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ABSTRACT:	The	scission	of	the	O–O	bond	in	O2	during	respiration	and	the	formation	of	the	O–O	bond	during	photosynthesis	
are	the	engines	of	aerobic	life.	Likewise,	the	reduction	of	O2	and	the	oxidation	of	reduced	oxygen	species	to	form	O2	are	indis-
pensable	components	for	emerging	renewable	technologies,	including	energy	storage	and	conversion,	yet	discrete	molecule-
like	systems	that	promote	these	fundamental	reactions	are	rare.		Herein,	we	report	a	square-planar	tetramanganese	cluster	
formed	by	self-assembly	within	a	metal–organic	framework	(MOF)	that	reversibly	reduces	O2	by	four	electrons,	facilitating	
the	interconversion	between	molecular	O2	and	metal-oxo	species.	The	tetranuclear	cluster	spontaneously	cleaves	the	O–O	
bond	of	O2	at	room	temperature	to	generate	a	tetramanganese-bis(μ2-oxo)	species,	which,	in	turn,	is	competent	for	O–O	bond	
reformation	and	O2	evolution	at	elevated	temperature,	enabled	by	the	head-to-head	orientation	of	two	oxo	species.	This	study	
demonstrates	the	viability	of	four-electron	interconversion	between	molecular	O2	and	metal-oxo	species	and	highli	 ghts	 the	
importance	of	site-isolation	for	achieving	multi-electron	chemistry	at	polynuclear	metal	clusters.	

INTRODUCTION	
Storing	and	unleashing	the	energy	contained	within	the	

O2	molecule	requires	control	over	the	 formation	and	scis-
sion	of	the	four-electron	double	bond	between	two	oxygen	
atoms.1–4	Nature	performs	these	demanding	multi-electron	
transformations	 by	 distributing	 the	 redox	 burden	 among	
multiple	metal	ions:	evolution	created	metalloenzymes	with	
polynuclear	 clusters	wherein	metal	 ions	 act	 in	 concert	 to	
deliver	or	accept	multiple	electrons.	Most	 relevant	 in	 this	
sense	are	the	tetramanganese-calcium	(Mn4CaO5)	cluster	in	
the	oxygen-evolving	complex	of	photosystem	II,1	responsi-
ble	for	O2	formation,	and	the	tricopper	clusters	in	multi-cop-
per	oxidases,	which	mediate	O2	reduction.2	The	critical	step	
in	both	O2	reduction	and	O2	evolution	is	the	interconversion	
between	multinuclear	metal-oxo	 species,	where	 the	O	 at-
oms	 carry	 formal	 –2	 charges,	 and	 O–O	 bonded	 species	
where	the	oxygen	atoms	are	more	oxidized.5,6	Attempts	to	
mimic	the	natural	systems	with	synthetic	analogs	have	led	
to	a	number	of	elegant	molecular	clusters	that	shed	light	on	
the	electron	transfer	events	and	stepwise	mechanism	of	O–
O	bond	cleavage	and	formation.7–19	To	our	knowledge,	how-
ever,	the	interconversion	between	molecular	O2	and	metal-
oxo	 species	 in	 either	 synthetic	 or	 enzymatic	discrete	 sys-
tems	has	not	been	documented.	
Multinuclear	Mn	clusters	are	particularly	attractive	as	po-

tential	open	sites	for	realizing	multi-electron	O2	chemistry.	
In	their	reduced	state,	the	manganese	atoms	provide	multi-
ple	 reducing	 equivalents	 and	binding	 sites	 for	 oxygen	 re-
duction,	reminiscent	of	multi-copper	oxidases	(MCOs)	and	

