applicable	to	sulfide	and	telluride	structures.	Partic-
ular	emphasis	 is	given	to	 the	3D	CsCu5Se3	ternary	and	2D	
NaCuZrSe3	 quaternary	 systems,	 which	 crystallize	 in	 the	
P42/mnm	 and	Pnma	 space	 groups,	 respectively.	 CsCu5Se3	
has	 two	 distinct	 Se	 anions,	 where	 Se1	 is	 four-coordinate	
with	relatively	short	Se-Cu	bonds	and	Se2	has	seven	Se-Cu	
bonds.	Here,	the	larger	chalcogen	in	the	mixed-anion	prod-
ucts	show	a	strong	preference	for	the	Se2	(Q2)	site,	while	
smaller	chalcogens	tend	to	occupy	Se1	(Q1)	positions,	in	ac-
cordance	with	 geometric	 constraints.	 Conversely,	 layered	
NaCuZrSe3	has	 three	distinct	Se	anions,	which	 form	polar	
covalent	interactions	with	two	different	metal	cations,	Cu+	
and	Zr4+.	Here,	chalcogens	in	mixed-anion	products	reside	
at	positions	that	maximize	favorable	bonding	interactions,	
which	is	rationalized	using	hard-soft	acid-base	(HSAB)	con-
cepts.	Bader	charge	analyses	can	give	added	insight	into	the	
ionicity	 of	metal-chalcogen	 bonds	 and	 a	 provides	 a	more	
quantitative	descriptor	for	predicting	chalcogen	ordering.40		

In	most	cases,	sulfotelluride	products	are	ostensibly	fully	
ordered,	but	a	range	of	order-disorder	behavior	is	observed	
in	 the	 sulfoselenide	 and	 selenotelluride	 products.	 The	

degree	of	ordering	correlates	with	the	distinctiveness	of	the	
anion	sites	within	the	host	structure,	as	well	as	the	relative	
size	of	the	two	chalcogens.	The	latter	trend	is	analogous	to	
the	Hume-Rothery	rules	used	to	predict	ordering	in	inter-
metallics.41	 Motivated	 by	 this	 observation,	 we	 employ	 a	
long-range	ordering	parameter	η	 to	quantify	 the	ordering	
trends.	Interestingly,	we	find	that	sulfotellurides	can	crys-
tallize	 in	 structures	 not	 found	 in	 their	 single-anion	 end	
members.	 This	 is	 highlighted	 in	 2D	 KCuZrTe2S,	 which	
adopts	the	P21m	 space	group,	while	all	 three	single-anion	
analogues	crystallize	in	the	alternate	Cmcm	structure.	Here,	
the	 alternate	 arrangement	 of	 tetrahedral	 and	 polyhedral	
building	blocks	 in	the	P21m	phase	enables	more	energeti-
cally	favorable	chalcogen-metal	bonding	interactions.	

Density-functional	theory	calculations	(DFT)	are	used	to	
compare	the	stability	of	the	ordered	and	(hypothetical)	dis-
ordered	 systems.	 Here,	 to	model	 disorder,	 we	 systemati-
cally	vary	the	positions	of	the	anions	within	the	unit	cell	and	
calculate	the	total	energy	of	all	the	configurations.	The	av-
erage	of	these	values	is	then	compared	to	the	total	energy	
of	the	experimentally	determined	configuration.	The	differ-
ence	 in	 these	values	 is	dubbed	“switching	energy”,	where	
large	switching	energies	are	found	to	correlate	with	greater	
levels	of	ordering.	The	approach	circumvents	the	need	for	
expensive	supercell	calculations	and	provides	a	semi-quan-
titative	tool	for	predicting	ordering	behavior	in	mixed-chal-
cogen	compounds.		

It	is	interesting	to	note	that	true	solid	solution	behavior	
is	not	observed	in	any	of	the	mixed-anion	systems	we	have	
studied.	 This	 is	 surprising,	 considering	 this	 is	 rarely	 dis-
cussed	in	the	literature	and	the	importance	of	chalcogeni-
des	in	industry.	This	report	aims	to	draw	attention	to	this	
latent	phenomena	and	additionally,	demonstrate	how	it	can	
be	exploited	as	a	synthetic	 tool.	Although	the	 focus	of	 the	
study	 is	chalcogenides,	we	believe	 the	analysis	will	prove	
applicable	to	other	classes	of	materials.		

RESULTS 

Chalcogen	 Ordering	 in	 Tetragonal	 CsCu5Q3.	 Mixed-
chalcogen	 CsCu5Q2Q’	 (Q’	 =	 lighter	 chalcogen)	 compounds	
were	 prepared	 using	 high-temperature	 solid-state	 reac-
tions.	Briefly,	stoichiometric	amounts	of	elemental	and	Cs2Q	
binary	precursors	were	 loaded	 into	carbon-coated	quartz	
tubes	 and	 then	 flame-sealed	under	dynamic	vacuum.	The	
reaction	vessels	were	heated	 to	1123	K	 in	 a	box	 furnace,	
dwelled	for	6	h,	then	radiatively	cooled	in	the	furnace.	Black	
plate-like	 crystals	 suitable	 for	 SCXRD	were	 isolated	 from	
the	ingot	products.	Full	synthetic	details	can	be	found	in	the	
experimental	section.	

CsCu5Se3	was	previously	reported	to	crystallize	in	the	te-
tragonal	P42/mnm	space	group	and	belongs	to	a	larger	fam-
ily	of	compounds	that	adopt	the	CsAg5Te3-type	structure.42	
Several	 compounds	 with	 this	 structural	 archetype	 have	
been	 reported	 to	 have	 excellent	 thermoelectric	 perfor-
mance,	 including	CsCu5Se3,	which	was	part	of	our	motiva-
tion	for	working	with	this	system.42-44	CsCu5Se3	was	re-syn-
thesized	and	structurally	characterized	using	SCXRD.	Infor-
mation	regarding	 the	structural	 refinement	and	crystallo-
graphic	data	 tables	 can	be	 found	 in	 the	Supporting	 Infor-
mation.	The	asymmetric	unit	for	CsCu5Se3	has	1	Cs	atom,	3	
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Cu	atoms,	and	2	Se	atoms.	The	structure	is	composed	of	dis-
torted	 trigonal	 CuSe3	 and	 tetrahedral	 CuSe4	 units,	 which	
connect	to	form	a	3D	anionic	framework	with	1D	pores	con-
taining	counterbalancing	Cs+	cations	(Figure	1A).	The	two	
distinct	Se	atoms	exhibit	different	coordination	geometries,	
where	Se1	and	Se2	form	four	and	seven	bonds	with	Cu,	re-
spectively.	The	Se-Cu	bond	distances	are	listed	in	Table	1.	

 

Figure	1.	(A)	Crystal	structure	of	CsCu5Se3	viewed	along	the	c-

axis.	The	structure	contains	two	distinct	Se	sites,	where	(B)	Se1	

forms	four	Cu-Se	bonds	and	(C)	Se2	forms	seven	Cu-Se	bonds.	

Ionic	Se-Cs	interactions	are	shown	as	dotted	lines.	Cs	atoms	are	

depicted	in	light	grey,	Cu	atoms	in	blue,	and	Se	atoms	in	green.	

Figure	1B	shows	the	coordination	environment	at	the	Se1	
anion,	which	forms	four	relatively	short	Se-Cu	bonds	with	
an	average	length	of	2.397	Å.	The	Se1	anions	interact	with	
four	 Cs+	 cations	 with	 interatomic	 distances	 of	 3.620	 Å,	
which	are	longer	than	in	Cs2Se.45	The	coordination	for	Se2	
is	illustrated	in	Figure	1C,	showing	seven	Se-Cu	bonds	with	
an	average	length	of	2.583	Å.	Here,	Se2	interacts	with	two	
Cs+	 cations	 that	 have	 interatomic	 distances	 of	 3.585	 Å,	
which	are	also	shorter	than	in	Cs2Se.	From	a	geometric	per-
spective,	intuition	suggests	that	Se2	is	the	larger	of	the	two	
sites,	since	it	has	a	higher	coordination	number	and	longer	
Se-Cu	bonds.		

	

Bond	Valence	sum	(BVS)	values	were	calculated	and	can	
be	 found	 in	Table	S1.	Here,	Se1	and	Se2	anions	have	BVS	
values	of	1.75,	and	1.54,	respectively.	We	note	that	although	
both	values	are	less	than	2,	BVS	deficiency	at	chalcogen	sites	
within	Cu-containing	compounds	is	not	uncommon.46	BVS	
deficiency	(or	residual	valence)	can	occur	when	ions	are	lo-
cated	at	crystallographic	sites	that	too	large	for	its	bonds	to	
adopt	their	ideal	length.47	Hence,	the	smaller	BVS	value	at	
the	Se2	site	could	be	taken	as	additional	evidence	that	it	is	
the	 larger	 of	 the	 two	 anion	 sites.	We	 note	 that	 there	 are	
other	possible	interpretations	of	this	data,	and	accordingly,	
this	data	is	only	used	to	augment	the	other	analyses.			

