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ABSTRACT:	We	investigate	the	 influence	of	acidity	and	confinement	for	different	aluminum	T-site	substitutions	 in	H-
ZSM-5	using	reactions	related	to	the	methanol-to-olefin	(MTO)	process	as	examples.	We	use	density	functional	theory	at	
the	PBE-D3	level	to	study	all	12	different	T-sites	existing	in	the	MFI	framework.	We	find	that	transition	state	energies	vary	
by	about	20	kJ/mol	with	the	commonly	employed	T12	site	having	one	of	the	lowest	barriers.	A	large	part	of	the	energetic	
differences	can	be	ascribed	to	differences	in	dispersion	forces	at	the	various	surroundings	of	the	acid	sites,	as	also	evidenced	
by	smaller	and	uncorrelated	differences	in	calculated	heats	of	adsorption	of	ammonia.	Our	analysis	shows	that	taking	the	
T12	site	as	a	computational	active	site	model	will	yield	reaction	barriers	that	are	among	the	lowest	of	all	T-sites	available.		

INTRODUCTION  
Zeolites	 are	 acidic	microporous	materials	 that	 are	 com-
monly	 employed	 as	 catalysts	 in	 the	 (petro)-chemical	 in-
dustry.1-3	There	is	a	large	variety	of	zeolites,	differing	both	
in	acidity	and	the	microporous	structure	and	thus	the	con-
finement	of	the	active	site	where	catalysis	takes	place.	The	
acidity	 is	 introduced	by	 substitution	of	 a	 silicon	atom	of	
the	zeolite	 framework	with	an	aluminum	atom,	with	the	
charge	difference	being	compensated	by	a	proton.	Often,	
there	are	 several	 tetrahedral	 sites	 (T	 sites)	of	 the	 frame-
work	where	substitution	can	take	place,	e.g.	H-ZSM-5,	the	
most	commonly	employed	zeolite	with	MFI	topology,	has	
twelve	different	T	sites	(see	Figure	1).	These	sites	all	differ	
in	acidity	and	confinement	with	some	not	being	accessible	
by	(larger)	reactants	rendering	them	inactive.	 It	 is	 there-
fore	 conceivable	 that	 the	 overall	 activity	 of	 H-ZSM-5	 is	
given	by	the	sum	of	reactions	occurring	on	all	these	differ-
ent	acid	sites.	While	this	has	implications	for	the	prepara-
tion4-5	and	characterization6	of	H-ZSM-5,	it	also	potentially	
complicates	computational	modeling	and	the	investigation	
of	reaction	mechanisms.		
Computational	modeling,	mostly	 based	 on	 density	 func-
tional	theory	(DFT),	has	become	an	integral	part	of	mech-
anistic	studies	shedding	light	on	how	an	acid	site	and	its	
confinement	 facilitates	 specific	 reactions	 at	 the	 atomic	
level.7-8	 Furthermore,	with	DFT,	 reaction	barriers	 can	be	
computed,	allowing	the	search	for	rate-determining	steps	
and	the	construction	of	kinetic	models.	Obviously,	the	out-
come	of	these	computational	studies	depends	on	the	limi-
tations	of	DFT	and	the	accuracy	with	which	free	energies	
are	obtained,7-11	but	also	on	the	structural	model	of	the	ac-
tive	site	employed	in	the	calculations.12-17		

	

Figure	1.	Location	of	the	twelve	different	T-sites	in	H-ZSM-5	
(MFI	topology)	shown	in	the	direction	of	(a)	the	straight	and	
(b)	 the	 sinusoidal	 channel.	 The	T-12	 site	 commonly	used	 in	
computational	models	is	highlighted	in	red.	