cytochrome	C	oxidase	(CcO),2,20	which	bind	and	reduce	O2	in	
an	 electron	 rich	 “pocket”	 featuring	 multiple	 redox	 active	
open	sites.	Similarly,	in	the	oxygen-evolving	complex	(OEC)	
of	photosystem	II,	the	Mn4Ca	cluster	provides	not	just	mul-
tiple	 oxidizing	 equivalents,	 but	 also	 four	 independent	 O-
binding	 sites.	 Synthesizing	 molecular	 mimics	 capable	 of	
four-electron	redox	chemistry,	which	also	provide	multiple	
inward-oriented	 open	 metal	 sites	 for	 oxygen	 binding,	 as	
would	be	required	for	O–O	coupling	reactivity,	has	been	dif-
ficult.13,14,21,22	Furthermore,	molecular	mimics	operating	in	
solution	are	challenged	by	deleterious	H-atom	abstraction	
reactions	that	compete	with	bimolecular	coupling	of	termi-
nal	or	bridging	oxo	species	that	would	give	rise	to	O2.	We	
sought	to	circumvent	these	issues	by	exploiting	the	site-iso-
lation	and	potential	 for	multi-electron	chemistry	of	MOFs	
with	multi-nuclear	secondary-building	units	(SBUs).23	The	
porous	nature	of	MOFs	enables	solid-gas	reactivity	and	flow	
chemistry	 without	 interference	 from	 solvent	 molecules,	
while	the	inherent	site	isolation	of	SBUs	prevents	intermo-
lecular	decay	pathways.	 Functionally,	 this	behavior	 is	not	
unlike	that	of	metalloenzymes,	where	the	protein	complex	
allows	access	of	only	specific	molecules	 to	 the	active	site,	
and	evidently	also	prevents	active	sites	from	reacting	with	
each	other.	One	material	that	provides	many	of	the	features	
we	identified	as	necessary	for	multi-electron	O2	reactivity	is	
Mn3[(Mn4Cl)3BTT8]2	 (MnMnBTT,	 1,	 BTT	 =	 1,3,5-benzene-
tristetrazolate).24	 This	 MOF	 is	 made	 from	 BTT-bridged	
[Mn4Cl]7+	SBUs	wherein	Mn2+	ions	sit	in	a	square-planar	ar-
rangement	 and	 are	
	



 

	

Figure	1.	O2	fixation	and	evolution	at	a	site-isolated	tetramanganese	cluster	with	open	metal	sites.	(a)	Schematic	representation	of	
oxygen	reduction	and	evolution	through	the	intermediacy	of	bridging	oxo	species.	(b)	Structure	of	the	BTT3−	ligand.	(c)	Secondary	
building	unit	(SBU)	of	MnMnBTT	formed	by	a	[Mn4Cl]7+	core	and	eight	bridging	tetrazolate	rings.	(d)	Crystal	structure	of	MnMnBTT.	
Hydrogen	atoms,	solvent	molecules	and	charge-balancing	extraframework	Mn	atoms	are	omitted	for	clarity.	

bridged	 by	 a	 weakly-coordinated	 chloride	 (Cl‧‧‧Mn	 dis-
tance	=	2.6725(10)	Å)	(Figure	1b–d).	We	hypothesized	that	
removal	of	the	central	chloride	anion	would	generate	four	
inward-oriented	open	metal	sites	that	would	be	primed	for	
interacting	with	small	molecules.	Owing	to	their	robust	re-
dox	chemistry,	the	Mn	atoms	could	thus	engage	particularly	
well	with	redox-active	small	molecules	such	as	O2	 (Figure	
1a).	
RESULTS	AND	DISCUSSION	
Synthesis	 and	 characterization.	 Soaking	 as-synthe-

sized	crystals	of	1	 in	methanol	for	two	weeks	generates	a	
crystalline	 material	 with	 the	 general	 formula	
Mn2.61[(Mn4Cl0.87)3BTT8]2	(2)	where,	on	average,	13%	of	all	
SBUs	are	chloride-deficient.	The	partial	removal	of	chloride	
from	within	the	Mn4Cl	SBUs	thus	creates	chloride-free,	neu-
tral	Mn4(tetrazolate)8	clusters	that	now	account	for	approx-
imately	13%	among	all	SBUs	in	2	(Figure	2a).	Chloride	re-
moval	is	kept	charge-neutral	by	the	concurrent	loss	of	ex-
tra-framework,	 loosely	 bound	 Mn2+	 cations,	 according	 to	
the	 balanced	 SBU-based	 equation	 Mn[(Mn4Cl)(tetrazo-
late)8]2	→	(Mn4)(tetrazolate)8	+	MnCl2.	Prolonged	methanol	
soaking	for	up	to	an	additional	two	weeks	did	not	facilitate	
further	MnCl2	removal	from	2.	Activation	of	2	by	heating	at	
120	°C	under	dynamic	vacuum	removes	most	solvent	mole-
cules	and	thus	generates	a	material	with	Mn4	clusters	that	
are	free	of	both	solvent	and	chloride.	The	amount	of	MnCl2	
“leached”	 out	 of	 1	 to	 produce	 2	 was	 confirmed	 by	 a	

