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Abstract:	
The	Cu-exchanged	zeolite	SSZ-13	is	a	highly	active	material	in	the	selective	catalytic	
reduction	 of	 nitrogen	 oxides	 and	 the	 conversion	 of	 methane	 to	methanol.	 In	 this	
material	 a	 distribution	 of	 active	 sites	 is	 present	 and	 its	 characterization	 is	 a	 long	
standing	 challenge.	 In	 this	 contribution	 we	 combine	 molecular	 dynamics	
simulations	 and	 high-level	 first	 principles	 calculations	 to	 obtain	 accurate	 phase	
diagrams,	 photoabsorption	 and	 photoluminescence	 spectra	 of	 CuI	 sites	 in	 SSZ-13	
and	 compare	 them	 to	 specifically	 designed	 experimental	measurements.	We	 start	
our	analysis	by	using	molecular	dynamics	and	RPA	calculations	 to	calculate	phase	
diagrams	for	Cu	anchored	in	extra-framework	and	silanol	defect	sites.	Subsequently	
we	 combine	 molecular	 dynamics	 and	 a	 time-dependent	 hybrid	 Hartree-Fock	 like	
linear	 response	 scheme	 to	 calculate	 photoabsorption	 and	 photoluminescence	
spectra.	We	determine	that	at	low	temperatures	CuI	is	coordinated	to	multiple	H2O	
molecules.	 At	 elevated	 temperatures	 and	 low	 pressures	 all	 H2O	molecules	 desorb	
and	 CuI	 migrates	 to	 defect	 sites,	 as	 long	 as	 defects	 are	 present	 in	 the	 material.	
Theoretically	 predicted	 and	 experimentally	 measured	 optical	 spectra	 are	 in	
excellent	agreement.	Additionally	we	discuss	the	impact	of	defects	on	the	observed	
luminescence	spectra.	We	expect	 that	 the	methods	developed	here	will	be	used	to	
better	 understand	 the	 distribution	 of	 Cu	 sites	 in	 the	 zeolite	 SSZ-13	under	 various	
conditions.	 Further,	 this	 work	 sheds	 light	 on	 a	 potential	 role	 of	 defects	 in	 the	
coordination	 of	 CuI	 in	 deNOx-SCR	 in	 aged	 catalysts	 and	 helps	with	 understanding	
luminescence	spectra	of	transition	metal	sites	in	zeolites.	
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Introduction:	
With	the	introduction	of	Cu-exchanged	SSZ-13	as	industrial	catalyst	for	the	selective	
catalytic	 reduction	 of	 NOx	 in	 the	 presence	 of	 NH3	 in	 car	 exhaust	 after-treatment	
systems1,	 interest	 in	 transition	 metal	 exchanged	 zeolites	 has	 been	 reignited.	 Not	
only	are	these	zeolites	excellent	materials	in	deNOx-SCR,2,3	but	they	also	show	large	
promise	 in	the	direct	conversion	of	methane	to	methanol,4,5	 the	oligomerization	of	
hydrocarbons6,7	 and	 are	 promising	 photo-emitters.8,9	 It	 is	 safe	 to	 assume	 that	 the	
favorable	properties	of	these	materials	are	closely	linked	to	the	atomic	structure	of	
the	 active	 sites.	 In	 transition	metal	 exchanged	 zeolites,	 characterizing	 the	 atomic	
structure	of	the	active	sites	proves	to	be	particularly	difficult,	since	a	distribution	of	
active	 sites	 exists10–13	 depending	 on	 the	 framework	 type,	 stoichiometric	
composition,	 and	 the	 synthesis	 and	 preparation	 of	 the	 zeolite.14	 An	 unambiguous	
characterization	of	the	distribution	of	active	sites,	let	alone	the	identification	of	the	
active	and	inactive	parts	of	the	distribution	is	very	often	not	possible	using	only	one	
technique.	 	 Therefore,	 a	 combination	 of	 complementary	 techniques	 is	 required	 to	
obtain	a	detailed	understanding	of	the	atomic	structure	of	the	active	sites	in	zeolites.	
		
Over	the	past	few	years,	DFT	calculations	have	provided	significant	insights	into	the	
structure	of	active	sites	in	zeolite	SSZ-13.	Initially	simple	thermodynamic	arguments	
based	on	static	DFT	calculations	were	used	to	identify	the	most	stable	Cu	sites,10,15,16	
but	 soon	 it	 became	 clear	 that	 under	 ambient	 conditions	 several	 other	 factors	
influence	 site	 speciation.	 On	 one	 hand,	 a	 combination	 of	 molecular	 dynamics	
simulations	and	experimental	results	revealed	that	when	Cu	is	directly	bound	to	the	
zeolite	framework,	it	shows	a	significant	mobility	and	shifts	between	different	local	
minima.11,17,18	On	the	other	hand,	it	was	shown	that	molecules	such	as	H2O	and	NH3	
bind	 very	 strongly	 to	 the	 Cu	 monomers.13,18–23	 which	 leads	 to	 the	 formation	 of	
mobile	Cu-complexes	 inside	 the	 zeolite	 pore,	which	 are	 only	 loosely	bound	 to	 the	
framework.24	However,	 at	 increased	 temperatures	 or	 at	 lower	 gas	 concentrations,	
the	 coordination	 to	 the	 adsorbents	 is	 lost	 and	 Cu	 moves	 back	 into	 its	 extra	
framework	position.18,19,25	
	
To	take	these	phenomena	into	account,	Paolucci	et	al.	calculated	phase	diagrams	for	
various	 monomeric	 Cu	 sites	 in	 zeolite	 SSZ-13	 and	 could	 reproduce	 some	 of	 the	
experimentally	 observed	 trends.18	 However,	 the	 calculated	 phase	 diagrams	 were	
based	 on	 the	 assumption	 that,	 similar	 to	 adsorption	 on	metal	 surfaces,	molecules	
only	lose	a	fraction	of	their	translational	entropy	upon	adsorption	to	Cu.18,26	While	
this	 relationship	 was	 shown	 for	 the	 adsorption	 of	 single	 molecules	 in	 a	 narrow	
temperature	range,	rigorous	proof	of	this	assumption	for	the	adsorption	of	multiple	
molecules	over	a	wide	temperature	range	is	still	missing.	Some	of	us	therefore	chose	
a	more	conservative	approach	and	calculated	phase	diagrams	for	water	adsorption	
using	 static	 DFT	 calculations	 and	 finite	 temperature	 corrections	 based	 on	
vibrational	 frequencies.19	We	 furthermore	 used	 the	 calculated	 phase	 diagrams	 to	
assign	 experimentally	 observed	 IR	 spectra	 of	 the	 materials,	 but	 an	 unambiguous	
assignment	 of	 experimental	 features,	 and	 therefore	 conclusive	 evidence	 for	 the	
validity	 of	 the	 calculated	 phase	 diagrams,	 was	 not	 possible	 due	 to	 the	 inherent	
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complexity	of	the	material.	
		
As	shown	by	the	discussion	above,	assessing	the	reliability	of	 the	calculated	phase	
diagrams	is	a	crucial	aspect	for	their	further	application	and	can	only	be	achieved	by	
directly	 comparing	 predictions	 to	 experimental	 results.	 Optical	 spectroscopy	 is	 a	
method,	which,	after	the	pioneering	work	of	Klier	et	al.	in	the	late	1970s	and	1980s,	
has	been	used	to	characterize	copper	sites	in	different	zeolite	structures.27,28	Today,	
optical	spectroscopy	is	a	routine	characterization	technique,29–31	but	so	far	only	few	
theoretical	 studies	have	been	performed	 in	 this	 area.32–35	These	either	 focused	on	
density	 functional	 theory-based	 calculations,	 which	 in	 principle	 are	 not	 able	 to	
describe	excited	states	correctly,32,34	or	used	a	small	cluster	model,33	which	neglects	
the	complexity	of	the	zeolite	framework.	Only	in	recent	work	the	rapid	coordination	
changes	of	Cu-cations	 in	zeolites11,17	have	been	 included35	and	so	 far	coordination	
changes	 in	 the	 presence	 of	 water18–20,22	 have	 been	 neglected	 in	 spectroscopic	
assignments.	 Furthermore,	 optical	 spectra	 have	 never	 been	 correlated	 to	
theoretically	calculated	phase	diagrams.	
	
In	 this	 contribution	 we	 use	 a	 combination	 of	 ab-initio	 molecular	 dynamics	
simulations	 and	 post-DFT	 calculations	 to	 calculate	 temperature	 dependent	 free	
energies	of	monovalent	Cu	sites	anchored	at	extra	framework	positions	and	silanol	
defects	in	the	zeolite	SSZ-13.	Subsequently,	we	use	the	free	energies	to	obtain	phase	
diagrams	 and	 calculate	 absorption	 and	 luminescence	 spectra	 for	 the	 most	 likely	
sites	 in	 a	 given	 temperature/pressure	 range.	 We	 furthermore	 design	 an	
experimental	 approach	 that	 allows	 for	 direct	 comparison	 with	 theoretical	
calculations	 and	 find	 excellent	 agreement	 between	 theory	 and	 experiment.	
Interestingly,	we	determine	that	Cu	migrates	from	extra	framework	sites	to	silanol	
defects	 at	 high	 temperatures.	 We	 also	 discuss	 implications	 of	 our	 findings	 for	
catalysis	and	optical	applications	of	transition	metal	exchanged	zeolites.		
	