Nowadays,	it	has	become	the	standard	to	use	periodic	DFT	
calculations	 and	 functionals	 that	 account	 for	 dispersion	



 

forces,	which	allows	to	model	the	entire	zeolite	pore	such	
that	the	confinement	of	the	zeolite	is	taken	explicitly	into	
account.	The	main	approximations	concerning	the	struc-
tural	models	of	the	acid	site	are	(1)	high	Si/Al	ratios	(typi-
cally	one	isolated	acid	site	per	unit	cell)	and	(2)	specific	lo-
cations	of	the	aluminum	substitution,	e.g.	 in	H-ZSM-5	it	
has	 become	 the	 standard	 approach	 to	 calculate	 reaction	
mechanisms	using	substitution	at	the	T12	site	(see	Figure	
1),	18-25	with	only	few	exceptions.	12-13,	16,	26-27	The	influence	of	
other	 choices	 of	 T	 sites	 on	 the	 calculated	 activity	 of	 H-
ZSM-5	has	been	explored	to	a	lesser	extent.	One	example	
is	given	by	the	recent	work	of	Grabow	and	co-workers	who	
calculated	 the	 reaction	 mechanism	 of	 dimethyl	 ether	
(DME)	synthesis	for	structural	models	of	four	of	the	twelve	
T-sites	in	H-ZSM-5.12-13	
Herein,	we	use	DFT	at	 the	PBE-D3	 level	 to	 calculate	 the	
reaction	barriers	of	five	reactions	related	to	the	methanol-
to-olefins	(MTO)	process	over	all	twelve	T-sites	of	H-ZSM-
5.	Our	study	considers	an	isolated	Al	substitution	and	thus	
a	Si/Al	ratio	of	95:1.	We	investigate	how	these	sites	differ	in	
terms	of	reaction	barrier	heights	and	transition	state	ge-
ometries	and	discuss	how	this	is	influenced	by	acidity	and	
confinement.				

METHODS 
DFT	calculation	were	performed	in	a	similar	manner	as	in	
our	previous	work.25	We	used	the	VASP	program	package	
in	version	5.4.1	with	the	standard	VASP-PAW	potentials.28-
29	The	PBE	density	functional	with	Grimme’s	D3	dispersion	
correction	(zero	damping)	has	been	employed	(PBE-D3).	
30-31	The	Brillouin	zone	was	sampled	at	the	Γ	point.	Gauss-
ian	smearing	with	a	width	of	0.1	eV	was	used.	The	cutoff	
energy	for	the	plane	waves	was	400	eV,	while	800	eV	has	
been	used	for	the	optimization	of	the	 lattice	parameters.	
The	optimized	lengths	of	the	lattice	vectors	of	the	unit	cell	
of	H-ZSM-5	are	20.340,	19.988	and	13.492	Å,	as	also	used	in	
earlier	 theoretical	 studies.25All	 structures	have	been	 fully	
relaxed	and	the	convergence	criteria	for	SCF	cycles	and	ge-
ometry	optimization	were	 10-8	 eV	and	0.01	 eV/Å,	 respec-
tively.	 The	 transition	 states	 were	 optimized	 using	 auto-
mated	relaxed	potential	energy	surface	scans	(ARPESS).32	
Harmonic	 force	constants	were	computed	from	a	central	
finite	difference	method	where	the	oxygen	at	which	the	re-
action	 occurs	 as	 well	 as	 the	 adjacent	 T-atoms	 were	 in-
cluded.	All	transition	states	were	verified	to	contain	only	a	
single	imaginary	frequency	corresponding	to	the	transition	
vector	of	the	reaction.	In	addition,	the	connectivity	of	tran-
sition	 states	 was	 confirmed	 through	 small	 displacement	
along	the	transition	vector	followed	by	optimization	to	the	
corresponding	minima.	In	order	to	 identify	the	strongest	
binding	sites	for	adsorption	and	the	lowest	energy	transi-
tion	 states,	different	proton	 locations	at	 the	 four	oxygen	
atoms	 surrounding	 alumina	 have	 been	 explored	 for	 the	
corresponding	calculations	(for	a	detailed	discussion,	see	
SI	section	S1).		