combination	of	X-ray	photoelectron	spectroscopy	(XPS),	ion	
chromatography	(IC),	and	inductively	coupled	plasma	mass	
spectrometry	 (ICP-MS)	 (Figures	2b	 and	 S1–S4,	 Table	 S1).	
Formation	of	AgCl	precipitate	upon	addition	of	AgBF4	to	the	
methanolic	 filtrate	 collected	 after	 MnCl2	 elimination	 con-
firmed	the	leaching	of	chloride	anions	from	MOF	SBUs	(Fig-
ure	S5).	Compound	2	retains	crystallinity	and	porosity	after	
the	soaking	process,	as	confirmed	by	powder	X-ray	diffrac-
tion	 (PXRD,	 Figure	 S6)	 and	 an	 N2	 adsorption	 isotherm,	
which	gave	an	apparent	BET	surface	area	of	2301	m2/g	(Fig-
ure	S7),	slightly	larger	than	the	parent	material.24	
Treatment	of	2	with	dry	O2	under	strictly	moisture-free	

conditions	at	room	temperature	yields	dark-brown	crystals	
of	MnMnBTT-O	(3,	Figures	2b	and	S8).	Compound	3	exhibits	
broad	absorption	in	the	visible	and	near	infrared	range	(λmax	
=	464	nm),	contrasting	with	2,	which	shows	negligible	ab-
sorption	 in	 these	 regions,	 as	 would	 be	 expected	 for	 MnII	
compounds.	The	strong	electronic	absorption	in	3	is	clearly	
indicative	of	oxidation	at	the	Mn	sites	(Figures	2c	and	S9–
S12).	Importantly,	crystals	of	1	that	lack	chloride	vacancies	
do	not	show	any	visible	changes	upon	exposure	to	O2,	sug-
gesting	that	only	those	Mn4	clusters	that	have	internal	open	
coordination	sites	produced	by	chloride	elimination	are	re-
sponsible	for	O2	reactivity	(Figure	2a).	A	Raman	spectrum	
of	3	shows	four	bands	at	607,	636,	671	and	692	cm−1	(Figure	
2d).	These	bands	are	significantly	lower	in	energy	than	the	
reported	 νO−O		



 

	

Figure	2.	Generation	of	tetramanganese	sites	and	oxygen	reduction	reactivity.	(a)	Generation	of	tetramanganese	open	site	and	its	
O2	reduction	reactivity.	(b)	Average	chloride	vacancy	in	each	SBU	determined	by	XPS,	as	a	function	of	methanol	soaking	time.	Insets	
show	the	color	of	activated,	O2-exposed	samples	that	were	soaked	in	methanol	for	1	day	and	14	days,	respectively.	(c)	Experimental	
electronic	absorption	spectra	of	activated	2	(blue	trace)	and	3	(red	trace),	and	calculated	electronic	adsorption	spectra	of	3	(green	
trace),	along	with	calculated	individual	excitations	(green	bars).	(d)	Raman	spectra	of	3-16O	and	3-18O.	(e)	Simulated	vibrational	
modes	and	 corresponding	 frequencies	 for	 the	 [Mn4(µ-O)2(tetrazole)8(CH3OH)4]	unit.	Vibrational	 frequencies	 for	 18O	models	 are	
shown	in	parentheses.		