The	System:	
The	 goal	 of	 this	 work	 is	 to	 have	 a	 fully	 integrated	 experimental	 and	 theoretical	
approach,	 which	 requires	 the	 detailed	 design	 of	 a	 combined	 experimental	 and	
theoretical	 strategy	 to	 provide	 comparability	 and	 unambiguous	 assignments	 of	
spectroscopic	features.	SSZ-13	is	an	ideal	model-system	for	zeolite	catalysis,14	since	
it	is	a	material	in	the	chabazite	framework	(displayed	in	Fig.	1),	which	is	the	zeolite	
with	the	smallest	primitive	unit	cell.	Like	all	other	zeolites	it	is	composed	of	corner-
sharing	SiO4-tetrahedra	(T-sites).	 It	has	12	symmetrically	equivalent	T-sites	 in	 the	
primitive	unit	cell,	which	form	a	double	six-membered	prism.36	Substituting	Si	with	
Al	 activates	 the	 framework	 and	 creates	 a	 local	 negative	 charge,	 which	 is	
compensated	for	by	countercations.	Extra	framework	species	can	either	be	located	
in	 the	 six-ring	 or	 eight-ring	 (displayed	 in	 Fig.	 1)	 and	 their	 stability	 is	 typically	
determined	by	the	position	of	the	Al	atoms.10,12,19	While	the	local	distribution	of	Al	
can	be	highly	 complex	at	 low	Si/Al	 ratios,	 at	high	Si/Al	 ratios	a	majority	of	 the	Al	
atoms	will	be	 isolated,	 a	 situation	we	model	here37.	We	will	 furthermore	consider	
silanol	defects	created	by	substituting	one	Si4+	atom	by	 four	H+	(d4H,	displayed	 in	



	 4	

Fig.	 1)	 or	 two	 Si	 atoms	 and	 an	 O	 atom	 by	 6	 H+	 (d6H,	 displayed	 in	 Fig.	 1).	
Furthermore,	 all	 calculations	 were	 performed	 using	 the	 primitive	 rhombohedral	
unit	cell,	periodic	boundary	conditions	and	the	Vienna	Ab-Initio	Simulation	Package	
(VASP)38,39.		

	
Figure	1:	The	structure	of	SSZ-13,	a	zeolite	in	the	chabazite	framework,	is	displayed	on	the	left	
hand	side.	In	this	system	two	different	extra	framework	sites	for	Cu	cations	exist,	one	in	a	six-
member	ring	(6R),	shown	on	the	right	hand	side	at	the	top,	and	one	in	an	eight-member	ring	
(8R),	shown	in	the	right	hand	side	 in	the	middle).	 In	our	calculations	we	also	 investigate	the	
impact	of	silanol	defects	when	one	Si4+	atom	is	substituted	by	4	H+	(d4H)	or	two	Si4+	atoms	and	
one	O2-	are	substituted	by	6H+	(d6H).	Si	atoms	are	displayed	as	yellow,	O	atoms	as	red,	and	H	
atoms	as	white	spheres.	

Phase	diagrams:	
Recent	 work	 indicates	 that	 the	 oxidation	 state	 of	 Cu	 will	 depend	 on	 the	 exact	
environment,	 i.e.,	 the	 presence	 of	 different	 gases	 such	 as	 H2O	 and	 O2	 and	 the	
temperature.18,19,22	 To	 calculate	 the	 phase	 diagram,	 we	 include	 Cu	 sites	 as	 extra	
framework	(Cu-EF)	atoms	close	to	one	Al	atom	and	bound	to	the	defect	site	with	up	
to	six	adsorbed	H2O	molecules	located	in	the	periodic	zeolite	framework.	While	Cu	
in	the	Cu-EF-6R	and	Cu-EF-8R	is	exchanged	for	H+	and	binds	to	activated	O	atoms	
next	 to	Al,	we	exchange	one	 to	 three	H	atoms	 from	the	single	 silanol	 (Cu-d3H-Cu-
d1H)	defect	and	one	H	atom	from	the	double	silanol	defect	(Cu-d5H)	for	Cu	to	allow	
for	a	direct	bond	between	O	and	Cu.	For	Cu-EF-6R,	Cu-EF-8R,	Cu-d3H	and	Cu-d5H,	
where	Cu	is	exchanged	for	one	H+,	this	leads	to	CuI,	while	CuII	is	formed	for	Cu-d2H,	
where	two	H+	are	exchanged.	For	Cu-d1H,	where	Cu	is	exchanged	for	three	H+,	CuI	
and	a	bond	between	two	adjacent	O	atoms	are	formed.	Subsequently,	we	will	refer	
to	Cu	in	the	different	structures	as	X-mH2O,	where	X	stands	for	the	type	of	site	(i.e.	
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Cu-EF,	 Cu-d1H-Cu-d3H,	 Cu-d5H)	 and	m	 stands	 for	 the	 number	 of	 adsorbed	water	
molecules.	All	the	corresponding	structures	are	displayed	in	Fig.	2.		

	
Figure	 2:	 In	 the	 calculated	 phase	 diagrams	 we	 study	 extra-framework	 sites	 with	 up	 to	 six	
adsorbed	H2O	molecules,	silanol	defects	saturated	with	three,	two	or	one	H	atom	and	one	Cu	
atom	with	up	to	four	H2O	molecules	adsorbed	as	well	as	double	Si-defects	with	up	to	two	H2O	
adsorbed.	Extra-framework	sites	are	labeled	by	the	number	of	adsorbed	water	molecules	(Cu-
EF+mH2O).	Defect	sites	are	labeled	following	the	number	of	H	atoms	as	Cu-d3H	(1	Si	removed,	

Cu-EF+0H2O	 Cu-EF+1H2O	 Cu-EF+2H2O	 Cu-EF+3H2O	

Cu-EF+4H2O	 Cu-EF+5H2O	 Cu-EF+6H2O	

Cu-d3H+0H2O	 Cu-d3H+1H2O	 Cu-d3H+2H2O	 Cu-d3H+3H2O	 Cu-d3H+4H2O	

Cu-d2H+0H2O	 Cu-d2H+1H2O	 Cu-d2H+2H2O	

Cu-d1H+0H2O	 Cu-d1H+1H2O	 Cu-d1H+2H2O	

Cu-d5H+0H2O	 Cu-d5H+1H2O	 Cu-d5H+2H2O	
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3H),	 Cu-d2H	 (1	 Si	 removed,	 2H),	 Cu-d1H	 (1	 Si	 removed,	 1H)	 and	 Cu-d5H	 (2Si	 and	 one	 O	
removed,	5H).	In	atomic	representations	Si	is	shown	as	yellow,	O	as	red,	Al	atoms	as	grey-blue,	
and	Cu	in	blue,	respectively.	

Next,	we	focus	on	the	thermodynamics.	In	the	past	it	has	been	pointed	out	that	Cu	
atoms	are	highly	mobile	inside	the	zeolite11,17.	At	a	certain	coverage	of	H2O	or	NH3,	
copper	 becomes	 solvated	 and	 also	 the	 adsorbed	 molecules	 show	 a	 significant	
mobility.18–20,22,24	 It	 has	 therefore	 been	 suggested	 that	 static	 calculations	 cannot	
accurately	 capture	 the	 temperature	 dependence	 of	 the	 thermodynamic	 potentials,	
such	as	the	specific	heat	(cV)	and	entropy	(S).	To	address	this	problem	we	perform	
ab-initio	molecular	 dynamics	 calculations	 as	 implemented	 in	 the	 Vienna	 Ab-Initio	
Simulation	Package	(VASP)	for	all	structures	using	the	PBE-TS40,41	functional	at	300	
K,	 400	 K,	 500	 K,	 600	 K,	 700	 K	 and	 800	 K	 (for	 details,	 see	methods	 section)	 and	
calculate	the	temperature	dependent	Helmholtz	free	energy	A(T)	as42	

A(T ) = E(T )+ 1
β
exp(βΔE

T

eq( ) .	
Here	β	stands	for	1/kBT,	and	the	term	in	angle	brackets	denotes	the	time	average	for	
the	 system	 equilibrated	 at	 temperature	 T.	 E(T)	 is	 the	 average	 potential	 energy	
calculated	as	ensemble	average	over	 the	DFT	potential	energies	and	ΔE	 stands	 for	
the	 difference	 between	 the	 average	 potential	 energy	 and	 DFT	 potential	 energies	
calculated	 at	 each	 step	 along	 the	MD	 trajectory.	 In	 a	 subsequent	 step	we	 rewrite	
A(T)	as	

A(T ) = E(0)+ (cv − S)T ,	
Here	cV	is	the	heat	capacity	of	the	system	at	constant	volume	and	S	is	the	entropy	of	
the	 system.	We	 furthermore	 calculate	U(T),	 the	 internal	 energy	 of	 the	 system,	 as	
average	over	kinetic	and	potential	energies	and	use	the	relation	

U (T ) = E(0)+ cvT 	
to	extract	both,	cv	and	S	from	A(T)	and	U(T).	Numerical	values,	plots,	and	linear	fits	
for	all	studied	sites	and	reference	states	are	given	in	SI,	Fig.	S1,	while	we	focus	on	
Cu-EF,	Cu-d3H	and	Cu-d5H	in	the	subsequent	discussion.	
A	and	U	show	an	almost	perfect	linear	dependence	(R2>0.98)	on	temperature	for	all	
studied	 configurations	 (see	 SI	 Fig.	 S1).	 At	 the	 same	 time,	 we	 find	 significant	
differences	 in	 the	 temperature	 dependence	 of	 A	 and	 U	 for	 sites	 at	 the	 different	
anchoring	 points	 and	 with	 the	 number	 of	 adsorbed	 H2O	 molecules,	 which	 is	
reflected	in	differences	for	cv,	S	and	cv-S.	cv	(see	Fig.	3	(a))	generally	increases	with	
the	number	of	H2O	molecules.	However,	the	increase	is	not	linear	and	a	particularly	
large	increase	is	found	for	Cu-d3H	when	moving	from	zero	to	one	H2O	molecule	and	
for	 Cu-EF	when	moving	 from	 two	 to	 three	H2O	molecules	 and	Cu-d5H	 in	 general.	
Additionally	 cv	 is	 generally	 higher	 for	 the	 defect	 anchored	 copper,	 which	 is	 not	
surprising	 considering	 the	 presence	 of	 several	 OH	 bonds,	 which	 show	 very	 high	
vibrational	frequencies.	Interestingly	S	shows	an	almost	perfect	linear	increase	with	
adsorbed	water	molecules	 for	 all	 sites.	 Only	 when	moving	 between	 one	 and	 two	
adsorbed	H2O	molecules	for	Cu-d5H,	deviations	from	the	linear	behavior	are	found	
(see	Fig.	3	(b)).	Combining	cv	and	S	now	gives	the	temperature	dependence	of	A	(Fig.	
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3	(c)).	Generally	we	find	an	increase	of	cv–S	with	the	number	of	water	molecules.	As	
the	previously	discussed	values	for	cv	and	S	imply,	this	increase	is	not	monotonous.	

