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ABSTRACT:	The	inherent	atomistic	precision	of	synthetic	chemistry	enables	bottom-up	structural	control	over	quantum	bits,	
or	qubits,	for	quantum	technologies.	Tuning	paramagnetic	molecular	qubits	that	feature	optical	spin	initialization	and	readout	
is	a	crucial	step	towards	designing	bespoke	qubits	for	applications	in	quantum	sensing,	networking,	and	computing.	Here,	we	
demonstrate	that	the	electronic	structure	that	enables	optical	spin	initialization	and	readout	for	S	=	1,	Cr(aryl)4,	where	aryl	=	
2,4-dimethylphenyl	(1),	o-tolyl	(2),	2,3-dimethylphenyl	(3),	is	readily	translated	into	Cr(alkyl)4	compounds,	where	alkyl	=	
2,2,2-triphenylethyl	(4),	(trimethylsilyl)methyl	(5),	and	cyclohexyl	(6).	The	small	ground-state	zero	field	splitting	values	(<5	
GHz)	for	1-6	allowed	for	coherent	spin	manipulation	at	X-band	microwave	frequency,	enabling	temperature,	concentration,	
and	orientation	dependent	investigations	of	the	spin	dynamics.	Electronic	absorption	and	emission	spectroscopy	confirmed	
the	desired	electronic	structures	for	4-6,	which	exhibit	photoluminescence	from	897-923	nm,	while	theoretical	calculations	
elucidated	the	varied	bonding	interactions	of	the	aryl	and	alkyl	Cr4+	compounds.	The	combined	experimental	and	theoretical	
comparison	of	Cr(aryl)4	and	Cr(alkyl)4	systems	illustrates	the	impact	of	the	ligand	field	on	both	the	ground-state	spin	struc-
ture	and	excited	state	manifold,	laying	the	groundwork	for	the	design	of	structurally	precise	optically	addressable	molecular	
qubits.		

INTRODUCTION	

The	development	of	quantum	technologies,	 such	as	quantum	
computing,	 communication,	 and	 sensing,	 relies	 on	 exquisite	
control	over	materials	design	and	fabrication.1–3	In	these	rap-
idly	growing	areas	of	quantum	information	science	(QIS),	sub-
stantial	effort	has	been	devoted	to	designing,	creating,	and	con-
trolling	quantum	bits,	or	qubits,	the	fundamental	units	of	quan-
tum	information	processing.1,4–12	In	many	impressive	proof-of-
principle	QIS	demonstrations	-	such	as	magnetic	resonance	of	
individual	proteins,13	entanglement	of	qubits	over	a	kilometer	
apart,14	 or	 detection	 of	 action	 potentials	 of	 individual	 neu-
rons15	-	optically	active	electronic-spin	based	defects,	or	color	
centers,	embedded	in	host	crystals,	such	as	the	anionic	nitrogen	
vacancy	 center	 in	 diamond,	 serve	 as	 the	 qubits.1,6,16–21	 The	
ground	 state	 spin	 of	 these	 qubits	may	 be	 optically	 prepared	
into	an	initial	state,	i.e.	initialized,	and	read	out	using	spin-de-
pendent	emission	from	the	color	center,	enabling	remote	opti-
cal	 control	 and	 single	 qubit	 addressability.22,23	 While	 solid-
state	color	centers	offer	 incredible	coherence	properties	and	
quantum	 control,	 deterministic	 spin	 localization	 and	 defect	
tunability	remain	major	challenges.	Creating	designer,	optically	
addressable	qubits	from	the	bottom-up	represents	a	modular	
and	 scalable	 approach	 for	 emerging	 quantum	 technolo-
gies.1,8,24–29		

	 Molecular	spin-based	qubits	offer	such	a	pathway	for	bot-
tom-up	design,	providing	impeccable	control	over	both	physi-
cal	 and	 electronic	 structure	 of	 the	 qubit.25,28,30–33	 Thus,	 to	
merge	the	desirable	optical-spin	 interface	of	solid-state	color	
centers	with	the	structural	modularity	of	synthetically	derived	
systems,	we	aim	to	translate	the	electronic	structure	of	defects	
that	enables	optical-spin	initialization	and	readout	into	molec-
ular	systems.	As	we	have	previously	outlined,	our	initial	targets	
for	molecular	color	centers	capable	of	resonant	optical-spin	in-
itialization	and	readout	require	(i)	an	S	=	1	ground	state,	(ii)	an	
excited	state	manifold	where	 the	 first	optical	 transition	 is	an	
emissive,	intra-configurational	(i.e.	spin-flip)	transition	that	is	
sufficiently	narrow	for	spin-selective	excitation,	(iii)	a	ground	
state	 that	 is	addressable	with	microwaves,	and	(iv)	a	ground	
state	spin-lattice	relaxation	time,	T1,	that	is	longer	than	the	op-
tical	emission	lifetime,	τopt.34	The	S	=	1	ground	state	is	achieved	
by	introducing	the	proper	metal	ion	into	a	suitable	geometry,	
such	as	an	octahedral	d8	or	tetrahedral	d2	ligand	field.	The	nar-
row	emission	linewidths	of	the	intra-configurational	transition	
then	arise	from	the	nested	potential	energy	surfaces	of	the	first	
S	=	0	excited	state	(1ES)	and	S	=	1	ground	state	(3GS).	These	two	
criteria	yield	the	desired	electronic	structure	in	Figure	1,	where	
the	 1ESà3GS	 transition	 should	 exhibit	 narrow	 emission	 lin-
ewidths	 for	 resonant	 optical	 initialization	 and	 readout.	 The	
third	criterion	enables	coherent	control	of	the	qubit	in	order	to	
determine	the	spin-spin	relaxation	time,	Tm,	representing	the	



 

coherent	lifetime	of	the	qubit.	The	fourth	criterion	requires	that	
T1	is	sufficiently	long	or	τopt	is	sufficiently	short	such	that	opti-
cal	excitation	and	relaxation	happens	faster	than	thermal	equi-
libration	of	the	ground	spin	states,	thereby	enabling	the	build-
up	of	ground-state	spin	polarization.		

With	each	of	these	criteria	in	mind,	we	previously	demon-
strated	that	V3+,	Cr4+,	and	Ni2+	complexes	with	strong	field	lig-
ands	in	trigonal	bipyramidal,	tetrahedral	(Td),	or	octahedral	ge-
ometries	yield	the	desired	electronic	structure	for	optical	ad-
dressability.34–37	However,	the	magnitude	of	the	axial	zero	field	
splitting	(ZFS)	parameter,	|D|,	for	S	=	1	transition	metal	com-
plexes	often	precludes	coherent	spin	manipulation	at	the	low	
microwave	 frequencies	 (0-40	GHz)	 that	 are	 typically	used	 in	
optically	 detected	magnetic	 resonance	 experiments	 and	 con-
ventional	electron	paramagnetic	resonance	(EPR)	spectrome-
ters.38,39	To	overcome	this	 inherent	challenge	 for	 these	S	=	1	
systems,	we	initially	targeted	homoleptic,	Td	CrR4	complexes,	
where	R	is	a	strong	field	ligand,	which	yield	small	|D|	values,	
which	we	define	as	<0.3	cm−1	or	<9	GHz,	corresponding	to	the	
frequency	 of	 an	 X-band	 EPR	 spectrometer.40–42	 In	 such	 CrR4	
compounds,	|D|	is	minimized	by	both	the	orbitally	non-degen-
erate	ground	state	(i.e.	3A)	and	the	high	energy	excited	states	
that	result	from	the	strong	ligand	field	environment	(Figure	1).		