RESULTS AND DISCUSSION 
The	five	reactions	 investigated	in	this	work	are	shown	in	
Figure	2.	All	reactions	relate	to	the	MTO	process.	The	first	

reaction	 is	 the	 formation	 of	 a	 surface	 methoxy	 species	
(SMS)	by	reaction	of	methanol	with	the	acid	site.	This	re-
action	 also	 constitutes	 the	 first	 step	 of	 the	 dissociative	
mechanism	of	DME	synthesis.	The	four	other	reactions	are	
methylation	of	ethene	(2),	propene	(3),	n-butene	(4)	and	
benzene	(5)	via	the	SMS,	and	thus	probe	the	influence	of	
confinement	in	the	vicinity	of	the	corresponding	acid	site.	
We	note	that	the	reported	transition	states	only	constitute	
the	 methylation	 steps,	 while	 additional,	 generally	 lower	
barriers	are	required	for	the	rearrangement	of	adsorbates	
before	and	after	methylation.27,	33	We	also	note	that	we	only	
study	the	stepwise	(dissociative)	methylation	mechanism,	
while	 the	direct	 (associative)	mechanism	 is	known	 to	be	
more	favorable	at	lower	temperatures	for	entropic	reasons.	
34-36		The	focus	of	this	study	is	to	shed	light	on	the	variations	
in	adsorption	energies	and	activation	barriers	arising	from	
the	choice	of	the	employed	acid	site	in	the	computational	
models.	The	comparison	with	experiments	 is	difficult	 for	
two	reasons.	Firstly,	the	exact	acid	site	distribution	within	
the	framework	of	H-ZSM-5	catalysts	is	unclear	for	the	vast	
majority	of	experimental	studies,	as	is	the	question	which	
of	these	sites	contribute	most	to	the	experimentally	meas-
ured	reaction	rates.	Secondly,	the	comparison	of	calculated	
and	 experimentally	 measured	 enthalpy	 barriers	 of	 this	
complex	reaction	network	is	for	the	most	part	not	straight-
forward	 and	 comparison	 typically	 requires	 the	 involve-
ment	of	microkinetic	models	of	the	specific	reaction	step	
that	one	wants	to	compare	but	also	requires	highly	accu-
rate	ab	initio	methods,	GGA-functionals	are	generally	in-
sufficient.	23,	36		
	



 

	

Figure	2.(a)	The	five	reactions	investigated	herein.	Note	that	
the	same	color	code	is	used	throughout.	(b)	Schematic	repre-
sentation	of	the	transition	states	for	SMS	formation	and	eth-
ene	methylation	by	SMS.	(c)	Calculated	transition	state	geom-
etries	of	reactions	(1),	(2),	(3)	and	(4)	at	the	T12	site	of	H-ZSM-
5	(H,	white;	Si,	yellow;	Al,	light	blue;	O,	red;	C,	brown).		

We	start	by	evaluating	the	stability	of	the	aluminum	sub-
stitution	relative	to	that	using	the	T12	site	(see	also	table	S1	
in	the	SI).	In	agreement	with	earlier	theoretical	studies,12-13	
aluminum	substitution	of	 the	T12	 site	 is	 energetically	 fa-
vorable,	only	the	T8	substitution	is	calculated	to	be	slightly	
more	preferred	(-0.6	kJ/mol).	Most	other	substitutions	are	
5-10	kJ/mol	 less	stable.	The	favorable	stability	along	with	
the	accessibility	of	the	T12	 location	at	the	 intersection	of	
the	two	channels	is	the	reason	why	the	majority	of	compu-
tational	studies	of	H-ZSM-5	are	based	on	the	T12	site.	The	
oxygen	 sites	 for	 the	 investigation	 of	 the	 reactivity	 were	
chosen	based	on	stability	and	accessibility	(see	SI	for	de-
tailed	discussion).				
One	factor	determining	the	reactivity	of	acidic	zeolites	is	
the	 strength	 in	 Brønsted	 acidity.	One	measure	 of	 this	 is	

given	by	the	ammonia	heat	of	adsorption	that	can	be	con-
veniently	calculated	with	DFT.	37-40	Experimentally,	it	was	
found	that	the	ammonia	heat	of	adsorption	does	not	vary	
significantly	 in	H-ZSM-5	 being	 on	 average	 -145	 kJ/mol.41	
This	compares	rather	well	with	our	calculated	adsorption	
energies	for	the	twelve	T-sites	that	are	in	the	narrow	win-
dow	of	138	to	160	kJ/mol	(see	Table	1)	with	an	average	of	
value	of	-148	kJ/mol	(-149	kJ/mol	for	the	T12	site),	also	in	
line	with	DFT	calculations	of	Grabow	and	co-workers.	12	
	