frequencies	 for	 Mn(III)-peroxo	 (819–885	 cm−1)	 and	
Mn(III)-superoxo	 (1124	 cm−1)	 compounds,	 ruling	 out	 the	
formation	of	peroxo	or	superoxo	species	in	3.25–27	More	in	
line	with	the	vibrational	features	in	3	are	bis(µ-oxo)	diman-
ganese	units,28	which	display	a	multitude	of	peaks	between	
600	cm−1	and	700	cm−1,	pointing	to	full	O–O	bond	cleavage	
and	 the	 formation	 of	 µ-oxo	 in	 3.	 18O-labeling	 studies	 re-
vealed	that	the	low-frequency	Raman	bands	are	all	isotopi-
cally	sensitive:	upon	treatment	of	2	with	36O2,	the	four	Ra-
man	bands	all	shift,	to	583,	611,	638	and	653	cm−1,	respec-
tively	(Figures	2d	and	S13).	Corroborating	the	formation	of	
bis(µ-oxo)	dimanganese	units	in	the	vacant	Mn4	clusters	are	
density	functional	theory	(DFT)	calculations.	Structural	op-
timization	and	analysis	of	 a	 truncated	model	 cluster	built	
from	four	Mn	ions,	two	oxygen	atoms,	eight	tetrazole	rings,	
and	four	methanol	molecules	coordinated	exo	to	each	Mn	
ion	(Figure	2e)	indicates	all	manganese	ions	are	in	the	+III	
formal	 oxidation	 state,	 as	 would	 be	 expected	 for	 a	

cooperative	 four-electron	reduction	of	O2	 (Figures	2e	and	
S9).	 Computed	 vibrational	 frequency	 analysis	 gives	 four	
scaled	vibrational	modes	 at	 591,	 630,	 700,	 and	721	 cm−1,	
which	shift	to	571,	605,	666	and	690	cm−1	for	the	18O	model,	
in	excellent	agreement	with	the	experimental	Raman	bands	
assigned	to	the	dimanganese	µ-oxo	species	(Figures	2e	and	
S14).	Notably,	computational	models	involving	incomplete	
O–O	bond	cleavage,	that	is,	formation	of	dioxygen,	superoxo,	
or	 peroxo	 species,	 gave	 vibrational	 frequencies	 of	 1455	
cm−1,	 1243	 cm−1,	 and	 883	 cm−1,	 respectively,	 for	 the	 O–O	
stretch	(Figures	S15–S19),	which	are	not	observed	in	3.	The	
combined	 experimental	 and	 computational	 results	 estab-
lish	the	molecular	formula	of	3	as	Mn2.61[(Mn4Cl)2.61(Mn4(µ2-
O)2)0.39BTT8]2,	whereby	 the	 “empty”	or	neutral	MnII4	 clus-
ters	in	2	(13%	of	all	SBUs,	vide	supra)	undergo	four-elec-
tron	oxidation	overall	to	quantitatively	yield	corresponding	
MnIII4(µ2-O)2	clusters	in	3.	
	



 

	

Figure	3.	Calculated	reaction	pathway	for	O2	reduction	and	evolution	at	a	tetramanganese	site	and	free	energies	of	reaction	inter-
mediates.	(a)	Electron	transfer	sequence	along	the	oxygen	reduction	(from	left	to	right)	and	evolution	(from	right	to	left).	(b)	Opti-
mized	structures	shown	normal	and	parallel	to	the	plane	formed	by	the	four	Mn	ions	in	a	Mn4	cluster,	with	the	associated	free	energy	
for:	(I)	native	all-MnII	cluster	with	O2;	(II)	superoxo	intermediate;	(III)	peroxo	intermediate;	(IV)	all-MnIII	di-µ2-oxo	cluster.	Hydrogen	
atoms	are	omitted.	All	distances	are	reported	in	Å.	