	 We	recently	demonstrated	that	this	bottom-up	design	ap-
proach	 enabled	 optical-spin	 initialization	 and	 readout	 with	
three	 S	 =	 1,	 Cr(aryl)4	 compounds,	 where	 aryl	 =	 2,4-dime-
thylphenyl,	o-tolyl,	or	2,3-dimethylphenyl.34	Herein,	we	sought	
to	 expand	 the	 accessible	 ligand	 systems	 for	 Cr4+	 compounds	
that	 enable	 such	optical	 addressability	while	modulating	 the	
optical-spin	 interface	 (Figure	1),	 a	 step	 towards	 creating	be-
spoke	 qubits	 for	 targeted	 sensing	 applications	 or	multi-spin	
systems	 for	 entanglement	 protocols.	 While	 numerous	

homoleptic	 CrR4	 compounds	 have	 been	 previously	 investi-
gated,	such	as	Cr(di-tert-butyl-methylsiloxide)4,	Cr(tert-butox-
ide)4,	and	Cr(dimethylamido)4,	 the	 inherently	poor	metal-lig-
and	orbital	overlap	of	the	tetrahedral	ligand	field	often	proves	
too	weak	to	achieve	the	electronic	structure	in	Figure	1.42	To	
circumvent	this	issue,	we	focused	on	Cr(alkyl)4	systems,	where	
the	strong	field	alkyl	donors	result	in	higher	energy	spin-triplet	
excited	states	than	the	corresponding	aryl	compounds	(Figure	
1)	along	with	suitably	small	ZFS	values	for	spin	manipulation.	
Additionally,	as	the	energy	of	the	emissive	1ES	is	dictated	by	in-
terelectronic	repulsion,43,44	we	chose	these	σ-only	alkyl	donors	
to	reduce	electron	delocalization	onto	the	ligand	relative	to	the	
Cr-aryl	 systems.	 The	 resulting	 variation	 in	 emission	 energy	
demonstrated	how	the	electron	delocalization	in	the	Cr4+	spe-
cies	may	be	used	to	tune	the	emission	energy	through	ligand	
modification	or	substitution.		

	 Here	we	describe	our	investigation	of	six	pseudo-Td,	S	=	1	
Cr4+	 compounds:	 Cr(2,4-dimethylphenyl)4	 (1),34	 Cr(o-tolyl)4	
(2),45	Cr(2,3-dimethylphenyl)4	(3),34	Cr(2,2,2-triphenylethyl)4	
(4),41	 Cr((trimethylsilyl)methyl)4	 (5),46	 and	 Cr(cyclohexyl)4	
(6)47	 (Figure	 	 2).	 Comparing	 Cr(aryl)4	 and	 Cr(alkyl)4	 com-
pounds,	we	probed	 the	 influence	of	 the	 ligand	 field	 environ-
ment	on	the	ground	state	spin	structure	and	dynamics	via	con-
tinuous-wave	(cw)	and	pulsed	EPR	spectroscopy.	We	also	used	
optical	absorption	and	emission	spectroscopy	along	with	elec-
tronic	structure	calculations	to	further	characterize	the	metal-
ligand	interactions	in	these	two	classes	of	compounds.	These	
results	provide	a	framework	through	which	to	design	molecu-
lar	color	centers	based	on	Cr4+	and	illustrate	that	these	princi-
ples	may	be	readily	extended	to	other	transition	metal	systems.	

RESULTS	AND	DISCUSSION	

Synthesis	 and	 structural	 characterization	 of	 CrR4	 com-
pounds.	We	synthesized	1-4	according	to	previously	reported	
methods34,41,45	via	metathesis	of	CrCl3∙3(THF)	with	the	corre-
sponding	aryl	lithium	or	alkyl	lithium	salt	at	−78°	C	in	diethyl	
ether.	5	 and	6	were	 prepared	 according	 to	 literature	 proce-
dure46,47	from	the	reaction	of	cyclohexylmagnesium	chloride	or	
(trimethylsilyl)methylmagnesium	 chloride	 and	 CrCl3∙3(THF)	
at	−78°	C.	When	preparing	these	CrR4	compounds	from	either	
the	appropriate	organolithium	or	Grignard	reagent,	 the	reac-
tion	likely	proceeds	to	the	desired	Cr4+	product	via	dispropor-
tionation	of	two	CrR3	or	[CrR4]−	species.	For	example,	two	iso-
lable	 products	 result	 from	 the	 reaction	 of	 (trimethylsi-
lyl)methylmagnesium	chloride	and	CrCl3∙3(THF),	 the	tetrava-
lent	species,	5,	and	a	cluster	of	four	Cr2+	ions	bridged	by	(trime-
thylsilyl)methylene	ligands,	supporting	the	disproportionation	
reaction	 pathway.46	 A	 similar	 disproportionation	 reaction	
pathway	 is	 invoked	 for	 the	 formation	 of	 Cr(NEt2)4	 from	
Cr(NEt2)3.48	This	reaction	pathway	provides	a	theoretical	up-
per	limit	of	50%	based	on	the	metal	precursor.		

	 While	the	molecular	structures	of	1–3,	5	and	6	were	pre-
viously	reported,34,45–47	4	had	not	yet	been	structurally	charac-
terized	and	the	crystal	quality	for	5	limited	the	molecular	reso-
lution	 in	 previous	 X-ray	 diffraction	 experiments.46	 Thus,	 we	
performed	 single	 crystal	 X-ray	 diffraction	 experiments	 for	4	
and	5	(Figure	2).	The	Cr-C	bond	lengths	for	all	compounds	fall	
in	the	range	of	1.98-2.02	Å,	typical	for	organometallic	Cr4+	com-
pounds,47,49–51	 while	 the	 metal	 site	 symmetry	 deviates	 from	
ideal	Td	symmetry,	as	indicated	by	the	space	group	and	the	C-
Cr-C	angles	 in	each	structure	 (Table	S6).	Although	 the	struc-
tural	deviation	from	Td	is	minimal,	breaking	ideal	Td	symmetry	
should	result	 in	 two	notable	effects	 for	 these	compounds:	(i)	

 
Figure	1.	General	 energy	 level	 schematic	 (left)	 for	 target	
electronic	structure	with	molecular	symmetry	and	orbital	
considerations	 highlighted	 (right),	 including	 ligand	 field	
strength	to	control	the	energies	of	1ES	and	3ES,	electron	con-
figuration	of	1ES	and	3ES,	and	ground	state	orbital	(3A)	and	
molecular	(Td)	symmetry	that	enable	microwave	addressa-
bility. 