Table	1.	Overview	of	the	calculated	ammonia	adsorp-
tion	 energies	 and	 reaction	 barriers.	 All	 barriers	 are	
given	 relative	 to	 the	 empty	 zeolite	 or	 SMS,	 respec-
tively,	and	the	reactants	in	the	gas-phase.	All	values	in	
kJ/mol,	the	T12	site	is	highlighted	in	bold.	

	 ∆ENH3	 Reaction	barrier	∆𝐸‡ 	

T-site	 	 (1)	 (2)	 (3)	 (4)	 (5)	

1	 -138	 27	 50	 17	 4	 11	

2	 -138	 26	 49	 19	 2	 16	

3	 -142	 10	 37	 9	 -3	 14	

4	 -160	 8	 33	 0	 -6	 32	

5	 -144	 12	 31	 2	 -14	 0	

6	 -150	 23	 37	 4	 -9	 5	

7	 -159	 10	 36	 9	 -2	 37	

8	 -145	 32	 50	 18	 8	 16	

9	 -149	 22	 26	 -2	 -11	 17	

10	 -144	 26	 44	 11	 -3	 4	

11	 -147	 26	 37	 8	 -7	 0	

12	 -148	 20	 34	 9	 -8	 10	

	
The	results	of	the	calculations	of	transition	state	energies	
of	the	five	reaction	barriers	over	all	twelve	T-sites	are	given	
in	 Table	 1.	 The	 calculated	 values	 agree	 rather	 well	 with	
computed	values	in	the	literature.	For	example,	we	calcu-
lated	SMS	formation	at	the	T12	site	to	20	kJ/mol	relative	to	
methanol	 in	 the	gas-phase	and	 the	empty	zeolite.	Other	
DFT	calculations	for	the	same	reaction	range	from	5	to	38	
kJ/mol,	depending	on	the	functional	used.	25,	42-44		Grabow	
et	al	calculated	the	same	reaction	also	for	the	T3,	T10,	and	
T11	sites,	and	found	values	of	1,	0,	and	-9	kJ/mol,	respec-
tively,	thus	being	consistently	lower.12-13	We	attribute	this	
to	the	use	of	a	different	functional.	The	value	of	26	kJ/mol,	
which	we	obtain	for	the	T11	site	compares	well	with	the	31	
kJ/mol	reported	by	Hibbitts	and	coworkers.27		
When	comparing	our	data	for	the	methylation	of	ethene,	
propene	and	n-butene,	we	observe	that	there	is	a	general	
decrease	of	methylation	barriers	by	about	30	kJ/mol	and	40	
kJ/mol	for	propene	and	butene	methylation,	respectively,	
when	compared	to	that	of	ethene,	and	with	all	transition	
states	referenced	to	an	SMS	and	the	olefin	in	the	gas-phase.	
Similar	trends	have	been	observed	for	other	zeolites,	e.g.	
H-SSZ-13	25,	38,	45	and	have	been	attributed	to	the	increased	



 

stabilization	of	the	cations	as	well	as	increases	in	vdW	in-
teractions	with	the	zeolite.		
This	is	also	evident	from	Figure	3	that	compares	the	tran-
sition	 state	 energies	of	 propene	 and	 butene	methylation	
with	those	of	ethene.	As	can	be	seen,	there	is	a	general	cor-
relation	between	ethene	and	propene	as	well	as	n-butene	
methylation.	Mean	absolute	deviations	from	the	linear	re-
gression	presented	 in	Figure	 3	 are	 1.8	 and	2.5	kJ/mol	 for	
propene	and	n-butene	methylation,	respectively.		
	