Bader	charge	analysis	is	used	to	further	assess	the	bond-
ing	character	at	the	distinct	chalcogen	sites.48	The	analysis	
is	 used	 to	 estimate	 how	 electron	 density	 is	 distributed	
throughout	the	CsCu5Se3	lattice,	and	proves	be	a	useful	tool	
for	evaluating	the	ionicity	of	the	Se-metal	bonds.	Calculated	
Bader	charge	values	for	the	atoms	in	CsCu5Se3	are	tabulated	
in	Figure	S2.	Here,	we	see	the	formally	monovalent	Cs	cati-
ons	 have	 an	 approximate	 charge	 of	 +0.74,	which	 is	more	
than	 twice	 the	 value	 of	 the	 monovalent	 Cu	 atoms.	 The	
greater	 degree	 of	 ionicity	 in	 the	 Cs-Se	 interactions	 com-
pared	to	Cu-Se	is	expected	considering	the	large	difference	
in	electronegativity	of	the	two	metals.49	Meanwhile,	Se1	and	
Se2	have	 calculated	Bader	 charges	of	 -0.75	 and	 -0.63,	 re-
spectively.	The	greater	charge	at	the	Se1	site	is	interpreted	
as	greater	ionicity	at	this	site	and	accordingly,	the	Se1	site	
is	expected	to	be	the	preferred	site	of	the	more	electroneg-
ative	chalcogen	in	a	mixed-anion	product.50		

Table	 1.	 Selected	 Selenium-Metal	 Interatomic	 Dis-

tances	in	the	CsCu5Se3	Structure	

atom	pair	 bond	distance	(Å)	 atom	pair	 bond	distance	(Å)	

Se1–Cu2	 			2.3823(15)	×	2	 Se2–Cu2	 			2.5772(15)	

Se1–Cu3	 			2.4114(8)	×	2	 Se2–Cu2	 			2.6659(10)	×	2	

Se1⋯Cs1	 			3.6200(7)	×	4	 Se2–Cu3	 			2.7247(16)	

Se2–Cu1	 			2.4088(11)	 Se2⋯Cs1	 			3.5851(6)	×	2	

Se2–Cu1	 			2.5203(8)	×	2	 	 	

The	chemical	formula	for	CsCu5Se3	contains	one	Se1	atom	
and	 two	 Se2	 atoms.	 Accordingly,	 the	 substitution	 experi-
ments	described	below	 targeted	products	with	a	nominal	
CsCu5Q2Q’	 composition,	 where	 Q’	 represents	 the	 smaller	
(lighter)	of	 the	 two	chalcogens.	Hence,	 the	nominal	anion	
composition	in	the	products	is	67%	Q	and	33%	Q’,	which	is	
also	the	expected	occupancy	at	each	site	on	the	anion	sub-
lattice	in	a	perfect	solid	solution.	

CsCu5Se2S	and	CsCu5Te2Se	products	are	found	to	crystal-
lize	in	the	same	P42/mnm	space	group	as	the	parent	sele-
nide,	and	the	structures	are	shown	in	panels	A	and	B	of	Fig-
ure	 2,	 respectively.	 The	 CsCu5Te2S	 sulfotelluride	 product	
also	adopts	the	tetragonal	structure	and	is	shown	in	Figure	
2C,	representing	a	complete	replacement	of	the	Se	sublat-
tice.	We	note	that	the	pure	telluride	and	sulfide	end	mem-
bers	of	this	structure	are	not	reported,	and	attempts	to	syn-
thesize	these	analogues	were	unsuccessful.	SCXRD	data	for	
the	three	mixed-chalcogen	compounds	are	shown	in	Table	
S3	 along	 with	 information	 regarding	 structural	 refine-
ments.		
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Figure	2.	Crystal	structure	of	(A)	CsCu5Se2S,	(B)	CsCu5Te2Se,	and	(C)	CsCu5Te2S	with	the	tetragonal	P42/mnm	space	group	viewed	

along	the	c-axis.	The	corresponding	chalcogen	coordination	at	the	Q1	and	Q2	sites	is	shown	below	each	structure	(panels	D	through	

I).	Chalcogen	atoms	are	depicted	as	pie	charts	to	illustrate	the	occupancy	at	each	site,	and	the	percent	occupancy	from	the	structural	

refinements	is	shown	for	clarity.	Cs	atoms	are	depicted	in	light	grey,	Cu	atoms	in	blue,	S	atoms	in	yellow,	Se	atoms	in	green,	and	Te	

atoms	in	orange.	

Chalcogen	 coordination	 at	 the	 Q1	 and	 Q2	 sites	 for	 the	
three	 mixed-chalcogen	 products	 are	 shown	 in	 panels	 D		
through	 I	 in	 Figure	2.	Here,	Q	 atoms	are	depicted	 as	pie-
charts	to	illustrate	the	occupancy	of	each	chalcogen	at	the	
distinct	 sublattice	 sites.	 The	 refined	 occupancy	 at	 the	 Q1	
site	in	CsCu5Se2S	is	62%	S	(38%	Se)	and	Q2	is	84%	Se	(16%	
S).	These	values	deviate	significantly	from	solid	solution	be-
havior	and	indicate	S2-	and	Se2-	anions	prefer	to	occupy	the	
Q1	and	Q2	sites,	respectively.	The	degree	of	segregation	is	
observed	to	be	greater	in	the	CsCu5Te2Se	product,	where	Q1	
is	 83%	 Se	 (17%	 Te)	 and	 Q2	 is	 91%	 Te	 (9%	 Se).	 The	
CsCu5Te2S	 product,	where	 the	 selenide	 sublattice	 is	 com-
pletely	replaced	with	tellurium	and	sulfur,	is	ostensibly	fully	
ordered.	Here,	Q1	is	94%	S	(6%	Te)	and	Q2	is	97%	Te	(3%	
S).	The	increase	in	ordering	across	the	series	of	mixed-chal-
cogen	permutations	is	attributed	to	the	relative	size	of	the	
anion	radii	in	the	products,51	and	is	a	general	trend	found	in	
all	of	the	studied	systems.	

Ordering	in	extended	solids	that	correlates	with	atomic	
radii	is	a	well-studied	phenomenon	in	the	metallurgical	sci-
ences.	 Hume-Rothery	 was	 among	 the	 first	 to	 develop	 a			
chemical	 framework	 for	 predicting	 ordering	 behavior	 in	
mixed-metal	solids.41	The	framework	is	based	on	the	rela-
tive	size	of	the	metal	radii,	as	well	as	their	valency	and	elec-
tronegativity.	Metals	with	similar	size	(less	than	15%	differ-
ence)	and	electronic	properties	tend	to	form	solid	solutions,	
while	dissimilar	metals	will	segregate	to	form	ordered	in-
termetallic	phases.	Intermetallics	exhibit	varying	degrees	of	
site-mixing,	 which	 affects	 their	 properties	 and	 was	 first	

quantified	by	Bragg	and	Williams	with	a	long-range	order	
parameter.52	Over	the	years,	numerous	adaptations	of	the	
parameter	have	been	developed,	and	they	continue	to	serve	
an	important	role	in	various	areas	of	materials	chemistry.53-
55.	More	recently,	these	analyses	have	been	applied	to	sem-
iconducting	materials.56	Here,	to	better	quantity	the	order-
ing	behavior	in	the	mixed-chalcogen	products,	the	following	
order	parameter	η	was	employed:	

! =
# − %%

1 − %%

where	Qocc	is	the	observed	occupancy	at	a	given	Q	site	and	
SSocc	 is	 the	 expected	 occupancy	 at	 that	 site	 in	 a	 perfect	 a	
solid	solution.	Hence,	for	a	fully	ordered	system	η	=	1,	and	
for	a	fully	disordered	system	η	=	0	(solid	solution).	This	or-
der	 parameter	 does	 not	 offer	 the	 same	 utilities	 as	 those	
used	to	assess	order-disorder	phase	transitions	in	metal	al-
loys,	but	it	does	provide	a	useful	metric	for	quantifying	chal-
cogen	ordering.	Additionally,	 it	 can	be	used	 to	 assess	 the	
distinctiveness	of	each	site	within	a	given	anion	sublattice,	
as	described	below.	

The	refined	occupancy	and	calculated	ordering	parame-
ters	for	the	three	CsCu5Q2Q’	compounds	are	listed	in	Table	
S4.	We	note	that	the	expected	ratio	of	chalcogens	in	the	solid	
solution	(SSocc)	changes	slightly	across	the	series.	This	is	due	
to	marginal	discrepancies	between	the	nominal	and	refined	
composition	of	the	products.	Numerous	crystals	from	each	
compound	were	structurally	characterized,	and	deviations	
between	nominal	and	refined	compositions	did	not	exceed	
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5%.	Figure	3	shows	the	weighted	average	of	the	calculated	
order	parameters	 (left	axis)	 for	 the	 three	CsCu5Q2Q’	com-
pounds.	Shannon-Prewitt	radii	for	the	divalent	Q2-	chalco-
gen	anions	were	used	to	calculate	the	percent	difference	in	
Q	radii	for	each	of	the	mixed-chalcogen	permutations	(right	
axis).51	The	experimentally	determined	ordering	trends	in	
the	tetragonal	CsCu5Q2Q’	track	well	with	the	relative	size	of	
the	two	chalcogens,	where	larger	difference	yields	greater	
ordering.	We	note	that	although	the	tabulated	ionic	radii	are	
for	6-coordinate	chalcogen	anions,	the	relative	size	of	each	
anion	within	the	same	P42/mnm	structure	is	expected	to	fol-
low	the	same	trend.	