 

introducing	non-negligible	zero	field	splitting,	i.e.,	|D|	>	0	and	
(ii)	 reducing	 the	orbital	 symmetry	of	 the	 spin-triplet	 excited	
states.51–53	As	a	result,	the	symmetry	lowering	influences	both	
the	 ground-state	 EPR	 addressability,	 where	 large	 deviations	
from	Td	may	result	in	prohibitively	large	|D|	values,	and	the	op-
tical	structure	by	increasing	the	number	of	observable	transi-
tions.52	

Ground	 state	 spin	 structure.	To	 assess	 the	microwave	 ad-
dressability	of	4-6,	we	turned	to	X-band	cw-EPR	spectroscopy.	
To	reduce	electronic	spin-spin	interactions	in	these	measure-
ments,	we	co-crystallized	5	and	6	in	their	corresponding,	dia-
magnetic	tin	analogues,	Sn((trimethylsilyl)methyl)4	and	Sn(cy-
clohexyl)4,	 while	 we	 coprecipitated	 4	 with	 Sn(2,4-dime-
thylphenyl)4,	 1-Sn	 (see	 SI).	 For	 all	 following	 EPR	 measure-
ments,	we	denote	the	Cr4+	samples	diluted	in	the	diamagnetic,	
Sn	hosts	as	1′-6′.	The	cw-EPR	spectra	in	Figure	3	show	both	a	
half-field	transition	around	165	mT	(g	≈	4),	corresponding	to	
the	nominally	 forbidden	∆MS	=	2	transition,	and	the	 full	 field	
∆MS	=	1	transitions	centered	around	330	mT	(g	≈	2).	To	quan-
tify	the	ground	state	spin	structure,	we	simulated	the	spectra	
with	 the	 spin	 Hamiltonian	 !! 	 = 	$(&̂!

2– &(& + 1)/3) 	+
	-(&̂#

2 − &̂$
2) 	+ 	∑ /%0&&̂%1%% ,	where	D	and	E	are	 the	axial	and	

transverse	ZFS	parameters,	 respectively,	gi	 is	 the	 electron	g-
value,	μB	is	the	Bohr	magneton,	&2'	is	the	spin	operator,	Bi	is	the	
magnetic	field,	and	i	is	x,	y,	or	z.		

	 While	each	of	 these	systems	 likely	exhibit	anisotropic	g-
factors,	we	 could	 not	 resolve	 variation	 in	gx,	gy,	 and	gz	 from	
these	X-band	cw-EPR	spectra	and,	thus,	simulated	each	spec-
trum	with	an	isotropic	g-factor.	4′-6′	exhibit	|D|	values	ranging	
from	0.76-2.1	GHz	with	E/|D|	ratios	of	0.09-0.28	(Table	1).	In	
fact,	the	cw-EPR	spectra	of	4′	and	5′	provide	ZFS	parameters	
that	 are	 consistent	 with	 previously	 reported	 solution	 phase	
values.40,41	Additionally,	 the	rhombicity	of	4-6	 (i.e.	E/|D|	>	0)	
results	from	a	lack	of	3-fold	or	higher	rotational	axes	in	the	mo-
lecular	 structures.	2	 is	 the	only	 compound	 investigated	here	

with	a	crystallographic	structure	that	enforces	|E|	=	0	(see	be-
low).34		

	 The	variation	in	the	EPR	linewidths	and	number	of	turning	
points	(i.e.	transitions	related	to	the	x,	y,	or	z	molecular	orien-
tations	relative	to	an	external	field)	in	the	spectra	for	the	mi-
crocrystalline	powders	of	4′-6′	highlight	significant	differences	
between	each	of	these	samples.	For	example,	the	linewidths	of	
the	half	and	full	 field	turning	points	 for	4′	are	much	broader	
than	1′-3′,	5′	or	6′,	suggesting	that	imperfect	lattice	matching	
with	the	1-Sn	host	may	lead	to	significant	D-	or	g-strain	of	4.54	
Indeed,	 the	 line	 broadening	 appears	 similar	 to	Td	 Cr4+	 com-
plexes	measured	in	amorphous	glassy	matrices.40,55	In	contrast,	
5′	 exhibits	 much	 sharper	 linewidths,	 highlighting	 the	 im-
portance	of	dilution	 in	 an	 isostructural,	microcrystalline	ma-
trix.	Finally,	while	the	spectrum	of	6′	shows	equally	sharp	lin-
ewidths	 to	 5′,	 the	 spectrum	 contains	 twelve	 turning	 points,	
suggesting	that	there	are	two	magnetically	inequivalent,	rhom-
bic	S	=	1	species	in	this	sample.	As	a	result,	this	spectrum	is	ap-
propriately	modeled	with	equally	weighted	occupation	of	these	
two	sites	with	|D|	(E)	values	of	1.56	(0.37)	GHz	and	0.77	(0.22)	
GHz	(Figure	S4).	While	the	exact	origin	of	this	effect	is	unclear,	
we	posit	that	the	unit	cell	of	Sn(cyclohexyl)4	may	contain	two	
crystallographically	and,	consequently,	magnetically	inequiva-
lent	 sites	 that	 the	 Cr4+	may	 occupy	 (Table	 S4,	 see	 SI	 for	 ex-
tended	discussion).	Multiple	magnetically	 inequivalent,	S	 =	1	
species	have	been	previously	observed	for	frozen	solutions	of	
similar	samples,	such	as	Cr(1-norbornyl)4,	Cr(neopentyl)4,	and	
Cr((trimethylsilyl)methyl)4,	 and	 solid-state	 samples	 of	 Cr(di-
tert-butylmethylsiloxide)4.41,42,55	 As	 a	 result,	 all	 subsequent	
pulsed	EPR	data	for	6′	refer	to	these	two	sites	as	site	1,	with	|D|	

Table	1.	cw-EPR	spin	parameters	for	4′-6′.	
Sample	 |D|	(GHz)	 |E|	(GHz)	 giso	
4′	 2.11	 0.5	 1.98	
5′	 1.23	 0.11	 1.98	

6′	(site	1)a	 0.76	 0.22	 1.9845	
6′	(site	2)a	 1.56	 0.375	 1.9845	

a	Relative	weight	fixed	at	50%	for	each	site. 

Figure	3.	cw-EPR	spectra	of	4	(gold),	5	(peach),	and	6	
(pink)	with	simulated	spectra	in	gray	(Table	1	and	S5).	

 
Figure	2.	Molecular	structures	of	Cr(2,4-dimethylphenyl)4	
(1),	Cr(o-tolyl)4	(2),	Cr(2,3-dimethylphenyl)4	(3),	Cr(2,2,2-
triphenylethyl)4	 (4),	 Cr((trimethylsilyl)methyl)4	 (5),	 and	
Cr(cyclohexyl)4	 (6).	 Cr,	 C	 and	 Si	 given	 in	 pink,	 gray	 and	
peach,	respectively.	Hydrogen	atoms	omitted	for	clarity.	



 

=	0.76	GHz	and	E	=	0.22	GHz	,	and	site	2,	with	|D|	=	1.56	GHz	
and	E	=	0.37	GHz.	These	results	suggest	that	both	lattice	match-
ing	and	crystallographic	site	symmetry	may	influence	the	spin	
properties,	such	that	tuning	the	host	material	offers	a	pathway	
to	readily	modulate	the	ground	state	ZFS	values.		