	

Figure	3.	Transition	state	energies	of	propene	(black)	and	n-
butene	(light	blue)	methylation	via	a	SMS	compared	to	that	of	
ethene.	All	transition	states	are	referenced	to	the	SMS	and	the	
olefin	in	the	gas-phase	(see	also	Table	1).	The	filled	data	points	
indicate	calculations	for	the	T12	site	of	H-ZSM-5	which	is	high-
lighted	in	red	in	Figure	1.			

Obviously,	 the	 reaction	 barriers	 employing	 the	 T12	 site	
model	are	at	the	lower	end	of	the	spectrum	of	calculated	
values	compared	to	other	T-sites,	with	only	T5	and	T9	lead-
ing	 consistently	 to	 lower	 barriers.	 Comparing	 the	 three	
methylation	reactions	over	the	twelve	T-sites	of	H-ZSM-5	
reveals	that	the	transition	state	energies	vary	by	about	20	
kJ/mol.	 For	 example,	 ethene	methylation	 has	 the	 lowest	
transition	state	energy	for	the	T9-site	(26	kJ/mol)	and	the	
highest	 for	 the	T1-site	(50	kJ/mol),	while	 this	 value	 is	 34	
kJ/mol	for	the	commonly	used	T12-site.		
Figure	 4	 shows	 how	 all	 five	 reaction	 barriers	 considered	
herein	differ	from	that	calculated	for	the	T12	site.	Gener-
ally,	differences	are	less	pronounced	for	smaller	transition	
state	geometries,	 e.g.	 SMS	 formation,	 and	are	 largest	 for	
that	of	benzene	methylation.	The	transition	state	energy	of	
benzene	methylation	is	particularly	high	for	the	T4	and	T7	
sites.	We	ascribe	this	to	an	increased	steric	repulsion	due	
to	the	location	of	these	acid	sites,	which	are	less	accessible	
with	 parts	 of	 the	 benzene	 being	 as	 close	 as	 3.2	Å	to	 the	
framework	atoms	(see	Figure	4).	This	is	also	evident	from	
the	PBE	energy	 (PBE	part	of	PBE-D3,	 see	also	Figure	5),	

which	 contains	 the	 steric	 repulsion.	 The	 data	 shown	 in	
Figs.	4	and	5	is	also	listed	in	Tables	S6	and	S7.	
	

	
 

Figure	4.	a)	Transition	state	energies	of	reactions	(1)	to	(5)	cal-
culated	for	the	T12	site.	b)	Differences	in	transition	state	ener-
gies	of	reactions	(1)	to	(5)	relative	to	the	T12	site.	c)	Optimized	
geometries	of	the	transition	states	of	benzene	methylation	oc-
curring	at	the	T12	and	T7	sites	viewed	both	along	the	straight	
and	sinusoidal	channels.	Color	code	same	as	in	Figure	2.	

Figure	5	divides	the	energy	contribution	of	the	transition	
state	 energies	 into	 the	PBE	part	 that	 is	derived	 from	 the	
solution	of	the	Kohn-Sham	equations	and	the	dispersion	
part	(D3)	that	is	only	a	simple	function	of	the	position	of	
the	nuclei.	These	contributions	are	shown	relative	to	those	
calculated	for	the	T12	site.	The	transition	state	for	SMS	for-
mation	(reaction	1)	at	the	T12	site	has	a	PBE	energy	of	58	
kJ/mol	and	contributions	from	vdW	forces	of	-38	kJ/mol	
(see	Figure	5a),	resulting	in	an	overall	barrier	height	of	20	
kJ/mol	relative	to	methanol	in	the	gas	phase	(see	also	Table	
1).	Interestingly,	the	PBE	parts	of	the	methylation	barriers	
(ethene	to	benzene,	reactions	(2)	to	(5))	at	the	T12-site	are	
all	fairly	similar,	with	values	between	73	kJ/mol	(propene)	
and	88	kJ/mol	(benzene).	The	major	differences	observed	
for	the	T12	site	are	thus	due	to	the	increase	in	vdW	inter-
actions,	linearly	increasing	from	ethene	(-44	kJ/mol),	over	
propene	 (-73	 kJ/mol),	 to	 1-butene	 (-84	 kJ/mol),	 with	