	
Figure	 3:	We	 calculate	 the	 temperature	 dependent	 internal	 energy	 (U)	 and	Helmholtz	 free	
energy	(A).	Studying	the	temperature	dependence	of	these	quantities	allows	us	to	extract	the	
specific	 heat	 (cV;	 panel	 a),	 the	 entropy	 (S;	 panel	 b)	 and	 temperature	 dependence	 of	 A	 (cv-S;	
panel	c).	These	quantities	are	shown	for	the	Cu	extra	framework	(Cu-EF,	blue	squares	and	blue	
dashed	 lines),	Cu-d3H	sites	(green	squares	and	green	dashed	 lines)	and	Cu-d5H	(red	squares	
and	red	dashed	lines)	with	respect	to	the	number	of	adsorbed	H2O	molecules.	Furthermore	the	
cv,	S	and	cv-S	values	for	the	reference	states	of	an	H-saturated	Al	site	(EF-H),	single	defect	site	
(d4H)	and	double	defect	site	(d6H)	are	shown	as	reference.	A(T)	and	U(T)	along	with	values	
for	d2H	and	d1H	sites	are	shown	in	Supporting	Information	Fig.	S1.	

So	far	the	discussion	was	focused	on	the	temperature	dependence	of	U	and	A,	which	
were	calculated	using	the	PBE-TS	functional.	At	the	same	time	it	is	well	known	that	
GGA	 functionals,	 such	 as	 PBE,	 are	 not	 well	 suited	 to	 accurately	 describe	 the	
interactions	 between	 single	 Cu	 atoms	 and	 molecules.15	 We	 therefore	 rely	 on	 the	
Adiabatic	 Connection	 Fluctuation	 Dissipation	 Theorem	 in	 its	 Random	 Phase	
Approximation	 (RPA),43	 a	 high	 level	 post-DFT	method,	 which	 has	 been	 shown	 to	
lead	to	more	reliable	energies	for	similar	systems,44,45	and	correct	the	energies	as	

.	
Here	 U	 indicates	 the	 temperature	 dependent	 internal	 energy,	 while	 E	 indicates	
values	obtained	from	static	calculations	for	optimized	structures.	ARPA(T)	is	obtained	
as	described	above.	
	
To	 compare	 the	 relative	 stability	 of	 Cu	 in	 its	 different	 bonding	 environments,	we	
focus	on	μCu,	the	chemical	potential	of	copper,	which	is	calculated	as	

	
Here	C	stands	for	the	given	structure,	ref	for	its	reference	state	(e.g.	the	zeolite	unit	
cell	containing	Al	and	one	proton	or	a	defect),	m	for	the	number	of	adsorbed	water	
molecules,	 k	 for	 the	 number	 of	 removed	 hydrogen	 atoms,	𝜇!!!	for	 the	 chemical	
potential	of	H2O	and	𝜇!! 	for	the	chemical	potential	of	O2,	which	we	use	as	reference	
gases.	Additionally	we	calculate	cv	and	S	for	the	gas	phase	molecules	O2	and	H2O	as	
described	 above,	 whereby	 the	 pressure	 dependence	 of	 the	 gas	 phase	 chemical	
potentials	is	introduced	by		

𝜇!,!(𝑇,𝑃) = 𝐴!(𝑇)+ 𝑘!𝑇ln 𝑃!,!/𝑃! ,	

(a) (b) (c)

Cu-EF	Cu-d3H	

Cu-d3H	

Cu-d3H	

Cu-EF	

Cu-EF	

d4H	

6R-H	

d4H	

6R-H	

d4H	

6R-H	
d6H	

d6H	

Cu-d5H	

Cu-d5H	

Cu-d5H	 d6H	

U RPA(T ) = ERPA +U PBE (T )− EPBE

µC
Cu (T ,P) = AC (T )− Aref (T )− 2m− k

2
µH2O (T ,P)− k

4
µO2 (T ,P)
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where	 M,	 g	 stands	 for	 the	 molecule	 M	 in	 gas	 phase,	 PM,g	 stands	 for	 the	 partial	
pressure	of	molecule	M	in	the	gas	phase	and	P0	is	a	reference	pressure	of	1	bar.	Since	
experimental	measurements	were	performed	under	 vacuum,	we	keep	 the	 relative	
ratios	 of	 𝑃!!! 	and	 𝑃!! 	constant	 at	 e4,	 which	 corresponds	 to	 relative	 partial	
pressures	of	O2	and	H2O	in	air.		
	
In	a	subsequent	step	we	use	μCu	and	calculate	phase	diagrams	for	two	scenarios,	one	
where	no	defects	are	present	and	another	one	where	defects	as	anchoring	points	for	
Cu	were	 included.	 The	 corresponding	 results	 are	 displayed	 in	 Fig.	 4.	 For	 the	 case	
where	 only	 extra	 framework	 Cu	was	 allowed	 (Fig.	 4	 (a)),	 it	 can	 be	 seen	 that	 -	 as	
expected	-	Cu	hydrated	with	six	H2O	molecules	 is	most	stable	at	 low	temperatures	
and	high	H2O	partial	pressures.	However,	as	soon	as	temperature	is	 increased	and	
the	 partial	 pressure	 of	 H2O	 becomes	 lower	 Cu-EF-2H2O	 becomes	 the	most	 stable	
structure.	Only	at	high	temperatures	and	low	H2O	partial	pressures	all	H2O	desorbs	
from	Cu	and	Cu-EF-0H2O	is	most	stable.	At	low	temperatures	and	high	water	partial	
pressures	the	phase	diagram	does	not	change	when	defects	are	included	(see	Fig.	4	
(b)).	However,	at	rather	elevated	temperatures	and	 low	H2O	partial	pressures,	Cu-
d5H-0H2O	 becomes	 favorable.	 These	 results	 clearly	 indicate	 that	 at	 elevated	
temperatures	and	low	partial	H2O	pressures	Cu	will	migrate	to	framework	defects,	
as	 long	as	 they	are	present	 in	 the	material.	At	 the	 same	 time,	Cu	 in	 the	 single	Cu-
d3H,	Cu-d2H	or	Cu-d1H	defect	positions	is	never	found	to	be	stable.	

	
Figure	 4:	 We	 used	 A(T)	 values	 to	 calculate	 phase	 diagrams	 (a)	 without	 defects	 and	 (b)	
including	defects.	The	different	colors	 in	 the	phase	diagrams	correspond	 to	areas	 in	 the	T/P	
space	 of	 lowest	 A(T)	 of	 the	 site	 given	 in	 the	 legend.	 Dashed	 lines	 indicate	 pretreatment	
temperatures	of	573	K	and	723	K.	

Absorption	spectra	
Experimental	measurements:	
To	 allow	 for	 comparability	 between	 theoretical	 calculations	 and	 experimental	
measurements,	we	synthesized	two	different	zeolite	samples	with	Si/Al	ratios	of	35.	
The	high	Si/Al	ratio	is	chosen	to	obtain	isolated	Al	atoms	and	minimize	the	pairing	
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of	 Al	 atoms	 in	 the	 framework.	 Firstly,	 we	 followed	 the	 fluorine	 route	 (material	
obtained	denoted	as	SSZ-13-F),	which	is	used	to	synthesize	highly	crystalline	SSZ-13	
with	a	low	concentration	of	framework	defects	at	high	Si/Al	ratios46.	In	the	second	
case,	we	 followed	 the	most	 frequently	used	 synthesis	 route	using	NaOH	 (material	
obtained	 denoted	 as	 SSZ-13-OH),47	 which	 is	 associated	 with	 the	 formation	 of	 a	
larger	 number	 of	 framework	 defects.	 The	 as-synthesized	 SSZ-13-OH	 zeolite	 was	
washed	 and	 treated	 in	 ammonia,	 a	 process	 used	 to	 exchange	 Na+	ions	 with	 NH4+	
ions.	Then	the	zeolite	was	calcined	to	desorb	NH3	and	generate	the	protonated	form	
of	 the	 material.	 Subsequently	 solid-state-ion-exchange	 was	 performed	 for	 both	
materials	 using	 Cu(I)Cl	 as	 Cu(I)	 precursor	 to	 create	 Cu(I)	 extra	 framework	
species.29,48,49	 	Additionally,	we	treated	the	material	with	hydrogen	at	773 K	for	3h	
to	remove	excess	Cl.	Finally,	the	materials	were	treated	under	vacuum	(10-2	mbar)	
at	 573	 K	 or	 723	 K	 for	 24	 h.	 For	 absorption	 measurements	 the	 samples	 were	
transferred	to	a	glove	box	(<	1ppm	H2O	and	O2)	and	spectra	were	recorded	after	5	
minutes.	Results	for	both	samples,	SSZ-13-F	and	SSZ-13-OH,	are	displayed	in	Fig.	5	
(a)	and	(b),	respectively.	After	pretreatment	at	573	K	spectra	for	both	samples	are	
very	similar	and	show	a	main	peak	centered	around	42500	cm-1	(blue	 line	Fig.	5).	
When	the	samples	are	pretreated	at	723	K,	a	second	peak	centered	around	30600	
cm-1	appears,	and	significant	differences	between	spectra	for	SSZ-13-F	and	SSZ-13-
OH	can	be	observed.	For	 the	SSZ13-OH	sample	 this	peak	has	an	 intensity	of	about	
1/3-1/4	 of	 the	main	 peak.	 For	 the	 SSZ-13-F	 sample,	 on	 the	 other	 hand,	 this	 peak	
only	appears	as	a	weak	shoulder.	At	the	same	time	we	do	not	observe	any	significant	
spectroscopic	 features	 in	 the	 5000	 cm-1-20000	 cm-1	 range,	 which	 have	 been	
associated	with	 the	 presence	 of	 Cu(II)	 or	 Cu	 dimers	 in	 the	 past35,50.	We	 therefore	
conclude	that	these	sites	are	at	best	a	minority	species	in	the	present	material.	We	
furthermore	 exclude	 the	 presence	 of	 Cu0,	 which	 has	 not	 been	 observed	 for	
temperature	programmed	reduction	of	Cu-SSZ13	with	H2	up	to	873	K51.	
	