Ground	state	spin	dynamics.	With	1′-6′	displaying	suitably	
small	ZFS	values	for	X-band	addressability,	we	investigated	the	
temperature	dependence	of	both	T1	 and	Tm.	While	Tm	 repre-
sents	the	coherent	information	lifetime	for	the	qubit,	T1	repre-
sents	the	time	over	which	spin	polarization	may	accumulate	in	
the	ground	state	for	optical	spin	initialization	and	imposes	an	
upper	 limit	on	Tm.	As	such,	understanding	the	processes	that	
contribute	to	both	T1	and	Tm	is	crucial	to	evaluate	the	efficacy	
of	 each	 qubit	 candidate.	 We	 performed	 echo-detected	 field	
swept	(EDFS)	experiments	for	1′-6′	to	determine	the	optimal	
magnetic	field	for	subsequent	pulsed	experiments	(Figure	S6).	
The	most	intense	features	correspond	to	the	principal	axis	of	
the	ZFS	tensor	oriented	perpendicular	to	the	external	magnetic	
field	(B0),	denoted	as	transitions	along	‘xy’,	while	the	shoulders	
at	the	low	and	high	field	extrema	arise	from	the	principal	axis	
of	the	ZFS	tensor	oriented	parallel	to	B0,	denoted	as	transitions	
along	 ‘z’.	 For	 all	 following	 temperature-dependent	 experi-
ments,	we	present	T1	and	Tm	for	the	higher	magnetic	field	‘y’	or	
‘xy’	transitions	(except	for	site	2	of	6′),	as	these	transitions	ex-
hibit	the	greatest	absorption	intensity	in	the	EDFS	spectra	(Fig-
ures	S6,	S12-15),	allowing	us	to	probe	spin	relaxation	to	higher	
temperatures	than	the	weaker,	 ‘z’	transitions.	We	discuss	the	
orientation	dependence	of	Tm	in	greater	detail	below.	

	 We	measured	T1	using	an	inversion	recovery	sequence,	P1-
T-π/2-τ-π-τ.	The	resulting	data	were	fit	with	the	stretched	ex-
ponential	 function,	 I	 =	−A	 {exp[−(τ/T1)B]	−	 I0	–	1},	where	 the	
stretch	factor,	B,	is	required	to	best	model	the	inversion	recov-
ery	curves	below	20	K.	Typical	B	values	for	these	compounds	
below	15	K	are	0.5-0.75.	At	low	temperatures,	2′,	3′,	5′	and	6′	
(site	 2)	 exhibit	 the	 longest	T1	 times	 on	 the	 order	 of	 1-5	ms,	
while	1′,	4′	and	6′	(site	1)	exhibit	the	shortest	T1	times	of	0.1-
0.4	ms	 (Figure	 4).	 As	 temperature	 increases	 to	 40	 K,	T1	 de-
creases	sharply	to	1-3	μs	for	all	compounds.	Notably,	these	T1	
times	for	all	compounds	are	substantially	longer	than	the	τopt	
lifetimes	 determined	 for	 1′-3′,34	 suggesting	 that	 these	 com-
pounds	meet	the	fourth	criterion	outlined	above.		

	 To	 understand	 this	 relaxation	 behavior,	 we	 considered	
three	possible	processes	that	may	contribute	to	T1	in	this	tem-
perature	range:	the	direct	process,	a	Raman	process,	and	an	Or-
bach-Aminov	process.56,57	To	model	these	processes,	we	used	
the	following	equation,	
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where	ADir,	ARam	and	Aorb	are	the	coefficients	for	the	direct,	Ra-
man	and	Orbach-Aminov	relaxation	processes,	respectively,	T	
is	 the	 temperature,	 ΘD	 is	 the	 Debye	 temperature,	 J8	 is	 the	
transport	 integral	 and	ΘOrb	 is	 the	Orbach	 temperature	 corre-
sponding	to	the	energy	of	the	excited	state	involved	in	the	re-
laxation	process.	With	the	limited	temperature	range	for	these	
systems,	 these	 data	were	most	 accurately	modeled	with	 Or-
bach-Aminov	and	Raman	processes	while	the	direct	process	of-
ten	had	a	near	negligible	contribution	to	T1,	even	below	10	K	
(Tables	S21-S22).		

	 Inclusion	of	an	Orbach-Aminov	process	in	the	fitting	pro-
cedure	and	stretch	factors	close	to	0.5	at	low	temperature	sug-
gest	that	electronic	spin	interactions	and/or	spectral	diffusion	
may	contribute	to	low	temperature	T1	relaxation.29,57	Such	be-
havior	could	arise	from	spin	aggregation	providing	a	cross	re-
laxation	 pathway.57–61	 Thus,	 we	 calculated	 the	 approximate	
molarity	of	Cr4+	ions	of	each	sample	based	on	approximate	den-
sities	 from	 the	 single	 crystal	 structures	 and	 relative	 ratio	 of	
Cr4+:	Sn4+	determined	from	inductively	coupled	plasma	optical	
emission	spectrometry	(Table	S8).	The	concentrations	ranged	
from	7-40	mM	where	samples	displaying	the	shortest	T1	values	
typically	have	the	highest	relative	Cr4+	concentrations,	suggest-
ing	that	electronic	spin	interactions	contribute	to	T1	at	low	tem-
peratures.	To	further	validate	this	observation,	we	performed	
a	similar	fitting	procedure	as	previously	outlined57	and	found	
that	the	ΘOrb	values	for	1′-6′	(Table	S21,	Figure	S9)	fall	in	the	
expected	range	for	interactions	with	dipolar	coupled	electronic	
spin	dyads	or	triads	(see	SI	for	details).57,59–61		

	 To	 further	probe	 the	effect	of	electronic	spin	concentra-
tion	on	T1,	we	performed	T1	measurements	on	2′	while	varying	
the	 ratio	 of	 Cr4+:Sn4+.	 Between	 5	 and	 10	K,	 the	T1	 times	 are	
longer	 for	 lower	spin	concentrations,	 (Figure	S7	 inset)	while	
the	high	 temperature	T1	 times	are	nearly	 identical	 across	all	
samples.	These	data	 further	suggest	 that	a	 concentration-de-
pendent	cross-relaxation	process	dictates	 lower	 temperature	
relaxation	while	the	higher	temperature	T1	relaxation	is	domi-
nated	by	a	concentration-independent	Raman	process.59	Most	
notably,	the	similarity	in	the	higher	temperature	T1	times	of	all	
samples	 in	 Figure	 4	 illustrates	 the	 need	 to	 understand	 the	

Figure	 4.	 Temperature	 dependence	 of	 T1	 (top)	 and	 Tm	
(bottom)	for	1′–6′.	Solid	lines	represent	best	fits	of	tem-
perature	dependent	relaxation	processes	discussed	in	the	
main	 text.	Blue	and	pink	regions	highlight	 the	 impact	of	
electronic	spin	concentration	(spin-spin	interactions)	and	
Raman	mediated	(T1)	processes,	respectively,	on	T1	(Tm). 



 

phonon	modes	that	mediate	relaxation	in	these	systems.	Thus,	
accessing	optically	addressable	molecular	systems	with	higher	
operation	temperatures	will	require	further	molecular	design,	
such	as	increasing	ligand	denticity,	ligand	rigidity,	or	metal-lig-
and	covalency,	and	analysis	of	operative	phonon	modes	medi-
ating	relaxation.30,62–64		

	 We	then	measured	the	spin	coherence,	Tm,	using	the	Hahn-
echo	sequence,	π/2-τ-π-τ.	The	resulting	decay	curves	were	fit	
with	the	monoexponential	decay	function,	I	=	I0	[exp(–2τ/Tm)].	
Below	10	K,	we	found	that	2′,	3′	and	5′	exhibited	the	longest	Tm	
times	between	1.36–2.55	μs	while	1′,	4′	and	6′	(sites	1	and	2)	
displayed	 shorter	Tm	 times	 from	0.39–0.82	μs	 (Figure	4).	By	
then	measuring	2′	in	toluene-d8,	Tm	increased	to	5.7	μs	at	3.6	K,	
suggesting	that	the	high	density	of	environmental	1H	nuclear	
spins	in	these	solid	state	samples	may	limit	Tm	at	low	tempera-
tures.		