 

benzene	being	similar	to	1-butene	(-77	kJ/mol).	This	is	in	
line	with	earlier	observations	that	the	vdW	interactions	are	
a	linear	function	of	the	numbers	of	atoms	constituting	the	
transition	state.25,	42	
	
Figure	5b	and	Figure	5c	show	how	the	PBE	and	D3	parts	
differ	for	the	various	T-sites	compared	to	that	of	T12.	Inter-
estingly,	the	differences	in	PBE		energies		(∆∆𝑬‡ (PBE))and	
dispersion	interactions	(∆∆𝑬‡ 	(D3))	are	comparable	with	
MADs	of	7.5	and	5.5	kJ/mol	respectively.	For	most	transi-
tions	states	they	differ	by	less	than	10	kJ/mol,	with	the	ex-
ception	of	benzene	methylation	at	T4	and	T7	that	we	as-
cribe	to	steric	hinderances	(see	discussion	above).	This	is	
in	line	with	the	ammonia	heat	of	adsorption	(as	a	measure	
of	acidity)	that	changes	by	a	similar	magnitude	across	the	
twelve	T-sites	(see	Table	 1).	We	hence	conclude	that	the	
acidity	and	confinement	effect	of	the	acid	site	influence	the	
transition	state	energy	of	a	given	reaction	at	the	different	
T-sites	in	a	similar	manner.	For	bulky	transition	state	ge-
ometries	and	less	accessible	acid	sites,	however,	there	can	
be	highly	repulsive	interactions	as	evidenced	for	benzene	
methylation.		

 

 

Figure	5.	a)	∆𝑬‡ (PBE)T12and	∆𝑬‡ (D3)T12	transition	state	ener-
gies	 of	 reactions	 (1)	 to	 (5)	 calculated	 for	 the	 T12	 site.	 b)	
∆∆𝑬‡ (PBE)	energies	of	all	other	T-sites	relative	to	those	ob-
tained	for	T12.	c)		∆∆𝑬‡ (D3)		energies	of	all	other	T-sites	rela-
tive	to	those	obtained	for	T12.	Color	code	same	as	in	Figure	2.		

Our	analysis	so	far	only	considered	the	transition	state	ener-
gies	relative	to	the	reactants	in	the	gas-phase.	Intrinsic	barri-
ers	depend	on	the	difference	between	the	energy	of	the	tran-
sition	state	and	that	of	preadsorbed	methanol.	A	comparison	
of	 intrinsic	 barriers	 and	 values	 for	methanol	 adsorption	 are	
given	in	Table	2.	

Table	2.	Calculated	adsorption	energies	for	methanol	
and	 reaction	 barriers	 for	 SMS	 formation	 relative	 to	
gas-phase	(∆𝑬𝒂𝒑𝒑‡ )	and	adsorbed	methanol	(∆𝑬𝒊𝒏𝒕

‡ ).	All	
values	in	kJ/mol,	the	T12	site	is	highlighted	in	bold.	

	 ∆EMeOH	 SMS	formation	barrier	∆𝐸‡ 	

T-site	 	 ∆𝐸+,,
‡ 	 ∆𝐸-./

‡ 	

1	 -116	 27	 143	

2	 -116	 26	 142	

3	 -113	 10	 123	

4	 -123	 8	 131	

5	 -120	 12	 132	

6	 -121	 23	 143	

7	 -124	 10	 134	

8	 -117	 32	 149	

9	 -120	 22	 141	

10	 -123	 26	 149	

11	 -114	 26	 140	

12	 -124	 20	 144	

 