	

Figure	3.	Weighted	average	of	calculated	order	parameters	for	

CsCu5Se2S,	CsCu5Te2Se,	and	CsCu5Te2S.	The	percent	difference	

of	 anionic	 radii	 from	 the	 corresponding	Q/Q’	 chalcogens	 are	

plotted	on	the	right	(red)	axis	using	tabulated	Shannon-Prewitt	

values,	where	Q’	represents	the	smaller	chalcogen.	

While	detailed	property	analysis	of	the	compounds	is	out-
side	the	scope	of	the	study,	the	powder	X-ray	diffractograms	
(pXRD)	of	the	bulk	CsCu5Q2Q’	powders	do	not	show	any	sig-
nificant	impurities.	Panels	A-C	in	Figure	S1	show	pXRD	from	
finely	 ground	 ingots	 of	 CsCu5Se2S,	 CsCu5Te2Se,	 and	
CsCu5Te2S	products,	along	with	simulated	patterns	from	the	
corresponding	SCXRD	analysis.	Visual	inspection	of	the	ex-
perimental	 and	 simulated	 patterns	 indicate	 good	 agree-
ment	with	slight	discrepancies	in	peak	intensities,	which	is	
likely	due	to	preferred	orientation.	Attempts	to	synthesize	
the	CsCu5Te3	and	CsCu5S3	end	members	through	direct	syn-
thesis	were	unsuccessful,	resulting	 in	a	mixture	of	phases	
that	did	not	include	the	tetragonal	P42/mnm	structure.		

Chalcogen	Ordering	in	Orthorhombic	BaCu4Q3.	To	fur-
ther	explore	how	anion	coordination	influences	chalcogen	
ordering,	substitution	experiments	were	performed	on	the	
BaCu4S3	structure.	BaCu4S3	adopts	the	orthorhombic	Pnma	
space	group,	and	the	structure	is	shown	in	Figure	4A.57	This	
material	is	a	p-type	semiconductor	with	high	band	degener-
acy	 and	 reported	 to	 exhibit	 good	 thermoelectric	 perfor-
mance.58	 Similar	 to	 CsCu5Se3,	 it	 is	 composed	 of	 distorted	
trigonal	CuS3	and	tetrahedral	CuS4	building	blocks	that	as-
semble	into	an	anionic	framework	with	1D	channels,	which	
are	occupied	by	divalent	Ba2+	cations.	

The	asymmetric	unit	of	BaCu4S3	has	one	Ba	atom,	four	Cu	
atoms,	and	three	crystallographically	distinct	S	atoms.	The	
bonding	 environment	 for	 each	 chalcogen	 on	 the	 anion	

sublattice	 are	 shown	 in	 Figure	 S2.	 Here,	 S1	 forms	 three	
bonds	with	Cu	(3-coordinate),	S2	forms	five	bonds	with	Cu	
(5-coordinate),	and	S3	forms	six	bonds	with	Cu	(6-coordi-
nate).	The	sulfur-metal	interatomic	distances	in	BaCu4S3	are	
shown	 in	 Table	 2.	 From	 a	 bonding	 perspective,	 S1	 is	 ex-
pected	to	be	the	most	ionic	site	since	it	interacts	with	3	Ba2+	
cations	 and	 forms	 only	 three	 polar-covalent	 S-Cu	 bonds.	
The	distinction	between	S2	and	S3	is	 less	clear	since	they	
coordinate	with	a	similar	number	of	Cu	atoms	(5-	and	6-co-
ordinate).	Additionally,	both	anions	interact	ionically	with	
two	adjacent	Ba2+	cations.	Closer	inspection	of	the	Table	2	
reveals	the	mean	S-Cu		bond	length	for	S2	is	2.404	Å,	and	
2.484	Å	for	S3.	The	slightly	higher	coordination	number	and	
longer	S-Cu	bond	distances	suggest	that	S3	is	more	amena-
ble	to	larger	anions	in	mixed-chalcogen	products.			

BVS	and	Bader	analyses	were	calculated	for	BaCu4S3	and	
the	data	listed	in	Table	S1	and	Table	S2,	respectively.	The	
BVS	value	of	S1	is	determined	to	be	2.19,	S2	is	2.10,	and	S3	
is	1.79.	Again,	the	sub-2	value	for	S3	indicates	the	anion	at	
this	site	 is	underbonded,	which	may	reflect	the	accessible	
volume	 at	 the	 Wyckoff	 position.	 The	 calculated	 Bader	
charge	for	Se1,	Se2,	and	Se3	are	found	to	be	-0.92,	-0.92,	and	
-0.89,	respectively.	The	lower	charge	at	the	Se3	site	is	in	line	
with	the	other	analyses,	and	suggests	this	would	be	the	pre-
ferred	crystallographic	location	of	heavier,	less	electroneg-
ative	chalcogens.		

Although	the	BaCu4S3	structure	provides	a	good	compar-
ison	with	CsCu5Se3,	the	sulfide	host	is	found	to	be	less	ame-
nable	to	chemical	substitution.	Indeed,	attempts	to	substi-
tute	Te	for	S	were	unsuccessful	and	the	solubility	range	for	
BaCu4S3-xSex	was	limited	to	x	values	no	greater	than	2,	since	
BaCu4Se3	adopts	an	alternate	structure	 type.	Nonetheless,	
analysis	of	the	BaCu4S2Se	(x	=	1)	product	proved	insightful	
and	exhibits	trends	that	are	consistent	with	other	x	values.	
BaCu4S2Se	 was	 prepared	 by	 direct	 reaction	 of	 elemental	
precursors	 at	 high	 temperature.	 Briefly,	 stoichiometric	
amounts	of	Ba,	Cu,	S,	and	Se	were	loaded	into	carbon-coated	
quartz	tubes	and	then	flame-sealed	under	dynamic	vacuum.	
The	reaction	vessels	were	heated	to	1123	K	in	a	box	furnace,	
dwelled	 for	 24	 h,	 then	 radiatively	 cooled	 in	 the	 furnace.	
Black	plate-like	 crystals	 suitable	 for	SCXRD	were	 isolated	
from	the	ingot	product.	Full	details	can	be	found	in	the	ex-
perimental	section.	

Table	 2.	 Selected	 Sulfur-Metal	 Interatomic	 Distances	

for	BaCu4S3	

atom	pair	 bond	distance	(Å)	 atom	pair	 bond	distance	(Å)	

S1–Cu3	 					2.2461(6)	 S2–Cu4	 					2.7040(8)	

S1–Cu1	 					2.2796(5)	×	2	 S2⋯Ba1	 					3.1543(7)	×	2	

S1⋯Ba1	 					3.1158(6)	×	2	 S3–Cu1	 					2.3425(9)	

S1⋯Ba1	 					3.2762(9)	 S3–Cu4	 					2.3713(7)	

S2–Cu2	 					2.2849(6)	 S3–Cu2	 					2.4353(5)	×	2	

S2–Cu4	 					2.3279(5)	×	2	 S3–Cu3	 					2.6608(5)	×	2	

S2–Cu3	 					2.3747(6)	 S3⋯Ba1	 					3.3135(7)	×	2	

S2–Cu4	 					2.7040(8)	 	 	

BaCu4S2Se	crystallizes	in	the	same	the	Pnma	space	group	
as	the	sulfide	host	structure	and	is	shown	in	Figure	4B.	Crys-
tallographic	tables	and	structural	refinement	details	can	be	
found	in	Table	S3.	The	nominal	ratio	of	chalcogens	is	67%	S	
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and	33%	Se,	which	is	the	expected	occupancy	at	each	Q	site	
in	a	true	solid	solution.	The	refinement	shows	Q1	has	an	oc-
cupancy	of	84%	S	and	16%	Se	(4C),	with	a	calculated	η	value	
of	0.55.	The	S-rich	Q1	site	is	expected	considering	it	has	the	
lowest	coordination	number	and	relatively	short	S-Cu	bond	
distances	in	the	host	structure.	Figure	4C	shows	the	coordi-
nation	environment	at	the	Q2	site,	which	has	a	refined	oc-
cupancy	of	77%	S	(33%	Se).	This	is	slightly	S-rich	relative	
to	the	expected	occupancy	in	a	perfect	solid	solution,	giving	
a	η	value	of	0.36,	which	is	the	lowest	value	of	the	three	sites.	
Conversely,	 Se	 shows	 a	 strong	 preference	 for	 the	Q3	 site	
(Figure	4D)	with	a	refined	occupancy	of	68%	Se	and	32	%	S,	
which	gives	a	η	value	of	0.91.	Here,	the	calculated	order	pa-
rameters	offer	some	insight	into	the	distinctiveness	of	the	
different	positions	on	the	anion	sublattice	of	BaCu4S3.		

	

Figure	4.	(A)	Crystal	structure	of	BaCu4S2Se	viewed	along	the	

b-axis,	showing	the	3D	[Cu4Q3]2-	framework	with	1D	pores	oc-
cupied	by	counterbalancing	Ba2+	cations.	The	coordination	ge-

ometry	for	(B)	Q1,	(C)	Q2,	and	(D)	Q3	show	increasing	coordi-

nation	correlates	with	greater	Se	occupancy.	Calculated	order	

parameters	(η)	are	listed	for	each	Q	site,	where	the	Q	site	with	

intermediate	 coordination	 (Q2)	has	occupancy	 closest	 to	 the	

overall	anion	composition.	Ba	atoms	are	colored	in	dark	grey,	

Cu	atoms	in	blue,	S	atoms	in	yellow,	and	Se	atoms	in	green.	