	 While	1H	nuclear	spins	likely	limit	the	upper	bound	of	Tm	
for	all	of	these	systems,	high	concentration	of	Cr4+	and/or	ag-
gregation	of	Cr4+	during	co-crystallization	may	further	reduce	
Tm.	Indeed,	the	Cr4+	molarities	ranged	from	~7	mM	to	~40	mM	
(Table	S8),	which	is	relatively	high	compared	to	pulsed	EPR	ex-
periments	in	solution	or	frozen	glassy	matrices.30–32,65,66	Gener-
ally,	the	samples	with	lowest	concentrations,	such	as	2′	and	3′,	
exhibit	 longer	 Tm	 times,	 while	 more	 concentrated	 samples,	
such	as	1′,	exhibit	Tm	times	nearly	three	times	shorter	despite	
similar	 1H	 environments	 between	 	1′,	2′,	 and	3′.	 Indeed,	 in-
creasing	the	Cr4+	concentration	for	2′	from	7	to	22	mM	results	
in	a	four-fold	reduction	of	Tm	(Figure	S7).	These	initial	investi-
gations	illustrate	that	higher	spin	dilution	or	alternative	crys-
tallization	conditions	may	mitigate	electronic	spin-	spin	inter-
actions,	offering	an	immediate	pathway	to	improve	Tm	for	each	
of	these	compounds.	For	example,	the	longer	than	expected	Tm	
for	5′,	a	sample	with	high	Cr4+	concentration,	could	result	from	
improved	distribution	of	Cr4+	sites	during	co-crystallization.		

	 With	increasing	temperature,	Tm	for	1′	and	3′-6′		are	ap-
proximately	 temperature	 independent	 until	 around	 15	 K,	 at	
which	point	Tm	begins	to	decrease.	In	contrast,	Tm	for	2′	exhib-
its	a	sharp	decrease	until	20	K,	 followed	by	a	slight	recovery	
until	30	K	at	which	point,	Tm	declines	again	(see	SI	for	further	
discussion).	These	data	illustrate	that	Tm	is	limited	by	T1	at	tem-
peratures	>35	K	for	every	compound.	This	upper	bound	that	T1	
imposes	on	Tm	renders	coherent	spin	manipulation	challenging	
above	60	K.	For	many	sensing	applications,	pushing	this	tem-
perature	 limit	up	to	77	K	and	beyond	will	be	critical,	 further	
highlighting	 the	 need	 to	 design	 S	 =	 1	 transition	metal	 com-
pounds	that	exhibit	measurable	T1	at	higher	temperatures.		

Orientation	dependence	of	Tm.	Previous	studies	with	S	=	½	
transition	metal-based	systems	have	demonstrated	that	coher-
ence	times	vary	as	a	function	of	molecular	orientation	with	re-
spect	to	an	external	magnetic	field	(denoted	as	B0),	for	example,	
due	 to	 librational	 motion.65,66	 Alternatively,	 hyperfine-medi-
ated	relaxation	mechanisms	have	dictated	the	orientation-de-
pendent	T2	times	for	NV−	centers.67	Further	understanding	this	
orientation	 dependence	 is	 critical	when	 designing	molecular	
vector-based	magnetic	 field	 sensors	 analogous	 to	 solid-state	
color	centers.68–71	From	the	EDFS	spectra	of	the	microcrystal-
line	powder	samples	of	1′-6′,	we	observe	all	possible	orienta-
tions	of	our	molecular	systems	that	are	separated	over	a	read-
ily	 accessible	 field	 range	 (200-500	 mT)	 by	 the	 non-zero	
ground-state	ZFS	(Figure	S6).	This	spread	of	transitions	allows	
us	to	probe	Tm	as	a	function	of	molecular	orientation	relative	to	
B0.	 Thus,	 we	 performed	 field-dependent	 Hahn	 echo	

experiments	 across	 the	 magnetic	 field	 range	 of	 these	 EDFS	
spectra.	The	spin	bath	of	1H	spins	resulted	in	significant	elec-
tron	spin	echo	envelope	modulation	(ESEEM)	at	 fields	below	
~330	mT	(Tables	S23-28).	Thus,	the	fitting	procedure	for	the	
resulting	decay	curves	accounted	for	this	ESEEM	with	the	func-
tion:	I	=	I0	{1	–	B	cos(ωτ	+	d)	[exp(–2τ/Tosc)]}	[exp(–2τ/Tm)]+	f	
,	where	B	 is	 the	ESEEM	amplitude,	ω	 is	 the	(angular)	ESEEM	
frequency	in	MHz,	d	is	the	modulation	phase,	Tosc	is	the	ESEEM	
decay	time,	and	f	is	an	offset	term.72			

	 In	Figure	5a,	we	overlaid	the	magnetic	field	dependence	of	
Tm	with	 the	 corresponding	EDFS	 spectrum	 for	2′.	 This	EDFS	
spectrum	is	a	summation	of	the	transitions	between	MS	=	0	and	
MS	=	−1	(green)	and	between	MS	=	0	and	MS	=	+1	(pink)	as	de-
picted	 in	 Figure	5b.	 The	 shoulders	 at	 220	 and	485	mT	arise	
from	molecules	with	 the	principal	axis	of	 the	ZFS	 tensor	ori-
ented	parallel	to	B0,	denoted	as	transitions	along	 ‘z’.	The	two	
more	intense	peaks	at	275	and	410	mT	correspond	to	‘xy’	tran-
sitions	where	 the	principal	axis	of	 the	ZFS	 tensor	 is	oriented	
perpendicular	 to	 B0.	 From	 single	 crystal	 optically	 detected	

Figure	5.	(a)	X-band	magnetic	field	dependence	of	Tm	(pur-
ple	 circles)	 for	2′	at	10	K	overlaid	on	 the	 corresponding	
echo-detected	field	swept	spectrum	(black).	(b)	Decompo-
sition	 of	 transitions	 between	MS	 =	 0	 to	MS	 =	 −1	 (B0à−1,	
green)	and	MS	=	0	to	MS	=	+1	(B0à+1,	pink),	the	sum	of	which	
result	in	the	EDFS	spectrum	in	(a).	(c,	d)	Crystallographic	
orientation	of	2′	highlighting	the	principal	axis	of	the	ZFS	
tensor	(pink	arrow),	aligned	perpendicular	(c)	and	parallel	
(d)	 to	 the	 external	magnetic	 field,	B0	(black	 and	 gray	 ar-
rows).	The	crystallographic	a	and	c	axes	are	given	for	each	
orientation.	See	Figure	S11	for	filled	unit	cell. 