Interestingly,	the	spread	in	adsorption	energies	of	metha-
nol	is	rather	small	with	the	T3	site	having	the	weakest	(-113	
kJ/mol)	and	the	T7	and	T12	site	having	the	strongest	ad-
sorption	 energies	 (-124	 kJ/mol).	 The	 data	 is	 generally	 in	
good	agreement	with	other	values	reported	in	the	 litera-
ture.34,	 46-47	 Transition	 state	 energies	 for	 SMS	 formation	
range	from	8	to	32	kJ/mol	and	123	to	149	kJ/mol	for	the	ap-
parent	and	intrinsic	barriers,	respectively,	thus	having	sim-
ilar	spreads.	This	means	that	the	choice	of	reference	state	
(gas-phase	vs	adsorbed	methanol)	has	only	a	small	influ-
ence	on	the	overall	observed	trends	for	SMS	formation.		
In	order	to	analyze	the	influence	of	acid	site	location	sta-
tistically,	Figure	6	compares	all	energy	barriers	computed	
in	this	study	to	those	obtained	for	the	commonly	used	T12	
site.	Overall,	we	observe	that	roughly	one	third	(35%)	of	
the	data	consists	of	lower	barrier	and	adsorption	energies,	
while	two	thirds	(65	%)	show	higher	energies.	The	overall	
mean	absolute	deviation	 (MAD)	 from	 the	T12	 site	of	6.7	
kJ/mol	is	rather	small.		
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Figure	6.	Statistics	of	the	effect	of	alumina	siting	in	H-ZSM-5,	
as	measured	relative	to	the	adsorption	energies	and	activation	
barriers	calculated	for	the	T12	site	for	all	data	presented	in	this	
contribution.	 The	 width	 of	 the	 bars	 has	 been	 chosen	 as	 5	
kJ/mol.		

 

SUMMARY AND CONCLUSIONS 
We	have	investigated	the	influence	of	the	acid	site	location	
in	H-ZSM-5	on	transition	state	energies	of	reactions	related	
to	 the	MTO	process.	We	 found	 that	 the	 energies	 of	 the	
transition	 states	 vary	 by	 about	 20	 kJ/mol	with	 the	 com-
monly	employed	T12	site	having	one	of	the	lowest	barriers.	
The	energetic	differences	can	be	ascribed	to	both,	differ-
ences	in	acid	site	acidity	and	dispersion	forces	at	the	vari-
ous	 surroundings	of	 the	acid	 sites.	While	our	analysis	 is	
based	on	 the	 PBE-D3	 functional	 that	 severely	 underesti-
mates	reaction	barriers	related	to	the	MTO	process,	 10	we	
note	 that	 energy	differences	 for	 the	 same	 type	of	 transi-
tions	 state	 but	 different	 active	 sites	 are	 rather	 well	 de-
scribed	at	this	level	of	theory.48	The	current	study	does	not	
include	changes	in	entropy	contributions,	but	those	have	
been	shown	to	vary	only	to	a	minor	extend	between	differ-
ent	acid	sites.	12-13,	38	
This	analysis	thus	reveals	that	taking	the	T12	site	as	a	com-
putational	model	 catalyst	will	 give	 reaction	barriers	 that	
are	among	the	lowest	of	all	T-sites	available	such	that	the	
T12	model	catalyst	will	capture	the	lowest	transition	states	
rather	well	if	one	assumes	that	all	T-sites	are	present.	This	
gives	 confidence	 in	 the	 commonly	 employed	 T12-site	
model	 catalyst.	However,	 one	 should	 also	 be	 aware	 that	
barriers	can	vary	by	20	kJ/mol	between	the	various	T-sites,	
which	 translates	 to	differences	 in	 rate	 constants	of	more	
than	 two	 orders	 of	magnitude	 at	 relevant	 temperatures.	
While	this	study	assumes	a	high	Si/Al	ratio	and	thus	only	
one	acid	site	per	unit	cell,	we	note	that	lower	Si/Al	ratios	

will	also	influence	transition	state	geometries	and	energies	
with	a	similar	magnitude.15	
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