Although	the	BaCu4S3	structure	provides	a	good	compar-
ison	with	CsCu5Se3,	the	sulfide	host	is	found	to	be	less	ame-
nable	to	chemical	substitution.	Indeed,	attempts	to	substi-
tute	Te	for	S	were	unsuccessful	and	the	solubility	range	for	
BaCu4S3-xSex	was	limited	to	x	values	no	greater	than	2,	since	
BaCu4Se3	adopts	an	alternate	structure	 type.	Nonetheless,	
analysis	of	the	BaCu4S2Se	(x	=	1)	product	proved	insightful	
and	exhibits	trends	that	are	consistent	with	other	x	values.	
BaCu4S2Se	 was	 prepared	 by	 direct	 reaction	 of	 elemental	
precursors	 at	 high	 temperature.	 Briefly,	 stoichiometric	
amounts	of	Ba,	Cu,	S,	and	Se	were	loaded	into	carbon-coated	
quartz	tubes	and	then	flame-sealed	under	dynamic	vacuum.	

The	reaction	vessels	were	heated	to	1123	K	in	a	box	furnace,	
dwelled	 for	 24	 h,	 then	 radiatively	 cooled	 in	 the	 furnace.	
Black	plate-like	 crystals	 suitable	 for	SCXRD	were	 isolated	
from	the	ingot	product.	Full	details	can	be	found	in	the	ex-
perimental	section.	

BaCu4S2Se	crystallizes	in	the	same	the	Pnma	space	group	
as	the	sulfide	host	structure	and	is	shown	in	Figure	4B.	Crys-
tallographic	tables	and	structural	refinement	details	can	be	
found	in	Table	S3.	The	nominal	ratio	of	chalcogens	is	67%	S	
and	33%	Se,	which	is	the	expected	occupancy	at	each	Q	site	
in	a	true	solid	solution.	The	refinement	shows	Q1	has	an	oc-
cupancy	of	84%	S	and	16%	Se	(4C),	with	a	calculated	η	value	
of	0.55.	The	S-rich	Q1	site	is	expected	considering	it	has	the	
lowest	coordination	number	and	relatively	short	S-Cu	bond	
distances	in	the	host	structure.	Figure	4C	shows	the	coordi-
nation	environment	at	the	Q2	site,	which	has	a	refined	oc-
cupancy	of	77%	S	(33%	Se).	This	is	slightly	S-rich	relative	
to	the	expected	occupancy	in	a	perfect	solid	solution,	giving	
a	η	value	of	0.36,	which	is	the	lowest	value	of	the	three	sites.	
Conversely,	 Se	 shows	 a	 strong	 preference	 for	 the	Q3	 site	
(Figure	4D)	with	a	refined	occupancy	of	68%	Se	and	32	%	S,	
which	gives	a	η	value	of	0.91.	Here,	the	calculated	order	pa-
rameters	offer	some	insight	into	the	distinctiveness	of	the	
different	positions	on	the	anion	sublattice	of	BaCu4S3.		

The	refined	composition	for	the	BaCu4S2Se	crystals	devi-
ated	slightly	from	the	nominal	composition,	but	were	within	
5%	of	the	expected	values.	Again,	this	implies	a	slight	vari-
ation	in	the	composition	of	crystallites	within	the	bulk	prod-
uct,	which	could	be	due	to	incongruent	melting.	However,	
the	pXRD	of	the	ground	BaCu4S2Se	ingot	matches	well	with	
the	simulated	pattern	(Figure	S3),	without	any	significant	
impurities.		

Chalcogen	Ordering	in	Layered	NaCuZrQ3.	The	ternary	
host	structures	described	above	contain	only	one	type	of	Q-
metal	bond.	In	such	systems,	the	anion	coordination	num-
ber	and	bond	distances	found	in	the	parent	structures	prove	
to	 be	 good	 descriptors	 for	 predicting	 ordering	 behavior.	
However,	host	structures	with	chalcogen	anions	that	form	
covalent	 bonds	 with	 multiple,	 distinct	 metal	 centers,	 the	
strength	of	the	Q-metal	bonds	must	be	considered.	To	ex-
plore	the	importance	of	bond	enthalpy	in	chalcogen	order-
ing,	we	performed	chalcogen	substitutions	on	the	 layered	
NaCuZrSe3	quaternary	host	structure.	The	crystallograph-
ically	distinct	Se	anions	 in	this	structure	form	bonds	with	
both	soft,	monovalent	Cu+	cations	and	relatively	hard,	tetra-
valent	Zr4+	metal	centers.	Each	Se	anion	in	the	host	has	a	dif-
ferent	ratio	of	Se-Cu	to	Se-Zr	bonds.	Accordingly,	NaCuZrSe3	
was	chosen	as	a	suitable	system	to	demonstrate	the	utility	
of	hard-soft	acid-base	(HSAB)	bonding	concepts	when	pre-
dicting	anion	segregation	in	these	types	of	compounds.		

Although	the	sulfoselenide	and	sulfotelluride	NaCuZrQ3-

xQx	products	described	in	this	section	can	be	made	directly	
through	high-temperature	solid-state	methods,	the	result-
ing	products	did	not	yield	crystals	suitable	for	SCXRD.	Ac-
cordingly,	needle-like	NaCuZrQ3-xQ’	crystals	were	first	syn-
thesized	by	 reacting	 stoichiometric	 amounts	of	 elemental	
precursors	in	a	NaCl	flux,	which	were	found	to	be	suitable	
for	structural	analysis.	Full	details	regarding	both	syntheses	
can	be	found	in	the	Experimental	Section.	Crystallographic	



 7 

data	 tables	 and	 information	 regarding	 structural	 refine-
ments	can	be	found	in	Table	S6.	

NaCuZrSe3	has	a	layered	structure	with	the	Pnma	space	
group	and	is	shown	in	Figure	5A.59	The	structure	can	be	de-
scribed	as	layers	of	anionic	[CuZrSe3]-	slabs	that	are	coun-
terbalanced	 by	 Na+	 cations.	 The	 material	 belongs	 to	 the	
AMM’Q3	class	of	compounds,	a	diverse	family	of	layered	ma-
terials	 with	 several	 related	 structure	 types.	 Ibers	 and	
coworkers	categorized	these	compounds	into	sub-types	ac-
cording	to	the	oxidation	state	of	the	A,	M,	and	M’	metal	cati-
ons.19	According	to	this	classification,	NaCuZrSe3	is	a	mem-
ber	of	the	type-I	subclass,	where	the	atoms	have	formal	ox-
idation	states	of	A+1M+1M+4(Q2-)3.	

	

Figure	5.	(A)	Crystal	structure	of	NaCuZrSe3	viewed	along	the	

b-axis	showing	layers	composed	of	CuSe4	tetrahedra	and	ZrSe6	

octahedra	separated	by	Na+	cations.	The	single	[CuZrSe3]	layer	

viewed	along	the	a-axis	is	illustrates	the	distinct	coordination	

of	each	Se	anion.	Isolated	coordination	spheres	for	(B)	Se1,	(C)	

Se3,	 and	 (D)	 Se2	 have	 varying	 number	 of	 Se-Zr	 and	 Se-Cu	

bonds.	

The	two-dimensional	slabs	in	the	Pnma	structural	variant	
are	 composed	 of	 edge-sharing	 ZrSe6	 octahedra	 (O)	 and	
CuSe4	tetrahedral	(T)	building	blocks	that	are	connected	in	
a	 repeating	 OOTT	 sequence.	 The	 asymmetric	 unit	 for	
NaCuZrSe3	has	one	Na,	Cu,	and	Zr	atom,	along	with	 three	
crystallographically	distinct	Se	atoms.	On	the	right	side	of	
the	panel	in	Figure	5A	the	[CuZrSe3]	slab	is	viewed	along	the	
b-axis,	highlighting	the	differing	coordination	environment	
at	the	three	Se	sites.	Panels	B-D	in	Figure	5	show	the	iso-
lated	coordination	spheres	for	the	three	sites	viewed	from	
the	b-axis.	Here,	Se1	coordinates	to	three	Zr	atoms,	Se3	co-
ordinates	to	two	Cu	and	one	Zr	atom,	while	Se2	forms	one	
bond	with	Zr	and	three	bonds	with	Cu.	The	Se-metal	intera-
tomic	distances	are	shown	in	Table	S7.	Intuitively,	the	Se1	
site	is	the	most	distinct	of	the	three	Se	atoms	since	it	coor-
dinates	exclusively	 to	 the	Zr4+	metal	 centers.	Accordingly,	
the	 substitutional	 studies	 targeted	 sulfoselenide	 and	 sul-
fotelluride	 products	 with	 a	 nominal	 composition	 of	
NaCuZrQ2Q’,	 where	 Q’	 represents	 the	 smaller,	 more	

electronegative	 chalcogen.	 The	 selenotelluride	 analogues	
were	successfully	 synthesized	according	 to	pXRD,	but	 the	
products	from	the	flux	synthesis	did	not	yield	crystals	that	
were	suitable	for	SCXRD	analysis.	

BVS	and	Bader	analyses	were	used	to	augment	the	quali-
tative	assessments	described	above,	and	the	data	are	tabu-
lated	in	Table	S1	and	Table	S2.	The	three	unique	Se	anions	
have	BVS	near	2,	with	Se1	at	2.17,	Se2	at	1.83,	and	Se3	at	
1.96.	Again,	the	BVS	values	appear	to	be	correlated	with	the	
calculated	Bader	charges,	where	Se1,	Se2,	and	Se3	are	de-
termined	to	be	-1.10,	-0.82,	and	-0.96.		