 

magnetic	resonance	experiments,	we	found	that	D	is	oriented	
along	the	crystallographic	c	axis,	colinear	with	the	S4	improper	
rotation	axis	of	the	central	molecule	(Figures	5	and	S11).34	For	
2′,	the	molecules	with	the	principal	axis	of	the	ZFS	tensor	ori-
ented	parallel	or	perpendicular	to	B0	 (e.g.	220,	275,	410,	and	
485	mT),	 as	 shown	 in	 Figure	 5c,	 exhibit	Tm	 times	 roughly	 2	
times	longer	than	molecules	at	intermediate	orientations.	This	
orientation	dependence	of	Tm	is	similar	to	S	=	½	systems,	where	
the	longest	Tm	times	occur	for	molecules	with	the	principal	axes	
of	the	g	matrix	or	hyperfine	tensor	oriented	parallel	or	perpen-
dicular	to	B0.65,66	These	data	clearly	illustrate	that	orienting	the	
highest	order	rotational	axis	of	S	>	½	molecular	spins	parallel	
or	perpendicular	to	an	applied	external	field	can	help	maximize	
coherence	times	in	the	high	field	limit	(i.e.	giµBB0	>	|D|),	assum-
ing	that	the	rotational	axis	contains	the	principal	axis	of	the	ZFS	
tensor.73	However,	precisely	assigning		the	dominant	orienta-
tion-dependent	relaxation	mechanisms	in	S	=	1	molecular	sys-
tems	will	require	higher	field	and	frequency	pulsed	EPR	studies	
to	deconvolute	the	influence	of	librational	and	hyperfine-medi-
ated	decoherence	pathways.65,66,74		

	 For	the	compounds	with	E	≠	0,	we	observe	six	total	local	
maxima	since	x	≠	y	in	the	EDFS	spectra75	(see	Figure	S12-S15,	
Tables	S23-S28).	We	find	a	similar	relationship	between	mo-
lecular	orientation	and	Tm.	For	1′	and	5′,	Tm	appears	to	increase	

at	the	canonical	x,	y	and	z	orientations,	while	3′	and	6′	show	the	
longest	Tm	values	when	the	principal	axis	of	the	ZFS	tensor	is	
parallel	to	B0	(i.e.	along	‘z’).	These	collective	data	illustrate	that	
field-dependent	analysis	 is	 crucial	 to	accurately	compare	 the	
Tm	 times	of	molecular	systems,	which	may	show	 large	varia-
tions	in	Tm	as	a	function	of	orientation.		

Excited	state	structure.	To	evaluate	 the	excited	state	struc-
ture	of	these	CrR4	systems,	we	coupled	steady	state	absorption	
and	emission	 spectroscopy	with	 electronic	 structure	 calcula-
tions.	The	UV-Vis-NIR	absorption	spectra	in	Figure	6	illustrate	
that	all	compounds	exhibit	more	than	two	excited	state	transi-
tions	in	these	solution	spectra,	in	line	with	the	symmetry	low-
ering	from	Td	observed	in	the	molecular	structures.	Similar	be-
havior	was	noted	for	related	homoleptic,	Td	Cr4+	and	isoelec-
tronic	 V3+	 complexes,	where	 the	 solution	 symmetry	was	 de-
scribed	as	C2v	or	D2d.35,51,52	For	1-3,	we	observe	five	distinct	fea-
tures	in	the	visible	and	NIR	regions	with	similar	molar	absorp-
tivities	 (ε	 ~1000-1200	M−1	 cm−1)	 from	 500–800	 nm	 (Figure	
S17).	These	three	spectra	are	nearly	identical	as	a	result	of	the	
similar	donor	strength	of	the	three	different	aryl	ligands.	When	
substituting	the	aryl	donors	with	stronger,	σ-donating	alkyl	lig-
ands	in	4-6,	the	absorption	spectra	show	a	corresponding	in-
crease	in	the	spin-triplet	excited	state	energies	with	a	less	in-
tense	 transition	 from	 580-700	 nm	 and	 a	 more	 intense	

Figure	6.	(a,b)	Molecular	structures	of	2	(a)	and	5	(b)	highlighting	the	variation	in	metal-ligand	bonding	between	Cr-aryl	and	
Cr-alkyl	systems	with	Cr,	C,	Si	and	H	given	as	purple,	gray,	peach	and	white,	respectively.	(c-h)	Room	temperature	UV-Vis-NIR	
spectra	in	toluene	(dashed	lines)	and	4	K	PL	spectra	in	diluted	solid-state	matrix	(solid	lines)	of	1	(c),	2	(d),	3	(e),	4	(f),	5	(g),	and	
6	(h).	



 

asymmetric	absorption	band	between	420	and	650	nm.	This	
trend	in	donor	strength	is	corroborated	by	both	the	calculated	
absorption	spectra	(Figure	7	and	Figure	S18)	and	the	increas-
ingly	 negative	 Cr4+/3+	 redox	 potential	 for	4-6	 relative	 to	1-3	
(Figure	S16).		

	 We	performed	electronic	structure	calculations	of	1-6	to	
further	 elucidate	 the	 differences	 between	 these	 homoleptic	
aryl	 and	alkyl	 compounds.	The	geometries	of	1-6	were	opti-
mized	 in	 their	 spin-triplet	 ground	 states	 using	 unrestricted	
Kohn-Sham76,77	 density	 functional	 theory	 (DFT)	
(B3LYP+D3BJ/def2-TZVP)78–85	as	implemented	in	ORCA.86		Ex-
cited	states	were	then	calculated	and	analyzed	using	time-de-
pendent	DFT	 (TDDFT),87–89	which	 provides	 a	 reasonable	 de-
scription	of	excitations	in	transition-metal	complexes.90,91	The	
calculated	spectra	of	2	and	6	shown	in	Figure	7	are	representa-
tive	of	the	spectra	for	the	other	aryl	and	alkyl	compounds,	re-
spectively	(Figure	S18).	The	individual	transitions	are	depicted	
as	sticks	with	hollow	circles	whose	height	is	proportional	to	the	
oscillator	strength.	The	calculations	predict	that	2	has	a	broad	
range	of	spectral	intensity,	with	both	lower	and	higher	energy	
transitions	exhibiting	moderate	to	high	intensities.	In	contrast,	
the	three	lowest	energy	transitions	for	6	exhibit	very	weak	in-
tensity	 while	 the	 three	 higher	 energy	 transitions	 exhibit	
stronger	 intensity.	 These	 predictions	 are	 in	 good	 agreement	
with	the	experimentally	measured	spectra	shown	in	Figure	6,	
indicating	 that	 this	 level	 of	 theory	 provides	 an	 accurate	 de-
scription	of	the	electronic	structure	of	these	complexes.	Similar	
qualitative	agreement	is	observed	for	the	spectra	of	the	other	
complexes	1	and	3-5	(Figure	S18).	Absorption	spectra	for	1-6	
obtained	using	the	complete	active	space	self-consistent	field	
method89	(not	shown)	were	found	to	be	similar	to	the	TDDFT	
results.	