Additionally	we	were	interested	in	the	impact	of	the	glove	box	atmosphere	at	room	
temperature	on	the	samples.	We	therefore	studied	the	time	evolution	of	the	spectra	
after	pretreatment	at	723	K	and	measured	absorption	spectra	for	both	samples	after	
1	h,	24	h	and	13	days	in	a	glove	box	atmosphere,	which	are	displayed	in	Fig.	S2	(a)	
and	 (b),	 respectively.	 	 We	 observe	 that	 the	 low	 energy	 peak	 stays	 constant	 in	
relative	intensity	for	about	one	day,	after	two	weeks	it	either	completely	disappears	
(SSZ13-F)	 or	 loses	 about	 half	 of	 its	 intensity	 (SSZ13-OH).	 At	 the	 same	 time,	weak	
features	 in	 the	 5000	 cm-1-20000	 cm-1	 range	 appear	 over	 time	 which	 have	 been	
associated	with	the	formation	of	Cu(II)-OH	or	Cu	dimers35,50.	
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Figure	5:	Absorption	spectra	for	two	SSZ-13	materials	at	Si/Al=35	synthesized	(a)	using	the	
fluoride	 route	 (SSZ-13-F)	 and	 (b)	 conventional	 synthesis	 using	 NaOH	 (SSZ-13-OH).	 Spectra	
collected	after	exposure	to	the	glove-box	atmosphere	for	5	minutes	after	vacuum	treatment	at	
573	K	(blue	line)	and	723	K	(red	line)	are	displayed.		

Calculated	spectra	and	assignment	of	experimental	features:	
The	 observed	 experimental	 absorption	 spectra	 between	 the	 two	 materials	 differ	
significantly;	we	rely	on	our	theoretical	calculations	to	make	relevant	assignments.	
Due	to	the	computational	cost	associated	with	the	calculation	of	optical	spectra,	we	
focus	our	analysis	on	four	different	sites,	which	were	predicted	to	be	most	stable	at	
low	partial	H2O	pressures	in	the	phase	diagrams	discussed	above	(Cu-EF-0H2O,	Cu-
EF-2H2O,	Cu-d5H-0H2O	and	Cu-d5H-1H2O).	As	 a	 first	 step	we	 focused	on	 the	 fully	
periodic	 structures	 optimized	 using	 PBE-TS	 and	 calculated	 optical	 excitation	
energies	 within	 a	 time	 dependent	 Hartree-Fock	 like	 linear	 response	 scheme.52	 In	
our	approach	the	ground	state	orbitals	were	determined	using	hybrid	Hartree-Fock	
density	 functional	 theory	calculations	 (TD-HSE)	and	 the	electron-hole	 interactions	
were	approximated	by	a	screened	Coulomb	kernel	using	a	mixing	parameter	α=0.4	
(TD-HSE).	This	α	value	agrees	well	with	literature	values	for	[CuCl4]53.	More	details	
motivating	this	choice	are	given	 in	the	theoretical	methods	section.	We	performed	
three	different	calculations	for	each	structure,	one	using	spin-orbit	coupling	(SOC)54	
to	identify	all	possible,	optically	active	transitions,	one	calculation	without	enabling	
singlet-triplet	 transitions	 and	 one	 calculation	 enabling	 singlet-triplet	 transitions.	
The	 results	 for	 all	 structures	 are	 shown	 in	 Fig.	 S3.	 In	 Fig.	 S3	 the	 spectra	without	
singlet-triplet	 transitions	 show	 excellent	 agreement	 with	 the	 spectra	 calculated	
using	SOC.	However,	for	almost	all	structures,	the	weak	intensity	centered	between	
30000	cm-1	and	35000	cm-1	found	in	SOC	calculations	is	not	correctly	described	in	
calculations	without	including	SOC	corrections	and	singlet-triplet	transitions.	Thus,	
we	 included	 singlet-triplet	 transitions	 into	 the	 calculations	 as	 a	 next	 step.	 This	 is	
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possible	 by	 removing	 the	 Hartree	 part	 of	 the	 electron-hole	 Hamiltonian	 (i.e.,	 the	
bubble	diagrams),	when	calculating	the	excitation	energy	using	the	TD-HSE	scheme.	
Calculations	 explicitly	 including	 singlet-triplet	 transitions	 correctly	 predict	 this	
specific	transition.	Combining	these	pieces	of	information	reveals	that	the	observed	
spectra	correspond	to	the	five	3d	4s	singlet-singlet	transitions,	which	are	optically	
forbidden	for	perfect	symmetry,	but	become	optically	active	due	to	the	distortion	of	
the	ligand	field	and	one	singlet-triplet	transition.	
		
However,	these	static	calculations	correspond	to	a	system	at	0	K,	whereas,	as	shown	
above,	 at	 finite	 temperature,	 Cu	 changes	 its	 coordination	 regularly.	 To	 take	 this	
effect	 into	 account,	 we	 use	 the	 trajectory	 obtained	 from	 ab-initio	 molecular	
dynamics	simulations	at	300	K.	For	 the	obtained	structures	 the	optical	absorption	
spectrum	 was	 calculated	 as	 an	 average	 of	 the	 spectra	 of	 a	 set	 of	 structural	
snapshots55.	 We	 performed	 convergence	 tests	 with	 the	 number	 of	 structural	
snapshots	 and	we	 again	 perform	 calculations	 including	 and	 not	 including	 singlet-
triplet	 transitions	 for	each	structure.	We	found	reasonably	well-converged	spectra	
for	300	structures	(the	convergence	tests	are	shown	in	the	supporting	information	
Fig.	S4),	and	the	obtained	spectra	are	displayed	in	Fig.	S5	of	SI.	Static	and	dynamic	
spectra	show	similar	 features	 (see	SI,	Fig.	S3),	but	 significant	broadening	with	 the	
main	maxima	red-shifted	by	about	1000	cm-1	is	observed,	if	dynamics	are	taken	into	
account.	
		
We	focus	our	analysis	on	the	structures	most	prevalent	in	the	phase	diagrams	of	Fig.	
4.	 The	 calculated	 spectra	 for	 the	 Cu-EF+2H2O,	 Cu-d5H+1H2O	 sites	 at	 finite	
temperature	 are	 shown	 in	 Fig.	 6.	 As	 shown	 above,	 for	 all	 three	 spectra	 a	 singlet-
triplet	 and	 a	 triplet-triplet	 transition	 are	 optically	 active.	We	 choose	 the	 simplest	
approach	and	focus	on	two	different	transitions,	i.e.	the	singlet-singlet	transition	for	
Cu-EF+2H2O	 and	 singlet-triplet	 transitions	 of	 Cu-d5H+1H2O	 to	 reconstruct	 the	
spectra	 (the	 exact	 weights	 are	 given	 in	 the	 figure	 caption	 of	 Fig.	 6)	 and	 indeed	
excellent	 agreement	 is	 found	 between	 the	 experimentally	 observed	 spectra	 five	
minutes	after	vacuum	treatment	at	573	K	(Fig.	6	(a)	and	723	K	(Fig.	6	(b)).	A	closer	
analysis	reveals	that	the	main	peak	at	~42500	cm-1	results	from	a	singlet-singlet	d-s	
transition	for	the	8R+2H2O	structure.	The	side	peak,	however,	directly	results	from	
the	singlet-triplet	transitions	at	Cu-d5H+1H2O.	The	modeled	spectra	show	excellent	
qualitative	and	quantitative	agreement	with	errors	of	70	cm-1	for	the	main	peak	and	
and	480	cm-1	for	the	side	peak	in	spectra	after	pretreatment	at	723	K.		
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Figure	 1:	 A	 comparison	 between	 experimentally	 measured	 absorption	 spectra	 after	
pretreatment	at	(a)	573	K	and	(b)	723	K	and	5	minutes	exposure	to	glove-box	atmosphere	(left	
lt	panels)	and	theoretical	spectra	for	the	Cu-EF+2H2O,	and	Cu-d5H+1H2O	(right	panels).	In	the	
middle	panels	experimental	and	theoretical	spectra	are	compared.	Theoretical	spectra	are	(a)	
spectra	for	the	singlet-singlet	transition	for	Cu-EF-2H2O	or	(b)	spectra	for	obtained	by	mixing	
1.6%/98.4%	 of	 spectral	 signals	 of	 Cu-d5H+1H2O-t/Cu-EF+2H2O-s,	 where	 s	 denotes	 singlet-
singlet	 transitions	and	t	denotes	 singlet-triplet	 transitions,	 for	SSZ-13-F	and	4.6%/95.6%	for	
SSZ-13-OH.	 A	 detailed	 decomposition	 of	 the	 theoretical	 spectra	 is	 shown	 in	 supporting	
information	 Fig.	 S4.	 Light/dark	 colors	 in	 the	 theoretical	 spectra	 correspond	 to	 singlet-
triplet/singlet-singlet	 transitions.	 The	 color	 code	 in	 the	 atomistic	 pictures	 in	 the	 far	 right	
corresponds	to	Fig.	1	and	Fig.	2.	
	