	

Figure	6.	Crystal	structure	of	(A)	NaCuZrSe2S	and	(B)	NaCuZ-

rTe2S	viewed	along	the	b-axis.	Anion	bonding	environments	for	

Q	 sites	 in	 CsCu5Se2S	 (C-E)	 and	 CsCu5Te2S	 (F-H),	 where	 pie	

charts	depict	occupancy.	Calculated	order	parameters	for	each	

site	(η)	indicate	Q1	and	Q2	are	most	distinct,	prefer	harder	(S)	

and	softer	(Se,	Te)	chalcogens,	respectively.		

NaCuZrSe2S	(Figure	6A)	and	NaCuZrTe2S	(Figure	6B)	are	
both	 found	to	crystallize	 in	 the	same	 layered	Pnma	 struc-
ture	as	the	selenide	host.	Again,	the	nominal	stoichiometry	
is	67%	Q	and	33%	Q’,	which	also	represents	the	expected	
occupancy	at	each	site	on	the	anion	sublattice	in	a	true	solid	
solution.	The	bonding	environment	of	 the	three	Q	sites	 in	
the	NaCuZrSe2S	product	are	shown	in	panels	C	through	E	in	
Figure	6.	The	refined	occupancy	for	Q1	is	65%	S	(35%	Se),	
which	is	S-rich	relative	to	the	overall	composition	and	gives	
a	calculated	η	value	of	0.48.	The	Q3	site,	which	forms	two	
bonds	with	Zr	and	one	bond	with	Cu,	is	found	to	be	75%	Se	
(25%	S),	which	is	closest	to	the	overall	composition	and	ac-
cordingly,	the	lowest	degree	of	ordering	(η	=	0.24).	The	Q2	
occupancy	is	determined	to	be	91%	Se	(9%	S),	which	is	Se-
rich	 and	 gives	 this	 site	 a	 η	 value	 of	 0.73.	 Similar	 to	 the	
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ternary	CsCu5Q3	 system,	 the	 sulfotelluride	product	 shows	
the	greatest	degree	of	ordering.	Panels	F	through	H	in	Fig-
ure	6	show	the	coordination	environment	for	the	three	dis-
tinct	Q	sites	in	the	NaCuZrTe2S	product.	The	structural	re-
finement	indicates	Q1	occupancy	of		92%	S	(8%	Te),	while	
the	Q2	and	Q3	sites	are	100%	Te.	We	note	that	the	overall	
stoichiometry	for	the	NaCuZrTe2S	product	deviates	slightly	
from	the	nominal	reaction	composition.	Numerous	crystals	
were	characterized	with	SCXRD,	some	of	which	were	closer	
to	 the	 nominal	 composition	 but	 with	 inferior	 refinement	
statistics.	Accordingly,	we	have	reported	the	data	with	the	
superior	structural	refinement.		

The	data	from	the	mixed-chalcogen	products	clearly	indi-
cate	 that	 the	 larger,	 more	 polarizable	 chalcogen	 anions	
show	a	 strong	preference	 for	 the	Q2	and	Q3	 sites,	where	
they	are	able	to	form	favorable	soft-soft	acid-base	interac-
tions.	Additionally,	the	S2-	anions	show	a	strong	preference	
for	the	Q1	site,	with	η	values	of	0.48	and	0.92	in	the	sulfose-
lenide	and	sulfotelluride	products,	respectively.	Again,	the	
preferential	 occupancy	 is	 attributed	 to	 bonding	 factors,	
where	the	relatively	hard	S2-	anions	occupy	positions	where	
they	 coordinate	 exclusively	 to	 the	 harder	 Zr4+	 cations.	
Meanwhile,	the	larger,	more	polarizable	chalcogen	shows	a	
strong	preference	to	occupy	the	Q2	site,	where	they	 form	
three	 favorable	 Te2-(Se2-)-Cu+	 interactions.	 In	 the	 sulfose-
lenide,	because	the	sulfur	segregates	to	the	Q1	site	and	Se	
to	the	Q2	site,	the	Q3	site	has	a	composition	that	is	closest	
to	the	hypothetical	solid	solution.	Accordingly,	this	site	has	
the	 lowest	 η	 value	 in	 the	 series	 (0.25).	 The	 NaCuZrTe2S	
product	is	ostensibly	fully	ordered,	with	Te	fully	occupying	
the	Q2	and	Q3	sites.	Sulfur	is	found	exclusively	at	the	Q1	site,	
where	the	refined	occupancy	was	determined	to	be	92%	S	
and	8%	Te,	indicating	an	8%	deviation	from	the	nominal	re-
action	composition.	Clearly,	the	presence	of	multiple	metal	
centers	changes	the	calculus	when	predicting	how	chalco-
gens	will	be	distributed	in	a	host	lattice.		

As	for	all	of	the	compounds	reported,	several	syntheses	
were	performed,	and	numerous	crystals	were	analyzed.	The	
8%	deviation	between	the	nominal	and	refined	stoichiome-
try	of	 the	NaCuZrTe2S	product	represents	 the	upper	 limit	
observed	in	this	system.	It	is	included	in	the	report	due	to	
higher	quality	SCXRD	data	and	better	corresponding	struc-
tural	refinement.	 It	 is	 likely	 that	 the	average	crystallite	 in	
the	product	is	closer	to	the	nominal	composition.	The	pXRD	
patterns	for		NaCuZrSe2S	and	NaCuZrTe2S	bulk	powders	are	
shown	in	panels	A	and	B	of	Figure	S4,	respectively.	The	dif-
fractogram	for	the	sulfoselenide	sample	displays	significant	
preferred	orientation,	which	is	commonly	observed	in	ma-
terials	with	 2D	 structures.	 The	 sulfotelluride	 pattern	 dis-
plays	less	preferred	orientation,	with	peaks	consistent	with	
the	simulated	pattern	and	no	significant	impurities.		

Chalcogen	Ordering	in	Quaternary	Ba2BiFeSe5.	To	ex-
pand	the	scope	of	the	study,	and	further	understand	the	role	
that	Q-metal	bonding	plays	in	ordering	phenomena,	we	em-
ployed	a	substitutional	study	on	the	Ba2BiFeSe5	quaternary	
system.	The	compound,	as	well	as	the	sulfide	analogue,	have	
been	 reported	 to	 exhibit	 antiferromagnetic	 behavior.60,	 61	
The	structure	is	shown	in	Figure	7A	and	is	composed	of	dis-
torted	 BiSe6	 octahedra	 and	 FeSe4	 tetrahedra.	 The	 BiSe6	
units	share	edges	with	each	other	to	form	chains	along	the	

b-axis,	which	are	 linked	covalently	by	FeSe4	 tetrahedra	to	
form	corrugated	1D	channels	that	are	occupied	by	Ba2+.	The	
asymmetric	unit	has	one	Ba,	Bi,	and	Fe	atom,	and	four	dis-
tinct	Se	atoms.	An	interesting	structural	feature	is	that	each	
polyhedral	building	block	has	a	Se	anion	that	is	not	fully	co-
ordinated,	essentially	in	a	dangling	position	along	the	cor-
rugated	pores	 (Figure	7B	and	7C).	 Specifically,	 Se2	 forms	
one	 covalent	 bond	 to	 Bi3+	 (relatively	 soft	 acid),	 and	 four	
ionic	 interactions	 with	 Ba2+	 with	 an	 average	 distance	 of	
3.3815(8)	Å.	Likewise	Se4	forms	one	covalent	bond	to	Fe3+	
(relatively	hard	acid),	and	four	ionic	interactions	with	Ba2+	
with	an	average	distance	of	3.396	Å.	Hence,	the	Se2	and	Se4	
sites	are	essentially	identical	except	for	the	nature	of	the	tri-
valent	metal	they	are	bound	to.		

	

Figure	 7.	 (A)	 Crystal	 structure	 of	 orthorhombic	 Ba2BiFeSe5	

viewed	along	the	b-axis,	showing	FeSe4	tetrahedra	that	act	as	

linkers	between	chains	of	edge-sharing	BiSe6	octahedra.	Bond-

ing	environment	 for	 (B)	Se2	and	 (C)	Se4	anions,	which	have	

similar	coordination	geometry	but	are	bonded	to	different	tri-

valent	metals.	Refined	occupancy	at	the	(D)	Q2	and	(E)	Q4	site	

in	Ba2BiFeSe3S2	are	found	to	be	Se-rich	and	S-rich,	respectively,	

relative	to	overall	composition.	