Calculated	reaction	pathway	for	O2	reduction.	Compu-
tational	 analysis	 provided	 a	 reasonable	 reaction	 pathway	
and	intermediates	during	the	scission	of	the	O=O	bond	(Fig-
ure	 3).	 The	 first	 one-electron	 reduction	 of	 O2	 by	 the	Mn4	
cluster	 gives	 a	 µ2-h2,h2	 superoxo	 intermediate	 II	wherein	
one	MnII	is	oxidized	to	MnIII	and	the	O–O	bond	is	elongated	
by	0.1	Å	 to	1.30	Å,	 slightly	 longer	 than	 that	of	a	 reported	
monomeric	end-on	MnIII-superoxo	(1.249(4)	Å).26	The	sec-
ond	1e−	transfer	from	an	adjacent	MnII	to	superoxide	has	a	
barrier	of	1.2	kcal/mol	and	affords	a	trans-µ-1,2-peroxo	in-
termediate	III	bearing	a	di-MnIII	unit	(Table	S2,	Figure	S20).	
In	intermediate	III,	the	MnIII–O	bonds	are	approximately	0.5	
Å	 shorter	 than	 the	other	 two	MnII–O	bonds.	The	MnII	 can	
therefore	be	thought	of	as	Lewis	acids	that	weakly	coordi-
nate	 the	 peroxide	 thus	 activating	 it	 for	 further	 electron	
transfer.	The	O–O	bond	in	III	is	further	elongated	to	1.42	Å,	
and	is	comparable	to	those	found	in	binuclear	MnIII-peroxo	
species,	 1.452(5)	 Å,27	 and	 mononuclear	 side-on	 MnIV-
peroxo	 species,	 1.415(2)	 Å.29	 Even	 though	 the	 final	 two-
electron	reduction	of	III	to	IV	has	a	calculated	barrier	of	16.0	
kcal/mol,	it	is	exergonic	by	28.4	kcal/mol	and	leads	to	com-
plete	cleavage	of	 the	O–O	bond,	with	 formation	of	 the	all-
MnIII	[Mn4(µ2-O)2]	core	(species	IV	in	Figure	3)	that	is	exper-
imentally	found	in	3	(Table	S2,	Figure	S21).	The	tetraman-
ganese	 core	 in	 IV	 deviates	 significantly	 from	 the	 original	
~3.8	Å	×	3.8	Å	square	shape	to	 form	a	rectangle	with	ap-
proximate	sides	of	4.0	Å	×	3.1	Å,	wherein	the	O‧‧‧O	distance	
between	the	two	µ-oxo	units	is	2.42	Å.		
O2	evolution.	In	3,	O2	is	reduced	by	four	electrons	at	the	

Mn4	 cluster	 to	 give	 [MnIII4(µ2-O)2(tetrazole)8(CH3OH)4]	

units,	as	determined	based	on	spectroscopic	characteriza-
tions	and	density-functional	theory	(DFT)	calculations	(Fig-
ure	2,	vide	supra).	Previous	reports	of	multielectron	activa-
tion	of	O2	typically	involve	trinuclear	clusters;13,14	our	strat-
egy	 here	 represents	 an	 alternative	 involving	 tetranuclear	
clusters.	Given	the	proximity	and	orientation	of	the	two	oxo	
groups	within	oxidized	clusters	in	3,	we	envisioned	a	sce-
nario	where	these	groups	could	indeed	couple	to	reversibly	
form	an	O–O	bond	and	potentially	even	release	O2.	To	probe	
this	scenario,	we	monitored	O2	generation	using	real-time	
in-line	mass	spectrometry	(MS),	 following	counts	 for	spe-
cies	with	a	mass-to-charge	ratio	(m/z)	of	32,	for	32O2.	How-
ever,	 m/z	 =	 32	 also	 corresponds	 to	 methanol,	 traces	 of	
which	are	released	from	the	MOF	at	temperatures	exceed-
ing	65	°C,	and	which	interferes	with	the	32O2	signal.	Instead,	
we	used	36O2	to	produce	and	isolate	18O-labeled	3-18O.	The	
labeled	MOF	was	then	evacuated	and	purged	with	He	to	re-
move	any	potential	trace	of	left-over	36O2.	Gradually	heating	
3-18O	 and	monitoring	 the	m/z	=	36	MS	signal	produces	a	
clear	peak	around	100	°C	(Figure	4),	which	can	only	be	as-
signed	to	36O2.	 In	a	control	experiment,	heating	of	3	up	to	
150	°C	under	a	flow	of	He	gives	no	detectable	signal	for	m/z	
=	36.	Following	the	36O2	evacuation	from	3-18O,	the	reduc-
tion	of	the	Mn(III)	centers	in	the	material	was	corroborated	
by	change	in	color	from	dark-brown	back	to	colorless,	and	
the	formation	of	a	material	spectroscopically	indistinguish-
able	 from	 2.	 PXRD	



 

	

	

Figure	4.	O2	evolution	from	3-18O.	Oxygen	evolution	reactions	
were	conducted	in	a	continuous,	tubular	flow	reactor	under	he-
lium	flow.	The	intensity	of	m/z	=	36	of	the	outlet	gas	was	mon-
itored	using	mass	spectrometry.	