An	 alternative	 explanation	 for	 the	 presence	 of	 an	 additional	 peak	 in	 SSZ-13-OH	
would	 be	 the	 existence	 of	 Cu	 sites	 in	 proximity	 to	 two	 Al	 atoms	 (CuI-2Al),	 a	
configuration	related	to	the	amount	of	Na	cations	during	synthesis.	To	exclude	this	
possibility	we	model	the	UV-vis	spectrum	for	this	site	(a	detailed	discussion	is	given	
in	the	SI,	section	S4)	and	find	that	UV-vis	spectra	for	CuI-2Al	cannot	rationalize	the	
observed	peaks	at	30600	cm-1	and	42500	cm-1.	Therefore,	 this	 type	of	 site	will,	 at	
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best,	 only	 represent	 a	minority	 of	 the	 total	 distribution	of	 CuI	 atoms.	At	 the	 same	
time	we	want	 to	 emphasize	 that	 the	 assignments	 are	not	unique:	 a	more	detailed	
discussion	 for	 alternative	 assignments	 is	 given	 in	 the	 Supporting	 Information	
section	S5	and	an	alternative	assignment	is	given	in	Fig.	S7.	
		

Photoluminescence:	
Experimental	results:	
	
After	photoabsorption,	the	Cu	cation	is	 in	an	excited	state,	which	decays	over	time	
and	emits	light,	which	can	then	be	measured	as	emission	spectrum.	We	performed	
these	 measurements	 for	 our	 two	 differently	 synthesized	 materials	 after	
pretreatment	at	723	K	and	found	different	peak	positions	and	shapes,	as	displayed	
on	the	left	hand	side	of	Fig.	7.	For	SSZ-13-OH	a	sharp	peak	is	located	at	18350	cm-1,	
while	the	peak	for	SSZ-13-F	was	significantly	wider	with	a	maximum	at	20410	cm-1.	
Both	 peaks	 are	 significantly	 red-shifted	 compared	 to	 the	 absorption	 features;	
similar	spectra	have	been	observed	in	other	zeolite	materials31.	Typically	they	have	
been	 assigned	 to	 Cu	 cations	 in	 different	 extra	 framework	 positions,	 but	 in	 the	
following	we	will	also	investigate	the	impact	of	defect-anchored	Cu	on	the	observed	
spectra.		
	
Theoretical	calculations:	
To	elucidate	the	differences	between	the	two	materials,	we	relied	on	modeling.	After	
excitation,	 the	Cu(I)	 cation	 is	 in	a	3d94s1	 configuration	and	 typical	 lifetimes	of	 the	
excited	 state	 are	 on	 the	 order	 of	 10	 μs.31	 Due	 to	 this	 long	 lifetime,	
photoluminescence	 has	 been	 suggested	 to	 originate	 from	 a	 triplet-singlet	
transition32.	We	therefore	performed	molecular	dynamics	simulations	on	the	triplet	
potential	 energy	 surface	 to	 create	 the	 structural	 snapshots.	 The	 simulations	were	
again	done	using	the	PBE-TS	functional	restricting	the	spin	to	2	μB.		
	
In	 a	 first	 step,	 we	 studied	 the	 impact	 of	 optical	 excitation	 on	 the	 coordination	
environment	of	the	cations.	Upon	excitation	the	4s	state	is	occupied,	which	increases	
the	size	of	the	Cu	cation.	In	this	scenario,	it	is	reasonable	to	assume	that	the	bonding	
between	water	and	the	Cu	atom	is	weakened.	The	structures	in	molecular	dynamics	
simulations	 oscillate	 around	 the	 triplet-structures	 already	 predicted	 in	 the	
literature,	 where	 the	 Cu-cation	 moves	 out	 of	 the	 six-ring	 and	 shows	 a	 twofold	
coordination	to	the	framework.34,36	When	water	is	adsorbed,	Cu	is	more	stable	in	the	
eight	ring.	The	basic	coordination	is	similar	to	the	situation	in	the	six	ring,	but	now	
water	binds	out	of	plane	to	it	and	is	rather	mobile.		
	
To	 arrive	 at	 a	 luminescence	 spectrum,	 we	 furthermore	 assume	 reversibility	 of	
transitions,	i.e.,	that	the	photoemission	energy	for	a	given	structure	is	equivalent	to	
the	 excitation	energy	 from	 the	 closed	 shell	 singlet	 to	 the	 triplet	 state.	 In	 a	 similar	
manner	to	the	absorption	spectra	we	again	confirmed	the	presence	of	singlet-triplet	
transitions	 using	 SOC	 in	 static	 calculations	 on	 the	 triplet	 potential	 energy	 surface	
and	confirmed	agreement	 for	explicit	 inclusion	of	 singlet-triplet	 transitions	 in	TD-
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HSE	 simulations	within	 200	 cm-1.	 Consequently,	we	 calculated	 absorption	 spectra	
using	the	time	dependent	Hartree-Fock	approach	for	the	triplet	structures	including	
singlet-triplet	 transitions	and	used	 the	 lowest	 transition	as	emission	spectrum.	To	
calculate	 the	 spectra	 we	 used	 300	 snapshots	 along	 the	 molecular	 dynamics	
trajectory	of	the	triplet	structures.	
	
We	focus	on	the	luminescence	spectra	for	the	Cu-EF	site	with	no	and	one	adsorbed	
water	molecule	and	the	Cu-d5H	site	with	one	adsorbed	H2O	molecule	to	reconstruct	
the	 luminescence	 spectra	 of	 the	 two	 studied	 materials	 (see	 Fig.	 7).	 While	 the	
spectrum	of	SSZ-13-OH	is	almost	exclusively	composed	of	the	defect	emission	signal,	
SSZ-13-F	is	mainly	composed	of	the	signal	at	the	extra	framework	site	(75%	without	
water,	25%	with	water)	and	only	a	minority	signal	(~7%)	is	required	to	reproduce	
the	 basic	 shape	 of	 the	 observed	 spectrum.	 	 The	 modeled	 spectra	 show	 excellent	
agreement	with	the	experimental	measurements	with	errors	smaller	than	400	cm-1.	
Similar	to	absorption,	spectra	are	not	unique	and	an	alternative	assignment	is	given	
in	Supporting	Information,	section	S5.	
	

	
Figure	 7:	 Photoluminescence	 spectra	 for	 Cu-sites	 in	 SSZ-13.	 On	 the	 left	 hand	 side	 the	
experimental	 spectra	 for	 the	 two	 studied	 zeolites	 SSZ-13-OH	and	SSZ-13-F	are	given.	On	 the	
right	 hand	 side	 the	 different	 theoretical	 spectra	 are	 displayed	 and	 in	 the	 middle	 the	
comparison	between	a	superposition	of	theoretical	spectra	as	well	as	the	experimental	results	
are	given.	The	color	code	in	the	atomistic	pictures	corresponds	to	that	of	Fig.	1	and	Fig.	2.	

Discussion:	
The	 results	 presented	 here	 show	 that	 it	 is	 possible	 to	 qualitatively	 and	
quantitatively	predict	accurate	optical	absorption	and	photoluminescence	spectra	of	
CuI-sites	 in	 zeolites.	 Importantly,	 the	 absorption	 spectra	 agree	 with	 theoretically	
calculated	phase	diagrams	for	SSZ-13.	To	achieve	the	excellent	agreement	between	
measured	 spectra	 and	 phase	 diagrams,	 we	 explicitly	 calculated	 temperature	
dependent	 free	 energies	 using	 ab-initio	 molecular	 dynamics	 calculations.	 These	
calculations	 reveal	 that	 very	 different	 temperature	 corrections	 are	 found	 for	 the	
adsorption	of	 subsequent	water	molecules.	We	 indeed	 find	 that	 entropy	 increases	
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linearly	with	the	addition	of	water	molecules,	which	agrees	with	previous	reports	in	
the	literature.18,26	However,	entropic	corrections	are	slightly	larger	than	the	entropy	
of	 a	 single	water	molecule	 and	 the	 increase	 in	 the	 specific	 heat	 is	 non-linear.	 The	
explicit	 calculation	 of	 temperature	 dependence	 for	 all	 the	 sites	 leads	 to	 phase	
diagrams,	 which	 predict	 the	 migration	 of	 Cu	 to	 framework	 defects	 at	 high	
temperature	 and	 low	 partial	 H2O	 pressures	 (see	 Fig.	 4	 (b)).	 This	 finding	 is	
corroborated	by	measured	and	calculated	UV-vis	spectra	after	pretreatment	at	573	
K	 and	 723	K.	While	 after	 pretreatment	 at	 573K	no	 defect-anchored	 Cu	 is	 present	
(Fig.	6	(a)),	significant	amounts	of	Cu	in	defect	sites	are	found	after	pretreatment	at	
723	K	(Fig.	6	(b)).	Comparing	this	transition	to	the	phase	diagrams	in	Fig.	4,	such	a	
transition	 would	 happen	 for	 partial	 H2O	 pressures	 between	 e-9	 bar	 and	 e-11	 bar,	
which	agrees	well	with	experimentally	applied	partial	H2O	pressures	of	e-11.5	bar.		
	