	 To	understand	the	differences	in	the	spectra	between	the	
Cr(aryl)4	 and	 Cr(alkyl)4	 compounds,	 we	 characterized	 the	
TDDFT	 transitions	 of	 1-6	 using	 natural	 transition	 orbitals	
(NTOs).92	NTOs	are	combinations	of	molecular	orbitals	for	each	

excited-state	 transition	 resulting	 in	 unique	 “electron”	 and	
“hole”	orbital	pairs	ranked	by	their	contributions.	Analysis	of	
the	NTOs	shows	that	the	“electron”	orbital	of	all	transitions	in	
both	2	and	6	is	essentially	the	same	and	corresponds	to	a	hy-
bridization	 of	 Cr	 dxy	 and	 pz	 orbitals.	 For	 all	 compounds,	 the	
NTOs	 indicate	 that	 the	 first	 six	 spin-allowed	 transitions	 are	
largely	metal	 centered	 (Figures	 7	 and	 S19-S24),	 as	 expected	
from	 transition	metal	 systems	of	C2v	 or	 lower	 symmetry.49,50	
These	six	transitions	naturally	separate	into	three	transitions	
with	weak	intensity	and	three	transitions	with	strong	intensity.		
All	weak-intensity	transitions	have	a	dx2-y2	 “hole”	orbital,	and	
all	strong-intensity	transitions	have	a	dz2	“hole”	orbital.	These	
results	agree	with	symmetry	selection	rules	for	Td	symmetric	
d2	 ions,	where	transitions	to	3T2	are	symmetry-forbidden	and	
to	3T1	symmetry-allowed	(see	SI	for	further	discussion).53		

	 While	 the	 transitions	 in	 2	 are	 qualitatively	 identical	 to	
those	 of	6,	 their	 relative	 ordering	 is	 unique.	 Specifically,	 the	
second	transition	of	2	has	the	same	dz2	“hole”	orbital	as	that	of	
the	fourth,	fifth,	and	sixth	transitions	of	6,	resulting	in	strong	
transition	intensity.	This	identical	orbital	character	is	directly	
visualized	with	the	NTOs	of	the	second	transition	of	2	and	the	
fourth	 transition	 of	 6	 (Figure	 7).	 The	 NTOs	 also	 exhibit	 in-
creased	delocalization	in	2,	likely	due	to	the	potential	for	both	
π-	and	σ-bonding	 interactions	with	 the	aryl	 ligands,	whereas	
the	alkyl	 ligands	only	allow	 for	σ-bonding.	This	difference	 in	
ligand	interactions	is	likely	responsible	for	the	greater	degree	
of	symmetry	breaking	in	1-3,	which	reorders	the	excited-state	
manifold	as	compared	to	an	 ideal	Td	symmetric	d2	metal	and	
results	in	the	wider	absorption	spectra	relative	to	4-6.	While	
these	spin-allowed	transitions	are	not	used	for	resonant	initial-
ization	 and	 readout	 schemes,	we	 expect	 similar	 orbital	 sym-
metry	properties	to	influence	the	1ESà3GS	emissive	transition.	
Moreover,	controlling	the	metal-ligand	orbital	interactions	in-
volved	in	the	spin-triplet	excited	states,	and	hence	their	transi-
tion	 intensity,	 may	 enable	 off-resonant	 optical	 initialization	
and	readout	pathways,	similar	to	defect-based	spin	centers.1,17		

	
Figure	7.	(a,	b)	Normalized	TDDFT	absorption	spectra	of	2	(a)	and	6	(b)	with	a	Gaussian	broadening	width	of	σ	=	20	nm.	Excita-
tions	with	relative	oscillator	strengths	are	given	as	sticks.	(c,	d)	NTOs	with	contributions	>96%	for	the	second	and	fourth	spin-
triplet	excitations	of	2	(c)	and	6	(d)	indicated	by	arrows	on	the	calculated	absorbance	spectra.	For	each	excitation,	the	“hole”	and	
“electron”	orbitals	are	given	on	the	left	and	right	of	the	arrow,	respectively.	



 

	 We	then	experimentally	evaluated	the	 impact	of	varying	
alkyl	donors	on	the	emission	energies	with	photoluminescence	
(PL)	spectroscopy.	Previously,	we	found	that	1′-3′	exhibit	nar-
row	emission	between	1010-1025	nm	from	a	spin-singlet	ex-
cited	state.34	To	test	if	we	observe	similar	behavior	for	4′-6′,	we	
diluted	 these	 compounds	 in	 the	 same	host	 used	 for	 the	EPR	
measurements.	 For	 all	 compounds	 except	 4′,	 emission	 from	
this	spin-singlet	state	shows	a	narrow	zero-phonon	line	(ZPL)	
with	a	well-resolved	vibrational	side	band.	1′-3′	exhibit	ZPLs	
from	1010-1025	nm	(9,756-9,911	cm−1)	and	5′	and	6′	exhibit	
ZPLs	from	897-923	nm	(10,834-11,148	cm−1).	The	σ-only	alkyl	
donors	 result	 in	 higher	 energy	 spin-singlet	 excited	 states,	 as	
was	observed	 for	 their	spin-triplet	excited	states.	The	higher	
energy	emission	in	4′-6′,	relative	to	1′-3′,	may	be	explained	by	
the	increased	exchange	energy	in	more	localized	orbitals	of	the	
Cr-alkyl	compounds.	

	 Such	narrow	ZPLs	 for	1′-3′,	5′	and	6′	are	 indicative	of	a	
transition	 between	 two	 states	 with	 nested	 potential	 energy	
surfaces,	 as	 expected	 for	 an	 intra-configurational,	 spin-flip	
transition	 from	 the	 spin-singlet	 excited	 state	 to	 spin-triplet	
ground	state	(Figure	1).36,93–95	In	fact,	optimizing	the	spin-sin-
glet	geometries	of	1-6	with	DFT	yields	metal-centered	valence	
orbitals	that	are	similar	to	those	of	the	triplet	ground	state,	as	
expected	 for	 these	 intra-configurational	 transitions.	 	 Using	
DFT,	we	calculated	the	singlet-triplet	gaps	at	the	singlet-opti-
mized	geometry,	as	an	estimate	of	the	ZPL.	The	results	(Table	
S31)	 provide	 good	 quantitative	 agreement	 with	 the	 experi-
mental	values	for	1-3,	but	less	accurate	results	for	4-6	(see	SI	
for	further	discussion).		

Cumulative	energy	level	diagram.	Summarizing	the	results	
from	the	EPR	and	optical	experiments	as	well	as	TDDFT	calcu-
lations,	we	constructed	simplified	energy	level	diagrams	for	1-
6	(Figure	8).	These	energy	diagrams	illustrate	that	each	com-
pound	exhibits	the	targeted	electronic	structure	where	the	first	
excited	state	is	a	spin	singlet	that	exhibits	radiative	decay	to	the	
ground	 state	 (Figure	 1).	 These	 results	 also	 highlight	 that	 a	
strong	 ligand	 field,	 high	 symmetry	 environment	 is	 crucial	 to	
achieve	both	the	desired	excited	state	structure	and	microwave	
addressability.	For	example,	the	improved	metal-ligand	orbital	

overlap	in	trigonal	bipyramidal	geometries,	relative	to	tetrahe-
dral,	around	Cr4+	likely	yield	the	targeted	electronic	structure,	
but	the	non-cubic	symmetry	may	result	in	ZFS	values	that	pre-
clude	 X	 or	 Q-band	 EPR	 addressability.35,36	 Alternatively,	
pseudo-Td	 tetrasiloxide	or	tetraalkoxide	Cr4+	complexes	yield	
relatively	small	ZFS	values	 for	microwave	addressability,	but	
the	ligand	fields	are	likely	too	weak	to	boost	the	energy	of	the	
spin-triplet	excited	states	above	the	energy	of	the	spin-singlet	
excited	 state.42,96	 Thus,	 the	 appropriate	 design	 of	 these	 Cr4+	
compounds,	or	related	spin	qubits,	necessitates	simultaneous	
consideration	of	ground	state	spin	properties	and	excited	state	
structure	to	achieve	the	desired	optical-spin	interface.			