confirmed	 that	 the	 framework	remains	crystalline	after	
O2	evolution.	Considering	the	rigid	framework,	intermolec-
ular	reaction	pathways	 for	O2	 formation	can	be	ruled	out.	
Likewise,	O2	formation	by	oxidation	of	solvent	molecules	is	
unlikely	as	none	of	the	possible	trace	or	guest	solvent	mol-
ecules	are	 labeled	with	 18O.	Thus,	we	assign	 the	observed	
m/z	=	36	signal	 to	O2	produced	by	coupling	 two	bridging	
oxo	groups	in	tetramanganese	clusters.	
The	computational	analysis	in	Figure	3	illustrates	the	re-

action	pathway	for	O2	evolution.	We	note	that	the	main	driv-
ing	force	for	O2	evolution,	which	is	endergonic,	is	the	gener-
ation	 of	 gaseous	O2	 in	 an	 open	 system.	 Starting	 from	 the	
manganese-oxide	 cluster,	 the	 first	 step	 is	 O–O	 bond	 for-
mation	via	the	interaction	of	two	metal–oxo	units.	This	step	
is	 particularly	 difficult	 and	 rarely	 observed	 in	 molecular	
systems,	not	least	because	the	oxos	require	radical	charac-
ter.6	Notably,	radical	coupling	and	nucleophilic	attack	mech-
anisms	for	O2	formation	traditionally	involve	MnIV-oxyl	rad-
ical	 and/or	 MnV–oxo	 electrophiles.11	 Similarly,	 in	 Nature,	
the	oxygen-evolving	complex	of	photosystem	II	liberates	O2	
via	a	tetra-manganese(IV)	state	of	the	Mn4CaO5	cluster.1	In	
our	system,	however,	we	show	that	high-valent	manganese	
is	not	required	for	O2	evolution	in	a	tetramanganese	cluster.	
Nonetheless,	 the	 calculated	 energy	 barrier	 for	 O–O	 bond	
formation,	44.4	kcal/mol,	 is	relatively	large.	This	observa-
tion	can	be	attributed	to	the	relatively	low	oxidation	state	of	
Mn	 in	 the	 MOF-supported,	 oxygen-evolving	 MnIII4(µ2-O)2	
clusters,	and	may	explain	why	O2	generation	from	this	sys-
tem	requires	elevated	temperature.	Still,	one	important	ad-
vantage	of	this	MOF	system	is	likely	the	favorable	orienta-
tion	of	the	two	coupling	oxo	groups,	which	are	fixed	by	the	
Mn4	cluster	in	an	entropically-favored	conformation	with	a	
relatively	 short	 O‧‧‧O	 distance	 of	 2.42	 Å.	 The	 subsequent	
steps	are	significantly	less	thermodynamically	demanding,	
with	O2	release	expected	to	be	spontaneous	upon	forming	
the	O–O	bond.	The	last	step,	O2	release,	is	essentially	the	re-
verse	of	a	chemisorptive	O2	binding	and	is	driven	by	run-
ning	O2	evolution	in	an	open	system	under	He	flow.	To	our	
knowledge,	 this	represents	 the	 first	example	of	a	discrete	
artificial	Mn	system	that	evolves	O2.	
Activity	of	related	Mn3Ni	cluster.		The	presence	of	four	