As	pointed	out	 in	the	main	text	the	assignments	made	in	UV-vis	and	luminescence	
spectra	are	not	unique,	i.e.	different	assignments	are	possible.	However,	we	clearly	
identify	that	the	main	peak	in	measured	UV-vis	spectra	results	from	a	singlet-singlet	
charge	transfer	transition	of	EF	CuI	sites.	At	the	same	time	our	calculations	indicate	
that	only	a	singlet-triplet	transition	at	a	defect	site,	where	a	covalent	bond	between	
O	and	Cu	 is	 formed,	will	 lead	to	the	side-peak	at	~30600	cm-1	observed	after	high	
temperature	 pretreatment	 and	we	make	 the	 assignments	 based	 on	 the	 calculated	
phase	diagrams.	However,	 CuI	 bound	 to	 larger	defects	 or	 grain	boundaries,	which	
were	 not	 included	 in	 the	 phase	 diagrams,	 might	 also	 show	 similar	 signals	 and	
cannot	be	 excluded	at	 this	moment	 in	 time.	 Spectral	 decomposition	 indicates	 that	
only	 a	 small	 fraction	 of	 the	 signal	 in	 UV-vis	 measurements	 stems	 from	 defect	
anchored	Cu	 (4.6	and	1.6	%,	 for	SSZ-13-OH	and	SSZ-13-F,	 respectively).	However,	
this	 assignment	 neglects	 that	 singlet-triplet	 transitions	 are	 expected	 to	 be	 less	
intense	and	a	 far	 larger	portion	of	Cu	 could	be	 located	at	defects.	Additionally	we	
find	the	occupation	of	the	defect	site	to	be	rather	stable	over	an	extended	period	of	
time.	We	therefore	expect	significant	diffusion	barriers	for	the	migration	from	extra	
framework	sites	to	defects	and	vice-versa.		
	
It	is	furthermore	interesting	to	see	that	monovalent	Cu	in	defect	sites	is	stabilized	at	
higher	temperatures	and	low	partial	H2O	pressures.	This	observation	is	particularly	
important	 for	 the	 selective	 catalytic	 reduction	 of	NOx	 using	NH3	 (deNOx-SCR),	 the	
main	industrial	application	of	Cu	exchanged	SSZ-13.	Here,	it	is	expected	that	during	
aging	 extended	 framework	 defects	 are	 generated56–58	 and	 a	 significant	 loss	 in	
activity	is	observed59.	At	high	temperatures,	as	e.g.	encountered	in	the	regeneration	
cycle	 of	 the	 catalyst,	 the	monovalent	 Cu	might	migrate	 to	 the	 defects,	where	 it	 is	
expected	to	show	different	catalytic	properties.	Different	catalytic	activity	might	be	
caused	 by	 the	 changes	 in	 electronic	 structure	 (as	 seen	 by	 the	 changes	 in	 the	
observed	 spectra)	or	by	 the	 loss	of	Cu	 coordination	 to	water	or	NH3	at	 the	defect	
sites.	The	migration	of	Cu	to	defects	and	the	formation	of	covalent	Cu-O	bonds	might	
be	connected	to	the	observation	of	CuOx	species,	which	have	been	reported	to	build	
up	after	high	temperature	aging60.	However,	further	work	will	be	necessary	to	study	
the	interactions	of	defect	anchored	Cu	and	NH3	and	the	impact	of	this	type	of	site	on	
deNOx-SCR.	
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While	phase	diagrams	predict	the	correct	adsorption	spectra,	i.e.,	a	larger	fraction	of	
defect-anchored	Cu	in	SSZ-13-OH	compared	to	SSZ-13-F,	the	excellent	agreement	is	
lost	for	luminescence	spectra.	In	particular	luminescence	spectra	for	SSZ-13-OH	are	
almost	exclusively	composed	by	defect-anchored	Cu,	despite	only	a	minority	defect	
spectrum	in	absorption.	We	explain	this	mismatch	with	the	formation	of	excitons	in	
the	 zeolite	matrix.	 These	 excitons	will	 be	 trapped	 at	 the	 energetically	 favored	 Cu	
defect	 sites,	 where	 they	 recombine.	 This	 interpretation	 agrees	well	with	 the	 long	
lifetimes	 of	 the	 excited	 states	 (on	 the	 order	 of	 10	 μs).31	 The	 almost	 exclusive	
recombination	 of	 excitons	 at	 the	 defect	 sites	 has	 two	 very	 specific	 implications.	
First,	 the	 luminescence	 spectra	 at	 defects	 are	 red-shifted	 with	 respect	 to	 the	
luminescence	 at	 extra-framework	 sites.	 Second,	 the	 emission	 peaks	 are	 narrower	
and	 a	 significant	 increase	 in	 intensity	 is	 found	 for	 emission	 at	 the	 defect	 site.	
Recently,	 transition	 metal	 exchanged	 zeolites	 have	 been	 reported	 to	 be	 excellent	
photo-emitters8,9.	We	expect	that	the	introduction	of	framework	defects	can	be	used	
to	specifically	 tailor	 the	 light-color	and	 frequency	range	as	well	as	 the	 intensity	of	
the	observed	emissions.	At	 the	 same	 time,	 the	 selective	 recombination	of	 excitons	
and	holes	at	specific	sites	could	be	used	in	photocatalytic	applications.	
	
Conclusions:	
In	this	contribution	we	studied	the	coordination	of	monovalent	CuI-cations	in	zeolite	
SSZ-13	 using	 phase	 diagrams	 and	 correlated	 them	 to	 optical	 absorption	 and	
luminescence	spectra.	By	combining	ab-initio	molecular	dynamics	simulations	and	
post-DFT	simulations	we	calculated	accurate	temperature	dependent	free	energies	
and	 found	 that	 at	 high	 temperatures	 and	 low	 partial	 H2O	 pressures	 Cu	 migrates	
from	 extra-framework	 positions	 to	 defect	 sites.	 Using	 a	 combination	 of	molecular	
dynamics	simulations	and	time	dependent	Hartree-Fock	calculations,	we	confirmed	
this	phenomenon	by	optical	absorption	spectroscopy,	which	allows	the	assignment	
of	 features	 in	 experimentally	 recorded	 absorption	 spectra	 to	 defect-anchored	 Cu.	
Interestingly,	 the	 intensity	 of	 the	 defect	 signal	 is	 significantly	 magnified	 in	
luminescence	spectra	of	Cu-SSZ-13.	We	interpret	this	occurrence	as	the	generation	
of	excitons	in	the	zeolite	lattice,	which	preferentially	recombine	at	the	defect	sites.	
	
The	 results	 presented	 here	 have	 profound	 implications	 on	 deNOx-SCR	 catalysis	 in	
aged	catalysts,	where	a	significant	amount	of	 framework	defects	 is	present	and	Cu	
might	migrate	to	them	under	reaction	conditions.	Furthermore,	insights	into	optical	
spectroscopy	reveal	a	strategy	to	modify	the	luminescence	spectrum	of	the	material.	
It	 will	 be	 interesting	 to	 see	 how	 these	 insights	 can	 be	 used	 to	 further	 optimize	
materials	for	specific	applications.		
	
	
	
Methods:	
Theoretical	 setup:	 All	 calculations	 were	 carried	 out	 using	 the	 Vienna	 Ab-Initio	
Simulation	 Package	 (VASP).38,39	 It	 is	 a	 plane	 wave	 code,	 where	 the	 electron-ion	
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interactions	are	described	within	the	Projector	Augmented	Wave	method.61,62	In	all	
calculations	an	energy	cut-off	of	420	eV	was	applied.	Due	to	the	single	site	nature	of	
the	copper-sites	and	the	comparatively	large	unit	cell	a	k-point	sampling	restricted	
to	 the	 Γ-point	was	 appropriate	 for	 all	 Brillouin	 zone	 integrations.	 In	 all	 structure	
optimizations,	 DFT	 in	 the	 generalized	 gradient	 approximation	 in	 the	
parameterization	 of	 Perdew,	 Burke	 and	 Ernzerhof40	 was	 applied.	 Dispersion	
corrections	were	added	using	the	method	suggested	by	Tkatchenko	and	Scheffler.41	
For	static	calculations	a	force	convergence	criterion	of	0.01	eV/Å	was	applied.	The	
ideal	proton	distribution	and	Cu	anchoring	was	identified	as	minimum	structure	of	
all	 possible	 proton	 positions	 at	 0	 K.	 Excited	 state	 structures	 were	 optimized	 by	
enforcing	 the	 triplet	 spin	 state.	 In	 molecular	 dynamics	 simulations	 an	 Anderson-
thermostat	with	a	collision	probability	of	0.015	for	each	atom	and	a	time	step	of	1	fs	
was	used	to	keep	the	system	at	300	K.	As	mentioned	in	the	main	text,	optical	spectra	
were	calculated	every	100	fs	for	300	images	(total	sampling	time	30	ps).	For	optical	
calculations	 the	 number	 of	 occupied	 and	 empty	 bands	 in	 the	 calculations	 was	
increased	to	3040.	 In	a	 first	step,	 the	wave	functions	were	optimized	using	a	HSE-
type	functional	with	the	exact	exchange	increased	to	40%.	To	determine	the	optical	
properties,	 the	 time	 dependent	 Casida	 equation52	was	 solved	with	 the	 amount	 of	
exact	exchange	taken	into	account	by	the	mixing	parameter	α,	where	the	amount	of	
exact	exchange	is	fixed	to	α	and	the	density	functional	theory	exchange	set	to	1-α.	α	
was	parameterized	for	static	calculations	of	the	6R	emission	peak	and	experimental	
measurements,	 as	 outlined	 in	 the	 supporting	 information	 section	 S5.	 The	 chosen	
value	 of	 α=0.4	 is	 close	 to	what	 one	would	 expect	 for	 weakly	 screening	materials	
such	 as	 zeolites	 and	 is	 also	 close	 to	 the	 values	 optimized	 for	 CuCl4,	 where	 an	
optimized	 α	 =0.385	 leads	 to	 smallest	 deviations	 between	 theoretically	 calculated	
and	 experimentally	 measured	 spectra53.	 We	 want	 to	 emphasize	 that	 α	 was	
parameterized	 for	 only	 one	 specific	 transition,	 whereas	 the	 excellent	 agreement	
with	 all	 the	 remaining	 transitions	 justifies	 this	 choice.	 Absorption	 spectra	 were	
obtained	by	applying	a	Gaussian	broadening	of	2000	cm-1	to	the	lowest	five	optical	
transitions.	To	obtain	 luminescence	 spectra,	 the	 reversibility	of	 optical	 transitions	
was	 assumed	 and	 they	were	 calculated	 as	 the	 lowest	 transition	 of	 the	 absorption	
spectrum	at	 the	 excited	 state	 geometries;	 a	Gaussian	broadening	 of	 500	 cm-1	was	
applied.	The	differences	in	broadening	are	used	to	take	the	different	resolutions	of	
the	used	instruments	in	the	given	energy	ranges	into	account.	The	unit	cell	chosen	in	
this	 work	 is	 described	 in	 the	 literature36.	 However,	 to	 take	 the	 expansion	 of	 the	
system,	due	to	the	presence	of	one	Al	atom,	into	account	we	increased	the	volume	to	
830	Å3.	
	