Ba2BiFeS2Se3	 crystallizes	 in	 the	 same	 orthorhombic	
structure	 as	 the	 single-anion	 end	 members.	 Crystallo-
graphic	and	refinement	details	can	be	found	in	Tables	S8,	
and	the	anion	composition	from	the	refined	structure	was	
determined	to	be	38%	S	and	62%	Se.	The	Q1	and	Q3	sites	
show	the	least	degree	of	ordering,	with	η	values	of	0.02	and	
0.28,	 respectively.	 The	 coordination	 geometry	 for	 the	 Q2	
and	Q4	sites	are	shown	in	panels	D	and	E	of	Figure	7,	respec-
tively.	Clearly,	the	Se	anions	shows	strongest	preference	for	
the	Q2	site	with	a	η	value	of	0.82.	This	is	attributed	to	favor-
able	soft-soft	acid-base	 interaction	between	 the	relatively	
large	Se2-	and	soft	Bi3+	metal.	Conversely,	the	Q4	site	is	57%	
S,	much	higher	than	the	expected	value	for	a	solid	solution,	
with	a	calculated	η	value	of	0.49.	Again,	hard-soft	acid-base	
principles	 provide	 rationale	 for	 the	 ordering,	 where	 the	
harder,	more	electronegative	S2-	anions	prefers	sites	where	
they	can	 form	bonds	with	 the	relatively	hard	Fe3+	metals.	
This	substitutional	study	is	insightful,	where	ordering	at	the	
Q2	 and	 Q4	 sites	 can	 be	 attributed	 explicitly	 to	 favorable	
bonding	interactions,	since	it	is	decoupled	from	other	vari-
ables	such	coordination	geometry	and	oxidation	state.	

The	 pXRD	 for	 the	 Ba2BiFeS2Se3	 is	 shown	 in	 Figure	 S5	
along	with	the	simulated	pattern	from	the	SCXRD	analysis.	
The	peaks	in	the	experimental	diffractogram	match	well	
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Figure	8.	(A)	Crystal	structure	of	orthorhombic	KCuZrQ3	viewed	along	the	a-axis,	which	is	adopted	by	all	three	single-chalcogen	

compounds.	The	center	layer	is	shown	with	the	polyhedral	depiction,	illustrating	the	OTOT	repeating	sequence	of	ZrQ6	(O)	octahedra	

and	CuQ4	(T)	tetrahedra.	(B)	Structure	of	monoclinic	KCuZrTe2S	viewed	along	the	b-axis.	The	polyhedra	depiction	of	the	center	slab	

illustrates	the	alternate	OOTT	sequence	of	polyhedral	building	blocks.		

with	the	simulated	pattern,	with	the	exception	of	the	peak	
at	26	degrees,	which	has	unexpectedly	high	intensity.	This	
could	be	due	to	enhanced	intensity	from	the	(022)	peak	due	
to	preferred	orientation.	The	only	other	peak	in	the	experi-
mental	that	is	unaccounted	for	is	at	57	degrees,	which	is	the	
location	of	the	(044)	peak,	which	is	parallel	to	(022).	Alter-
natively,	this	could	be	from	an	unidentified	impurity.	Since	
property	measurements	were	not	the	focus	of	this	study,	no	
additional	optimization	or	characterization	was	pursued.		

Polyhedral	Rearrangement	in	Layered	KCuZrTe2S.	In	
systems	where	multiple	polymorphs	share	similar	energy,	
we	 find	 that	 mixed-chalcogen	 products	 can	 adopt	 struc-
tures	not	found	in	their	single-anion	end	members.	Here,	we	
illustrate	this	concept	with	a	substitutional	experiment	on	
the	layered	KCuZrQ3	parent	structure.		

The	 KCuZrTe2S	 compound	 was	 discovered	 while	 per-
forming	substitution	experiments	on	single-anion	AMM’Q3	
compounds	with	the	Cmcm	structural	variant.	All	three	sin-
gle-anion	KCuZrQ3	quaternaries	have	been	reported	previ-
ously	and	adopt	the	same	2D	structure	with	the	Cmcm	space	
group,62	which	is	shown	in	Figure	8A.	Like	NaCuZrSe3,	the	
potassium	analogues	belongs	to	the	type-I	subclass	of	 the	
AMM’Q3	family	of	compounds.	These	systems	can	have	one	
of	several	related	structure	types,	which	are	differentiated	
by	the	arrangement	of	tetrahedral	and	octahedral	building	
blocks.	 In	 the	 Cmcm	 phase,	 anionic	 [CuZrQ3]-	 slabs	 com-
posed	of	edge-sharing	CuQ4	tetrahedra	and	ZrQ6	octahedra	
are	 separated	 by	 layers	 of	 counterbalancing	 K+	 cations.	
When	viewed	along	the	a-axis,	it	can	be	seen	that	the	tetra-
hedral	(T)	and	octahedral	(O)	building	blocks	have	a	repeat-
ing	OTOT	sequence.	The	asymmetric	unit	for	KCuZrQ3	has	
one	K,	Cu,	and	Zr	atom,	and	two	unique	Q	atoms.	Here,	the	
Q1	anions	form	one	bond	with	Cu	and	two	bonds	with	Zr,	
while	Q2	forms	two	bonds	with	Cu	and	two	bonds	with	Zr.	
The	local	chemistry	at	the	Q	sites	in	the	Cmcm	structure	are	
not	as	distinct	as	the	Pnma	phase,	which	have	three	unique	
Q	sites	that	span	a	wider	range	of	Q-Zr	and	Q-Cu	bonds.	

In	 order	 to	 evaluate	 chalcogen	 ordering	 in	 KCuZrQ3,	
which	have	two	Q	sites	with	similar	bonding,	we	targeted	
sulfotelluride	products	since	they	tend	to	have	the	highest	
degree	of	ordering.	Needle-like	crystals	of	KCuZrTe2S	were	
first	grown	KCl	flux	and	characterized	using	SCXRD	analy-
sis.	Crystallographic	information	and	refinement	details	can	
be	found	in	Table	S9,	and	full	synthetic	protocol	for	the	re-
action	is	described	in	the	Experimental	Section.	The	KCuZ-
rTe2S	product	crystallizes	in	the	P21m	space	group,	and	the	
structure	 is	 shown	 in	 Figure	 8B.	 This	 is	 a	 less	 common	
structural	variant	found	in	the	AMM’Q3	systems,	and	can	be	
considered	a	distorted	version	of	the	Pnma	structure.	Here,	
the	 CuQ4	 tetrahedra	 and	 ZrQ6	 octahedra	 in	 the	 [CuZrQ3]-	
slabs	 have	 an	 alternating	 OOTT	 arrangement,	 with	 three	
distinct	Q	sites	similar	to	those	shown	in	panels	B-D	in	Fig-
ure	 5	 (Pnma	 NaCuZrSe3).	 The	 polyhedral	 arrangement	 in	
the	P21m	structure,	which	is	distinct	from	the	single-chalco-
gen	analogues,	enables	S2-	and	Te2-	anions	to	segregate	onto	
sites	where	they	can	maximize	the	number	of	energetically	
favorable	bonds.	The	rationale	for	the	ordering	is	the	same	
as	described	above	for	the	NaCuZrQ3	compounds	with	the	
Pnma	 structure.	 The	 refined	 structural	 data	 indicates	 the	
composition	at	the	Q1	site	is	81%	S	(19%	Te),	while	Q2	and	
Q3	are	found	to	be	fully	occupied	by	Te.	We	note	that	the	
discrepancy	between	the	refined	and	nominal	composition	
for	 this	 system	 is	 higher	 than	 the	 other	 reported	 com-
pounds.	Several	crystals	were	analyzed,	consistently	show-
ing	refined	compositions	that	were	S-deficient.	This	could	
be	due	to	differing	solubility	of	Te	and	S	precursors	in	the	
KCl	flux,	or	alternatively,	represent	a	solubility	limit	of	S	in	
the	P21m	sulfotelluride.	

DISCUSSION 

A	common	trend	across	all	of	the	studied	systems	is	the	
relationship	between	the	degree	of	ordering	and	the	rela-
tive	size	of	the	two	chalcogen	radii.	We	conducted	total	en-
ergy	calculations	using	DFT	in	an	attempt	to	predict	the	de-
gree	of	ordering	in	the	mixed-chalcogen	products.	Modeling	
structures	with	mixed	occupancy	using	DFT	is	notoriously	
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challenging.	One	approach	is	to	construct	a	supercell	con-
taining	multiple	unit	cells	with	randomly	distributed	atoms.	
However,	 supercell	 calculations	 are	 computationally	 de-
manding,	especially	for	large	and	complex	systems.		

Here,	we	introduce	an	alternative	approach	for	modeling	
disorder	 that	 proves	 to	 be	 an	 effective,	 semi-quantitative	
tool	 for	 predicting	 ordering	 trends.	 The	 CsCu5Se2S	 com-
pound	is	used	to	illustrate	the	process.	In	the	primitive	cell	
of	 the	 CsCu5Se2S	 compound,	 consisting	 of	 four	 formula	
units,	there	are	12	chalcogen	anions	with	8	sites	occupied	
by	Se	anions	and	the	remaining	4	sites	occupied	by	S	anions,	
assuming	a	fully	ordered	system.	To	mimic	disorder,	we	in-
troduced	variations	by	switching	Se	and	S	sites	within	or-
dered	configurations.	Although	there	are	495	possible	con-
figurations	(12	choose	4),	considering	symmetrically	equiv-
alent	arrangements,	we	identified	72	distinct	structures	and	
computed	 their	 total	 energies	 (Figure	 S6).	 Among	 these	
structures,	we	set	the	most	stable	ordered	configuration	as	
the	reference	structure,	where	all	Q1	sites	are	occupied	by	
S	anions	and	all	Q2	sites	are	occupied	by	Se	anions.	We	then	
calculated	the	difference	 in	energy	between	the	reference	
structure	and	alternative	configurations.		