Mn	atoms	in	the	O2-evolving	cluster	in	3	allows	one-electron	

redox	processes	at	each	Mn	atom	and	raises	the	question	of	
whether	reactivity	could	be	observed	in	the	presence	of	just	
three	Mn	atoms.	To	test	the	necessity	of	all	four	Mn	atoms,	
we	 targeted	 an	 isostructural	 trimanganese-mononickel	
cluster	 supported	 by	 the	 same	 tris-tetrazolate	 ligand.	We	
had	previously	shown	that	partially	substituted	clusters	can	
be	accessed	by	post-synthetic	metal	exchanges	in	the	parent	
all-manganese	MOF.30,31	We	 focused	 on	 the	 Ni-exchanged	
clusters	because	the	less	oxophilic	Ni2+	is	unlikely	to	allow	
oxidation	to	Ni3+,	thereby	potentially	forcing	one	of	the	re-
maining	Mn	 atoms	 to	 engage	 in	multielectron	 chemistry.	
Furthermore,	 upon	 removal	 of	 central	 chloride	 ions	 from	
Mn3Ni	clusters,	Ni	would	adopt	a	 favorable	square-planar	
geometry.	Thus,	colorless	crystals	of	1	were	soaked	in	a	con-
centrated	methanolic	solution	of	anhydrous	NiCl2	at	50	°C	
for	18	hours.	The	resulting	green	material,	solvated	1-Ni,	re-
mains	crystalline	and	preserves	the	topology	of	the	starting	
material,	as	confirmed	by	PXRD	(Figure	S22),	and	maintains	
porosity	(Figure	S23).	The	Ni,	Mn,	and	Cl	content	of	1-Ni,	
calculated	 by	 XPS	 (Figure	 S24),	 IC,	 and	 ICP-MS	measure-
ments,	 allowed	 assignment	 of	 the	 formula	 of	 1-Ni	 as	
Ni3[(Mn2.6Ni1.4Cl)3(BTT)8]2	 whereby	 an	 average	 of	 1.4	Mn	
cations	are	replaced	by	Ni	in	each	tetrametal	cluster.	This	
assignment	 assumes	 full	 exchange	 of	 more	 labile	 ex-
traframework	cations.	Even	though	the	formula	represents	
an	average	that	allows	for	a	mixture	of	clusters	with	varying	
compositions	NixMn4-x	(x	=	0	–	4),	the	presence	of	Mn4	clus-
ters	is	ruled	out	by	subsequent	reactivity	studies	(vide	in-
fra).	As	with	1,	NiCl2	equivalents	can	be	removed	from	1-Ni	
by	soaking	it	in	MeOH	to	generate	the	chloride-vacant	ma-
terial	2-Ni	as	a	green	crystalline	solid,	in	the	solvated	state	
(Figure	S22).	 In	2-Ni,	14%	of	 its	 tetranuclear	clusters	are	
chloride-deficient,	 as	 confirmed	 by	 ICP-MS,	 IC,	 and	 XPS	
analyses	(Figure	S25).	Green	crystals	of	2-Ni	can	be	desolv-
ated	under	dynamic	vacuum	at	120	°C	for	18	hours	to	yield	
a	tan,	crystalline	solid	that	retains	the	same	structure	as	2-
Ni	(Figure	S22).	Importantly,	dosing	O2	onto	this	tan	solid	
does	not	result	in	a	color	change	and	yields	no	changes	to	
the	Raman	spectrum	(Figure	S26).	Notably,	no	new	bands	
are	observed	at	607,	636,	671	or	692	cm−1	which	also	con-
firms	 that	 no	Mn4	 clusters	 are	 present	 in	2-Ni.	 Thus,	 ex-
change	of	at	least	one	Mn	ion	in	tetranuclear	Mn4	clusters	
by	a	metal	with	a	less	accessible	one-electron	redox	couple	
eliminates	all	reactivity	with	O2,	further	confirming	that	re-
activity	occurs	at	the	vacant	Mn4	cluster.		
CONCLUSIONS	
Our	work	 provides	 structural	 and	 functional	 precedent	

for	the	interconversion	between	O2	and	metal–oxos,	and	of-
fers	insight	into	the	four-electron	cleavage	and	formation	of	
O–O	double	bonds.	A	necessary	caveat	is	that	the	complex	
electronic	structure	of	these	intermediates	are	challenging	
for	 DFT	modeling,	 but	we	 expect	 that	 qualitative	 conclu-
sions	would	 be	 unchanged	with	 either	 changing	 the	 DFT	
functional	 or	 more	 computationally	 intensive	 theoretical	
modeling.	Cleavage	and	 formation	of	O=O	bonds	 typically	
require	 independent	 chemical	 systems	 or	metalloenzyme	
cofactors,	but	is	achieved	here	in	a	single	Mn4	cluster.	The	
results	thus	highlight	both	the	utility	of	multinuclear	clus-
ters	 in	mitigating	the	redox	burden	for	multielectron	pro-
cesses,	 and	 the	 advantage	 of	 placing	 such	 clusters	 inside	
MOFs,	 to	 lower	 the	entropic	penalty	 for	coupling	 two	oxo	



 

groups	and	favor	the	formation	of	the	O–O	bond,	often	the	
rate	determining	step	in	O2	evolution	mechanisms.	
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