Experimental	Setup:	
Zeolite	Synthesis:	SSZ-13	zeolites	with	a	Si/Al	ratio	of	35	were	prepared	from	both	
hydroxide	 and	 fluoride	 media	 (SSZ-13-OH	 and	 SSZ-13-F).	 Zeolite	 SSZ-13-OH	 was	
synthesized	following	a	procedure	described	elsewhere.47	For	the	preparation	of	the	
synthesis	gel	NaOH	(0.19	g,	≥97%,	Sigma-Aldrich)	was	dissolved	in	deionized	water	
(23.5	g)	followed	by	the	addition	of	the	structure	directing	agent	TMAda-OH	(3.89	g,	
25%,	SACHEM	ZeoGen	2825).	After	dissolving	aluminum	hydroxide	(0.12	g,	50-5%	
Al2O3,	Sigma-Aldrich),	 fumed	silica	powder	(2.75	g,	0.007	μm	average	particle	size,	
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Sigma-Aldrich)	 was	 added	 under	 vigorous	 stirring	 until	 a	 homogeneous	 gel	 was	
observed.	The	gel	with	a	molar	composition	of	10	SDA	:	10	NaOH	:	1.43	Al2O3	:	100	
SiO2	 :	 2200	 H2O	 was	 then	 transferred	 into	 a	 45	 mL	 Teflon-lined	 stainless	 steel	
autoclave,	 before	 hydrothermal	 crystallization	 was	 carried	 out	 at	 160°	 C	 in	 a	
rotating	oven	at	60	rpm.	After	the	synthesis	the	solid	was	recovered	by	filtration	and	
washed	with	deionized	water	and	acetone.	Finally	the	zeolite	powder	was	dried	in	a	
convection	oven	at	110°	C	and	calcined	at	650°	C	 for	6h	with	a	 ramp	of	3°	C/min	
under	an	air	flow.	To	transform	the	Na	form	of	the	SSZ-13	(Na-SSZ-13-OH)	into	its	
protonic	form	(H-SSZ-13-OH)	the	zeolite	was	ion-exchanged	in	3	cycles	with	a	1	M	
ammonium	nitrate	solution	at	80°	C	for	12h.	After	each	cycle	the	zeolite	was	filtered,	
washed	 with	 water	 and	 dried	 at	 110°	 C	 over	 night.	 After	 the	 final	 exchange	 the	
sample	was	subjected	to	an	additional	calcination	step	at	580°	C	for	6h	under	an	air	
flow.	The	Si/Al	ratio	of	35	was	confirmed	by	ICP-AES.		
SSZ-13-F	 was	 prepared	 by	 adapting	 the	 method	 reported	 by	 Eilertsen	 et	 al.46.	 Al	
powder	(0.05	g,	99.99%,	Acros)	was	dissolved	in	TMAda-OH	solution	(26.6	g,	25%,	
SACHEM,	ZeoHen	2825).	After	complete	dissolution	a	mixture	of	Ethanol	(8	g,	200	
Proof)	 and	 tetraethyl-orthosilicate	 (13	 g,	 TEOS,	 98%,	 Sigma-Aldrich)	 was	 added	
dropwise.	 After	 hydrolysis	 of	 the	 TEOS	 the	 synthesis	 gel	 was	 heated	 up	 to	 50°	 C	
under	stirring	to	evaporate	excess	of	water.	The	resulting	mixture	was	ground	prior	
to	 the	 dropwise	 addition	 of	 hydrofluoric	 acid	 (1.28	 g,	 48	 wt%,	 Sigma-Aldrich).	
Homogeneity	was	 ensured	 by	mixing	with	 a	 PTFE	 spatula.	 The	 final	 synthesis	 gel	
with	the	composition	50	SDA:50	HF:1.43	Al2O3:100	SiO2:300	H2O	was	then	charged	
into	 a	 Teflon-lined	 stainless	 steel	 autoclave	 and	 hydrothermal	 crystallization	was	
carried	out	at	155°	C	for	7	days	in	a	rotating	oven	(60	rpm).	The	crystalline	product	
was	 collected	 by	 filtration	 and	 washed	 with	 deionized	 water	 and	 acetone	 before	
drying	 it	at	110°	C.	To	remove	the	SDA	the	material	was	calcined	at	600°	C	 for	6h	
under	 an	 air	 flow.	 The	 Si/Al	 ratio	 of	 35	 was	 confirmed	 by	 ICP-AES.	 The	 crystal	
structure	of	both	materials	was	confirmed	using	Powder	X-Ray	Diffraction	(see	Fig.	
S9	in	the	Supporting	Information).		
Cu	Ion	exchange	and	UV-vis:	The	zeolite	was	dried	 in	a	He	 flow	at	500°	C	(3	h,	5	
K/min)	 prior	 to	 the	 solid-state-ion	 exchange	 (SSIE)29,49	 The	 ion	 exchange	 was	
performed	by	grinding	the	appropriate	amount	of	CuICl	with	the	required	amount	of	
zeolite	 inside	 of	 a	 glovebox	 (<1	 ppm	 H2O	 and	 O2)	 for	 15	 min.	 The	 sample	 was	
treated	in	a	He	flow	at	600°	C	(4	days,	2°	C/min)	and	reduced	in	a	4%	H2/N2	flow	at	
500°	C	 (3h,	 2	K/min).	 ICP	 analyses	 indicate	Cu/Al	 ratios	 of	 0.34	 (SSZ-13-OH)	 and	
0.30	(SSZ-13-F)	and	a	Na/Al	ratio	of	0.03	(SSZ-13-OH)	and	0.008	(SSZ-13-F).	After	
reduction,	the	samples	were	exposed	to	air	and	re-reduced	at	450°	C	in	a	4%	H2/N2	
flow	for	3h.	Immediately	after	the	samples	were	treated	at	300°	C	or	450°	C	under	
10-2	mbar	vacuum	for	24h,	the	samples	were	transferred	to	a	glovebox	and	UV/Vis	
analyses	 were	 performed	 thereafter	 with	 a	 Maya2000	 Pro	 UV/Vis	
Spectrophotometer	(Ocean	Optics),	equipped	with	a	deuterium/halogen	light	source	
(DH-200-BAL	from	Mikropack)	using	BaSO4	as	matrix,	 in	diffuse	reflectance	mode.	
Again	 crystalinity	 of	 SSZ-13-OH	 after	 ion	 exchange	 and	 high	 temperature	 vacuum	
treatment	 	 was	 confirmed	 using	 Powder	 X-Ray	 Diffraction	 (see	 Fig.	 S10	 in	 the	
Supporting	Information).	
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Photoluminescence:	To	allow	measurements	in	an	inert	atmosphere,	samples	were	
placed	between	two	high	purity	fused	quartz	coverslips	(Ted	Pella,	Inc.),	which	were	
than	 sealed	 in	 the	 glove	 box	 using	 Torr	 Seal	 vacuum	 epoxy.	 Steady-state	
photoluminescence	spectra	were	collected	using	an	ISS	K2	spectrometer,	with	a	300	
Watt	 xenon	 arc	 lamp	 source	 and	 an	 excitation	 wavelength	 of	 250	 nm.	 Sample	
normal	was	positioned	34°	 from	 incident	 excitation	wavelength.	 Emission	 spectra	
were	collected	from	230-700	nm,	with	5	nm	increments	and	a	monochromator	with	
8	nm/mm	reciprocal	linear	dispersion.	A	Newport	FSQ-WG320	long-pass	filter	was	
used	 in	 the	 emission	 path	 to	 filter	 scattering	 of	 the	 excitation	 beam.	 In	 these	
measurements	 the	 quartz	 slides	 showed	 a	 significant	 signal	 in	 the	 investigated	
energy	 range.	 To	 correct	 for	 it	 and	 signals	 of	 the	 zeolite	 after	 calcination,	 we	
measured	 a	 blank	 sample	 containing	 only	 the	 as	 prepared	 H-SSZ-13	 samples.	 To	
obtain	 the	 emission	 spectrum,	 the	 H-SSZ-13-OH	 spectrum	 was	 normalized	 with	
respect	 to	 the	 intensity	 of	 the	 main	 peak	 and	 subtracted	 from	 the	 Cu-SSZ-13	
spectrum.		
	