 

Figure	9.	Illustration	of	switching	energies	(eV/primitive	cell)	

for	the	CsCu5Se2S	compound	when	one	pair	of	Se-S	anion	sites	

were	 switched.	 The	 primitive	 cell	 consists	 of	 four	 formula	

units.	The	reference	structure,	representing	the	most	stable	or-

dered	 configuration,	 is	 the	 fully	 ordered	 structure.	 The	

switched	anions	are	marked	with	magenta	arrows	in	the	four	

configurations.	

We	observed	that	switching	Se	and	S	anions	sites	led	to	
an	increase	in	total	energy.	As	shown	in	Figure	S6,	switching	
one,	 two,	 three,	 and	 four	 pairs	 of	 Se-S	 anions	 in	 the	
CsCu5Se2S	 resulted	 in	 total	 energy	 increases	 of	 approxi-
mately	0.2,	0.38,	0.55,	 and	0.70	eV/primitive	 cell,	 respec-
tively,	compared	to	the	most	stable	configuration.	This	indi-
cates	that	total	energy	increases	further	as	more	chalcogen	
anions	sites	are	switched,	indicating	a	statistical	preference	
for	single	pair	switching	rather	than	multiple	pairs.	In	this	
study,	we	define	switching	energy	as	the	total	energy	differ-
ence	between	the	most	stable	configuration	and	the	average	
of	the	single	pair	switching	configurations.	Higher	switch-
ing	energy	represents	a	stronger	tendency	for	Se	and	S	ani-
ons	 to	retain	 their	original	sites	(Se	anions	tending	to	oc-
cupy	Q2	sites,	while	S	anions	preferring	Q1	sites).	It	leads	to	
a	higher	degree	of	ordering	within	the	system.	Figure	9	il-
lustrates	the	switching	energies	of	CsCu5Se2S	when	one	pair	

of	Se-S	anion	sites	were	switched.	There	are	4	possible	con-
figurations	 with	 one	 pair	 of	 switching,	 and	 the	 averaged	
value	of	the	total	energy	change	(i.e.	switching	energy)	was	
determined	to	be	0.20	eV/primitive	cell.		

While	 our	 calculations	 only	 considered	 enthalpy	 in	 the	
DFT	 calculations,	 disregarding	 entropy	 contributions,	 it’s	
important	to	note	that	Gibbs	free	energy,	used	to	determine	
structure	 stability,	 has	 both	 enthalpy	 and	 entropy	 terms.	
Depending	 on	 temperature	 and	 entropy	 contributions,	
some	alternative	 configurations	may	become	more	 stable	
than	the	reference	structure,	resulting	in	a	disordered	sys-
tem.	By	calculating	averaged	switching	energies	of	mixed-
chalcogen	CsCu5Q2Q’	compounds	and	comparing	them,	we	
semi-quantified	the	ordering	trends.		

In	 Figure	 10,	 the	 primary	 y-axis	 shows	 the	 average	
switching	 energy	 calculated	 of	 the	 mixed-anion	 CsCu5Q3	
compounds	using	DFT	(eV),	and	the	secondary	y-axis	shows	
the	 corresponding	 ordering	 parameter	 (η).	 The	 averaged	
switching	energies	of	CsCu5Se2S,	CsCu5Te2Se,	and	CsCu5Te2S	
were	found	to	be	0.20,	0.25,	0.51	eV	per	primitive	cell,	re-
spectively.	The	calculations	correlate	well	with	the	experi-
mental	data,	showing	that	CsCu5Te2S	the	exhibits	the	high-
est	degree	of	ordering	while	CsCu5Se2S	shows	the	lowest	de-
gree	of	ordering.		

 

Figure	10.	Histograms	 showing	 the	 calculated	 switching	en-

ergy	(eV/cell)	for	the	CsCu5Q2Q'	compounds,	which	are	plotted	

on	the	primary	y-axis	(left).	Here,	Q’	represents	the	lighter	of	

the	two	chalcogens.		The	weighted	average	of	the	calculated	or-

der	parameter	(η)	for	the	corresponding	compounds	is	shown	

on	the	secondary	y-axis	(right).		

Additionally,	 we	 performed	 switching	 energy	 calcula-
tions	 for	 mixed-chalcogen	 NaCuZrQ2Q’	 compounds.	 The	
primitive	cell	of	these	compounds	consists	of	four	formula	
units,	with	8	anion	sites	occupied	by	Q	anions	and	the	re-
maining	4	sites	occupied	by	Q’	anions	in	an	ordered	system.	
Since	multiple	pairs	of	anion	switching	are	much	less	favor-
able	than	single	pair	switching,	we	computed	the	switching	
energies	 for	 NaCuZrTe2S	 and	 NaCuZrSe2S	 by	 considering	
one	pair	of	switching	and	averaging	the	switching	energies.	
The	 averaged	 switching	 energies	 for	 NaCuZrTe2S	 and	
NaCuZrSe2S	were	found	to	be	0.49	and	0.13	eV	per	primitive	
cell,	 respectively.	 Figure	 S7	 illustrates	 these	 averaged	
switching	energies,	showing	that	NaCuZrTe2S	exhibits	 the	
highest	 switching	 energy,	 while	 NaCuZrSe2S	 displays	 the	
lowest	among	 the	compounds.	This	ordering	of	 switching	
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energies	suggests	that	NaCuZrTe2S	has	the	highest	degree	
of	ordering,	with	the	larger	chalcogen	Te	preferring	to	oc-
cupy	 the	 Q2	 and	 Q3	 sites,	 while	 the	 smaller	 chalcogen	 S	
tends	to	occupy	the	Q1	sites.	Conversely,	the	switching	en-
ergy	of	NaCuZrSe2S	demonstrates	the	lowest	degree	of	or-
dering.	These	findings	are	in	good	agreement	with	experi-
mental	data,	which	revealed	that	in	NaCuZrTe2S,	the	Q2	and	
Q3	sites	are	fully	occupied	by	Te,	and	the	Q1	sites	are	92%	
occupied	by	S.	Similarly,	the	observed	lower	switching	en-
ergy	for	NaCuZrSe2S	aligns	well	with	experimental	results,	
where	the	Q2	and	Q3	sites	are	occupied	by	Se	with	91%	and	
75%	occupancy,	respectively,	while	the	Q1	sites	are	occu-
pied	by	S	with	65%	occupancy.	

CONCLUSION 

Multi-anion	materials	contain	metal	centers	with	distinct	
coordination	geometries	that	offer	chemists	additional	lev-
ers	for	tuning	properties.	While	mixtures	of	isovalent	ani-
ons	tend	to	form	solid	solutions	in	simple	crystal	systems,	
ordering	does	occur	in	structures	that	have	more	than	one	
crystallographically	 distinct	 anion	 site.	 In	 this	 report,	 we	
present	rules	and	guidelines	for	predicting	when	and	how	
anion	 ordering	 will	 occur	 in	 mixed-chalcogen	 materials.	
The	ordering	is	attributed	to	the	varying	size	and	bonding	
affinity	across	the	chalcogen	series,	and	the	degree	of	order-
ing	depends	on	the	distinctiveness	of	the	chemistry	at	the	
anion	sites,	and	additionally,	the	ratio	of	chalcogen	radii	in	
the	product.	Sulfotelluride	products	exhibit	the	largest	de-
gree	of	ordering,	and	additionally,	these	products	can	adopt	
structure	 types	 not	 found	 in	 the	 single-anion	 analogues.	
Here,	 rearrangement	 of	 polyhedral	 units	 enable	 stronger	
bonding	 interactions	 between	 the	 chalcogen	 anions	 and	
constituent	metals.	

From	 a	 synthetic	 perspective,	 the	 analysis	 provides	 a	
powerful	 framework	 for	 reverse-engineering	 solids	 with	
predetermined	arrangements	of	anions	and	targeted	bond-
ing	features.	The	strategy	exploits	the	wealth	of	single-an-
ion	structures	in	the	structural	databases,	providing	an	end-
less	library	of	substrates	for	exploring	multi-anion	phenom-
ena.	Although	the	proof-of-principle	study	focuses	on	metal	
chalcogenides,	we	believe	the	technique	will	prove	applica-
ble	to	a	variety	of	other	material	systems	and	accelerate	ex-
ploratory	efforts.			

EXPERIMENTAL 

Starting	Materials	and	Synthetic	Protocol.	All	manipu-
lations	 were	 performed	 in	 a	 N2-filled	 glovebox.	 Bismuth	
chunks	(Bi,	99.9%),	copper	chunks	(Cu,	99.999%),	selenium	
shot	 (Se,	 99.999%),	 sulfur	 flakes	 (S,	 99.999%),	 and	 tellu-
rium	shot	(Te,	99.999%)	were	purchased	from	American	El-
ements.	 Sodium	 chunks	 (Na,	 98%)	were	 purchased	 from	
Fisher	Scientific.	Cesium	metal	(Cs,	99.8%)	was	purchased	
from	Thermo	Scientific.	Barium	sulfide	(BaS,	99.9%),	 iron	
chips	 (Fe,	 99.98%),	 zirconium	 chunks	 (Zr,	 99%),	 and	 so-
dium	chloride	(NaCl,	99%)	was	purchased	from	Sigma-Al-
drich.	Prior	to	use,	sodium	chloride	was	placed	in	a	vacuum	
oven	for	24	h	at	523	K	to	remove	residual	water.		

Synthesis	of	Binary	Alkali	Chalcogenides.	Cs2Q	(Q	=	S,	Se,	
Te)	binary	precursors	were	prepared	by	reacting	Cs	metal	
with	 the	 respective	 chalcogen	 in	 liquid	 ammonia,	 as	

previously	described.	Approximately	20	g	of	the	targeted	bi-
nary	chalcogenide	was	prepared	in	each	reaction.	A	5%	ex-
cess	of	chalcogen	was	employed	to	prevent	the	presence	of	
unreacted	metal	in	the	final	product.	Moreover,	grinding	the	
chalcogen	precursor	into	a	fine	powder	helps	reduce	the	re-
action	time	and	improves	the	homogeneity	of	the	product.	
The	dried	binary	chalcogenides	were	stored	in	the	N2-filled	
glovebox	for	further	use.		

Synthesis	of	Mixed-Chalcogen	CsCu5Q3-xQ’	Compounds.	The	
CsCu5Se3,	 CsCu5Se2S,	 CsCu5Te2Se,	 and	 CsCu5Te2S	 com-
pounds	were	prepared	using	high-temperature	solid-state	
reactions	 of	 stoichiometric	 amounts	 Cs2Q,	 Cu,	 and	 addi-
tional	respective	chalcogens	aiming	for	a	total	mass	of	1	g.	
Keeping	 the	copper	 in	exact	stoichiometric	amount	 is	 im-
portant	to	avoid	the	formation	of	CsCu4Q3	phase.	Precursors	
were	loaded	into	a	carbon-coated	fused	silica	tubes	with	10	
mm	inner	diameter,	and	then	flame-sealed	under	dynamic	
vacuum	(10-3	Torr).	The	sealed	reaction	vessels	were	placed	
in	a	programmable	box	furnace	and	heated	to	723	K	at	a	rate	
of	100	K/h.	The	vessels	were	annealed	at	that	temperature	
for	10	h	to	allow	partial	reaction	of	the	chalcogen	precur-
sors.	The	 temperature	was	 then	ramped	 to	1123K	at	100	
K/h,	and	soaked	for	6	hours.	The	furnace	was	then	turned	
off	 and	 cooled	 to	 room	 temperature	 by	 radiative	 cooling.	
The	ampules	were	then	cracked	open	in	air,	revealing	ho-
mogenous	ingot	products.	The	ingot	was	broken	into	pieces	
and	black	plate-like	crystals	were	hand-picked	under	an	op-
tical	microscope	for	single-crystal	X-ray	diffraction	charac-
terization.	The	ingot	was	then	pulverized	into	a	fine	powder	
using	a	mortar	and	pestle	for	subsequent	powder	X-ray	dif-
fraction	characterization.		

Synthesis	 of	 BaCu4SeS2.	 Stoichiometric	 amounts	 of	 ele-
mental	precursors	(Ba,	Cu,	Se,	S)	were	loaded	into	a	carbon-
coated	 fused	 silica	 tube	with	10	mm	 inner	 diameter,	 and	
then	flame-sealed	under	dynamic	vacuum	(10-3	Torr).	The	
reaction	vessel	was	placed	in	a	programmable	box	furnace,	
ramped	to	723	K	at	a	rate	of	100	K/h	and	then	annealed	for	
5	 h.	 The	 furnace	was	 heated	 to	 1123	K	 at	 the	 same	 rate,	
soaked	for	5	h,	then	radiatively	cooled	to	room	temperature.		

Synthesis	 of	 Mixed-Chalcogen	 NaCuZrQ2Q’	 compounds.	
NaCuZrSe2S	 and	 NaCuZrTe2S	 were	 first	 synthesized	 in	 a	
NaCl	 flux	 to	produce	 crystal	 suitable	 for	SCXRD.	 Stoichio-
metric	amounts	of	Na,	Cu,	Zr,	and	targeted	chalcogens	(S,	Se,	
Te)	equaling	1	g	was	place	into	a	carbon-coated	fused	silica	
tube	in	a	N2-filled	glovebox.	2	g	of	dry	NaCl	was	then	loaded	
on	top	of	the	precursors,	and	the	tubes	were	sealed	under	
dynamic	vacuum	(10-3	Torr).	The	tubes	were	then	placed	in	
a	programmable	box	furnace	and	ramped	to	723	K	at	100	
K/h.	After	soaking	at	that	temperature	for	10	h,	the	furnace	
was	heated	to	1273K	for	complete	melt	of	the	NaCl	flux,	and	
soaked	at	that	temperature	for	24	hours.	The	reaction	was	
then	cooled	to	873K	at	a	rate	of	10	K/h,	and	then	the	furnace	
was	then	turned	off	and	the	samples	radiatively	cooled	to	
room	 temperature.	The	 reaction	ampules	were	broken	 in	
air,	and	the	needle	like	crystals	were	isolated	using	an	opti-
cal	 microscope	 for	 subsequent	 SCXRD	 characterization.	
Bulk	 powders	 of	 the	 samples	 were	 prepared	 using	 high-
temperature	solid-state	reaction	of	reaction	the	elemental	
precursors.	 In	 brief,	 stoichiometric	 amounts	 of	 elemental	
precursors	were	placed	in	carbon-coated	fused	silica	tubes,	
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sealed	under	dynamic	vacuum,	and	then	heated	using	the	
same	temperature	profile	as	the	flux	synthesis.	The	result-
ing	product	was	a	homogeneous-looking	lump,	which	was	
pulverized	with	a	mortar	and	pestle	for	subsequent	charac-
terization	using	powder	X-ray	diffraction.	

Synthesis	of	Ba2BiFeSe3S2.	Stoichiometric	amounts	of	ele-
mental	precursors	(Ba,	Fe,	Bi,	Se,	S)	were	loaded	into	a	car-
bon-coated	 fused	 silica	 tube	with	10	mm	 inner	diameter,	
and	then	flame-sealed	under	dynamic	vacuum	(10-3	Torr).	
The	reaction	vessel	was	placed	in	a	programmable	box	fur-
nace,	 ramped	 to	723	K	at	a	 rate	of	100	K/h	and	 then	an-
nealed	for	5	h.	The	furnace	was	heated	to	1073	K	at	the	100	
K/h,	annealed	for	96	h,	then	radiatively	cooled	to	room	tem-
perature.		

Single-Crystal	 X-ray	 diffraction.	 Suitable	 single	 crystals	
were	were	coated	with	Paratone	oil,	mounted	on	a	Nylon	
loop,	 and	 transferred	 to	 a	 ROD,	 Synergy	 Custom	 system,	
HyPix-Arc	150	diffractometer	at	40	kV	and	30	mA.	Frames	
were	collected	at	173K.	The	radiation	source	was	Cu	Kα	ra-
diation	(λ =1.5406	Å)	 for	all	samples.	Space-group	assign-
ments	 were	 based	 on	 systematic	 absences,	normalized	
structure	 factor	 statistics	(E	statistics),	 agreement	 factors	
for	equivalent	reflections,	and	successful	refinement	of	the	
structure.	 The	 structures	were	 solved	 by	 direct	methods,	
expanded	through	successive	difference	Fourier	maps	us-
ing	SHELXT,	and	refined	against	all	data	using	the	SHELXL-
2014	software	 package	 as	 implemented	 in	 Olex2.	
Weighted	R	factors,	Rw,	 and	 all	 goodness-of-fit	 indicators	
are	based	on	F2.	Summary	diffraction	and	refinement	statis-
tics	can	be	found	in	the	Supplementary	Tables.	

Powder X-ray Diffraction. For	 powder	 X-ray	 diffraction	
characterization,	ingot	products	were	pulverized	into	a	fine	
powder	using	an	agate	mortar	and	pestle.	The	phase	purity	
of	 the	 resulting	 bulk	 powder	 was	 then	 analyzed	 using	 a	
benchtop	Bruker	D2	PHASER	diffractometer	with	Cu	Kα	ra-
diation	(λ	=	1.5406	Å).		 

Density	Functional	Theory	Calculations.	In	this	study,	den-
sity	functional	theory	(DFT)	calculations63	were	conducted	
using	 the	Vienna	Ab-initio	Simulation	Package	(VASP)64-66	
with	 the	projector-augmented	wave	 (PAW)67	method	and	
plane-wave	basis	sets.	Since	it	is	challenging	to	directly	cal-
culate	 disordered	 systems,	we	 calculated	 switching	 ener-
gies	 to	 verify	 the	 anion	 ordering	 trends	 of	 CsCu5Q3	 and	
NaCuZrQ3	 compounds.	 Here,	we	 define	 the	 switching	 en-
ergy	as	a	total	free	energy	difference	between	the	most	sta-
ble	ordered	structure	and	alternate	configurations	resulting	
from	anion	site	exchanges	(S-Te,	Se-Te,	and	S-Se).	For	the	
total	 energy	 calculations,	 structure	 relaxation	 was	 per-
formed	using	the	revised	Perdew-Burke-Ernzerhof	for	sol-
ids	 (PBEsol)	 of	 the	 generalized	 gradient	 approximation	
(GGA)68	exchange-correlation	functional.	A	plane-wave	cut-
off	energy	of	520	eV	was	used,	and	the	k-points	were	evenly	
sampled	with	a	k-spacing	parameter	of	0.25.	Convergence	
of	cutoff	energy	and	k-spacing	were	checked,	ensuring	reli-
ability.	The	energy	and	force	convergence	thresholds	were	
set	to	10-5	eV	and	10-2	eV/Å,	respectively.	
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