Supporting	Information:	The	Supporting	Information	is	available	free	of	charge	via	
the	Internet	at	http:/pubs.acs.org.	The	Supporting	Information	includes	information	
about	 the	 temperature	 dependence	 of	 A	 and	 U,	 the	 time	 evolution	 of	 the	 UV-vis	
spectra	 in	 a	 low	 pressure	 system,	 calculated	 absorption	 spectra	 and	 their	
convergence,	 absorption	 spectra	 of	 the	 CuI-2Al	 site,	 alternate	 assignments	 for	
observed	optical	transitions,	the	parameterization	of	the	exact	exchange	parameter	
in	optical	calculations	and	XRD	spectra	for	materials	after	synthesis	as	well	as	SSZ-
13-OH	after	ion	exchange	and	high	temperature	vacuum	treatment.	
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S1:	Temperature	dependent	A	and	U	
	

	
Figure	S1:	Temperature	dependent	Helmoltz	free	energy	A(T)	(red)	and	internal	energy	U(T)	
(blue)	 for	 the	different	 sites	 studied	 in	 this	work.	Symbols	 represent	values	calculated	at	 the	
given	 temperature	 using	 molecular	 dynamics	 simulations,	 lines	 correspond	 to	 linear	 fits.	
Fitting	parameters,	specific	heat	cv	and	entropy	S	are	given	in	the	figure	legends.	
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S2:	Time	evolution	of	absorption	spectra	

	
Figure	S2:	Absorption	spectra	for	two	SSZ-13	materials	at	Si/Al=35	synthesized	(a)	using	the	
fluoride	route	(SSZ-13-F)	and	(b)	conventional	synthesis	using	NaOH	(SSZ-13-OH).	Spectra	
collected	after	exposure	to	the	glove-box	atmosphere	for	5	minutes	(black	line),	1	hour	(blue	
line),	24	hours	(green	line)	and	13	days	(red	line)	are	displayed.	
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S3:	Theoretically	calculated	absorption	spectra	

	
Figure	S3:	Absorption	spectra	for	the	different	sites	calculated	using	spin-orbit	coupling	(TD-
HSE-SOC,	 blue	 lines),	 only	 singlet-singlet	 transitions	 (TD-HSE,	 red	 lines)	 and	 singlet-triplet	
transitions	(TD-HSE+ST,	green	lines).	It	can	be	seen	that	the	lowest	transition	in	TD-HSE-SOC	
calculations	 is	well	 reproduced	by	TD-HSE-ST,	while	 the	other	 transitions	are	well	described	
using	TD-HSE.		
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Figure	S4:	Evolution	of	TD-HSE	spectra	with	sampling	times	for	the	sites	studied	in	this	work.	
Orange	 lines	 show	 statically	 calculated	 spectra,	 red	 lines	 spectra	 after	 1	 ps,	 dark	 red	 lines	
spectra	after	2.5	ps,	green	lines	spectra	after	5	ps,	blue	 lines	spectra	after	10	ps,	purple	 lines	
spectra	after	20	ps	and	black	lines	spectra	after	30	ps.	Spectra	are	calculated	as	superposition	
of	spectra	taken	for	snapshots	every	100	fs.	Minimal	changes	between	spectra	after	20	ps	and	
30	ps	indicate	conversion	after	these	timescales.		
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Figure	 S5:	 Finite	 temperature	 spectra	 calculated	 for	 absorption	 at	 the	 different	 sites.	 Dark	
colored	 lines	 show	 singlet-singlet	 transitions,	 light	 colored	 lines	 show	 singlet-triplet	
transitions.		
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S4:	UV-vis	spectra	of	the	CuI	2Al	site	
	

	
Figure	 S6:	 To	 exclude	a	 significant	 contribution	of	 a	Cu	 site	placed	 in	a	6R	 containing	2	Al	
atoms,	we	modeled	UV-vis	spectra	for	the	site	shown	in	(a).	A	CuI	site	was	generated	by	adding	
an	H	atom	in	the	O(4)	position	close	to	one	Al	atom.	 	(b)	Dynamic	absorption	spectra	for	CuI	
bonded	in	a	6R	close	to	2Al	atoms	with	no	and	two	H2O	molecules	adsorbed.	The	lavender	line	
shows	the	spectrum	without	adsorbed	H2O	atoms	and	the	purple	line	shows	the	site	with	two	
adsorbed	 H2O	 atoms.	 Both	 spectra	 do	 not	 agree	 with	 the	 experimentally	 observed	 spectra	
shown	 in	 Figure	 5	 B.	We	 therefore	 assume	 that	 this	 site	 is	 only	 a	 minority	 of	 the	 total	 Cu	
distribution	in	the	material.	

S5:	Alternate	Assignments	of	spectroscopic	features	
	
As	 discussed	 in	 the	main	 text,	 alternate	 assignments	 of	 UV-vis	 and	 luminescence	
features	displayed	in	Fig.	5,	6,	and	7	are	possible.	To	do	so	we	calculate	spectra	for	
d3H	anchored	Cu	 and	 the	 corresponding	 results	 are	 shown	 in	Fig.	 S7	 and	Fig.	 S8,	
respectively.	 We	 find	 that	 it	 is	 possible	 to	 reproduce	 UV-vis	 spectra	 after	
pretreatment	 at	 723	 K	 by	 using	 a	 complex	 mixture	 of	 signals	 from	 EF+	 2H2O,		
d3H+0H2O	and	d3H+1H2O	(see	Fig.	S7	and	the	weights	given	in	the	figure	caption).	
Similarly	the	low	energy	luminescence	peak	can	be	reproduced	as	luminescence	for	
the	d3H+0H2O	site.	While	it	is	possible	to	reproduce	these	two	spectra	with	either	
of	 the	 Cu(I)	 sites	 anchored	 in	 defects,	 EF	 Cu	 does	 not	 show	 signals	 in	 the	 given	
range.		
	
Based	 on	 this	 information	 we	 conclude	 that	 it	 is	 not	 possible	 to	 unambiguously	
assign	a	signal	to	one	specific	defect	site,	but	only	to	defect	anchored	Cu.	Potentially	
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also	Cu(I)	anchored	in	 larger	silanol	defects	or	grain	boundaries	 in	the	zeolite	will	
show	similar	spectroscopic	features.		
	

	
Figure	 S7:	 A	 comparison	 between	 experimentally	 measured	 absorption	 spectra	 after	
pretreatment	 at	 723	 K	 and	 5	 minutes	 exposure	 to	 glove-box	 atmosphere	 (left	 panel)	 and	
theoretical	spectra	for	the	Cu-EF+2H2O,	Cu-d3H+0H2O	and	Cu-d3H+1H2O	(right	panel).	In	the	
middle	 panel	 experimental	 and	 theoretical	 spectra	 are	 compared.	 Theoretical	 spectra	 are	
obtained	by	mixing	0.4%/0.3%/1.3%/0.9%/5.6%/91.5%	of	spectral	signals	of	Cu-d3H+0H2O-
t/Cu-d3H+0H2O-s/Cu-d3H+1H2O-t/Cu-d3H+1H2O-s/Cu-EF+2H2O-t/Cu-EF+2H2O-s,	 where	 s	
denotes	 singlet-singlet	 transitions	 and	 t	 denotes	 singlet-triplet	 transitions,	 for	 SSZ-13-F	 and	
1.4%/1.0%/4.0%/2.8%/6.4%/84.4%	 for	 SSZ-13-OH.	 Light/dark	 colors	 in	 the	 theoretical	
spectra	correspond	to	singlet-triplet/singlet-singlet	transitions.	The	color	code	in	the	atomistic	
pictures	in	the	far	right	corresponds	to	Fig.	1	and	Fig.	2.	
	

	
Figure	S8:	Photoluminescence	spectra	for	Cu-sites	in	SSZ-13	using	spectra	for	Cu-EF-0H2O,Cu-	
EF-1H2O	and	Cu-d3H+0H2O.	On	the	left	hand	side	the	experimental	spectra	for	the	two	studied	
zeolites	 SSZ-13-OH	 and	 SSZ-13-F	 are	 given.	 On	 the	 right	 hand	 side	 the	 different	 theoretical	
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spectra	are	displayed	and	in	the	middle	the	comparison	between	a	superposition	of	theoretical	
spectra	as	well	as	the	experimental	results	are	given.	The	color	code	in	the	atomistic	pictures	
corresponds	to	that	of	Fig.	1	and	Fig.	2	in	the	main	text.	

	

S6:	Emission	signal	vs.	exact	exchange	parameter	
Table	S3:	Position	of	the	emission	signal	for	Cu	in	the	six-ring	in	dependence	on	the	choice	of	
the	 exact	 exchange	 parameter	 α.	 In	 this	 study	we	 choose	 α=0.4,	 lies	 closest	 to	 the	 observed	
experimental	signal.	

AEXX	 Signal	[cm-1]	
0.2	 16026	
0.25	 17091	
0.3	 18204	
0.35	 19390	
0.4	 20632	
0.5	 23390	
Exp.	 20408	
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S7:	XRD	spectra	of	the	materials		

	
Figure	S9:	XRD	spectra	of	SSZ-13-OH	(black	line)	and	SSZ-13-F	(blue	line)	after	synthesis.	
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Figure	S9:	XRD	spectra	of	SSZ-13	OH	(black	line)	and	Cu-SSZ-13-OH	after	ion	exchange	(Cu-
SSZ-13-OH-fresh,	blue	line)	and	Cu-SSZ-13-OH	after	several	treatment	cycles	(Cu-SSZ-13-
OH-used,	red	line).	We	find	that	the	framework	structure	remains	intact.	