Designing	the	next	generation	of	optically	addressable	Cr4+	
compounds.	Ground	state	spin	considerations:	1-6,	along	with	
the	rich	literature	on	tetrahedral	Cr4+	compounds,	offer	valua-
ble	insight	for	the	creation	of	future	optically	addressable	mo-
lecular	systems.40–42,97	These	compounds	demonstrate	a	trend	
for	controlling	the	ground-state	spin	structure.	Specifically,	4-
6	 and	 related	 Cr(alkyl)4	 compounds	 show	 generally	 smaller	
ZFS	values	 than	Cr(aryl)4	 compounds,	such	as	1-3,	Cr(2,6-di-
chlorobenzene)4	or	Cr(pentachlorophenyl)4.34,40,41,51,55,98	More	
broadly	considering	homoleptic	CrR4	compounds,	these	varia-
tions	in	ZFS	between	Cr(alkyl)4	and	Cr(aryl)4	agree	generally	
with	 the	 principle	 that	 |D|	 trends	 inversely	with	 ligand	 field	
strength.	For	example,	in	general,	|D|	for	Cr(alkyl)4	<	Cr(alkox-
ide)4	<	Cr(siloxide)4	because	the	stronger	ligand	field	raises	the	
energy	 of	 the	 spin-triplet	 excited	 states,	 reducing	 spin-orbit	
mediated	 coupling	 between	 the	 spin-triplet	 ground	 state	 to	
these	excited	states	and	effectively	minimizing	|D|.42,53,96	Thus,	
the	 choice	 of	 ligand	 environment	 directly	 modulates	 the	
ground	 state	 spin	 structure,	 where	 stronger	 field	 ligands	
should	give	rise	to	generally	smaller	|D|	values.	However,	the	
coherent	 spin	manipulation	of	 these	 compounds	 is	 currently	
limited	at	higher	temperatures	by	the	T1	 times	in	every	case.	
Thus,	beyond	 ligand	 field	 strength	considerations,	predicting	
vibrational	 contributions	 to	 relaxation	 and	 selectively	 elimi-
nating	those	pathways	to	mitigate	such	relaxation	represents	a	
crucial	 next	 step.99,100	 In	 parallel,	 Tm	 should	 be	 readily	 im-
proved	 with	 ligand	 deuteration,	 as	 shown	 from	 toluene-d8	
measurements,	 and/or	dynamical	decoupling	 routines,	 offer-
ing	immediate	pathways	for	both	further	chemical	and	physical	
means	to	lengthen	Tm.	

Excited	 state	 considerations:	 Appropriate	 ligand	 design	 may	
tune	the	emission	energy	into	desirable	regions	such	the	NIR	
for	 biological	 sensing101	 or	 the	 telecommunications	 band	 for	
quantum	optical	networking.20	For	example,	increased	substi-
tution	on	the	α	carbon	in	6	results	in	the	highest	energy	ZPL.	
The	greater	α	carbon	substitution	of	the	cyclohexyl	ligand	in-
creases	its	nucleophilicity,	or	basicity,	relative	to	(trimethylsi-
lyl)methyl	or	2,2,2-triphenylethyl,	preventing	substantial	spin	
delocalization	from	the	metal	onto	surrounding	ligands.	Such	
increased	spin	localization	on	the	metal	increases	the	interelec-
tronic	repulsion	of	the	spin-paired	1ES,	resulting	in	a	higher	en-
ergy	ZPL	for	6′	relative	to	5′.44,102		Additionally,	the	absorption	
spectra	of	5	and	its	neopentyl	analogue,	Cr(CH2C(CH3)3)4,	indi-
cate	that	substituting	the	trimethylsilyl		β	carbon	substituent	in	
5	for	the	more	electron	donating	t-butyl	substituent	increases	
the	σ-donation	strength,	41	offering	another	handle	to	modulate	
spin	delocalization	in	the	1ES.	As	a	result,	appropriate	choice	of	
α	 and	 β	 carbon	 functionalization	may	 finely	 tune	 the	 singlet	
state	energy	in	Cr(alkyl)4	compounds.		

	 Similarly,	the	higher	energy	emission	in	4′-6′,	relative	to	
1′-3′,	can	be	explained	by	the	increased	exchange	energy	in	the	

Figure	8.	Overall	energy	level	diagram	for	1-6.	ZFS	values	
were	determined	 from	cw-EPR	experiments	at	77	K	and	
the	 experimental	 excited	 states	 (black)	 were	 approxi-
mated	from	PL	experiments	at	4	K	and	from	the	deconvo-
lution	of	the	UV-Vis-NIR	absorption	spectra	in	Figure	S17.		
The	first	TDDFT	spin-triplet	excitation	energies	are	given	
in	red. 



 

localized	 metal-centered	 orbitals	 involved	 in	 the	 1ESà3GS	
transition	 for	 4′-6.43,44,53	 To	 further	 modulate	 this	 optical	
readout	handle	in	Cr(aryl)4	systems,	introducing	electron	with-
drawing	groups	onto	the	aromatic	ring	should	reduce	the	aryl	
electron	donation	into	the	metal	center	and	result	in	lower	en-
ergy	emission.	Thus,	controlling	the	metal-ligand	interactions	
provides	a	powerful	design	parameter	to	tune	emission	into	de-
sirable	wavelength	regions	for	optical	spin-based	sensing	ap-
plications.	 Crucially,	 accurate	 theoretical	 predictions	 of	 the	
challenging	multiconfigurational	singlet-state	energies	may	en-
able	more	rapid	iterative	design	of	molecular	qubits	emitting	at	
targeted	wavelengths.43	

	 Beyond	emission	energies,	our	results	also	illustrate	that	
only	5′	and	6′	exhibit	appropriately	narrow	optical	linewidths	
for	the	resonant	optical	initialization	and	readout	used	for	1′-
3′,	 while	 the	 emission	 from	 4′	 is	 likely	 too	 broad	 for	 such	
schemes.	To	avoid	broadening	optical	linewidths,	introducing	
ligands	with	increasing	denticity	or	greater	structural	rigidity	
may	 reduce	 ligand	 fluxionality,	 especially	 in	 non-crystalline	
hosts,	as	shown	with	a	tren-based	V3+	system.36	In	particular,	
maintaining	 the	 desired	 linewidths	 in	 amorphous	 matrices	
may	 be	 important	 for	 biological	 sensing	 applications.	 Given	
that	 decreasing	 ligand	 fluxionality	 may	 both	 elongate	 T1	 at	
higher	temperatures	and	reduce	optical	linewidth	broadening,	
C3-symmetric	 strong-field	 ligand	scaffolds	with	d2	metal	 ions	
may	offer	valuable	molecular	targets.	

Chemical	stability	considerations:	The	air	stability	of	4	suggests	
that	peripheral	ligand	functionalization	offers	routes	to	target	
both	air	stability	and	biological	compatibility.	For	example,	ap-
propriately	functionalized,	sterically	hindered	ligands,	such	as	
norbornyl	or	adamantyl	derivatives,	where	α	hydride	elimina-
tion	is	impossible	and	β	hydride	elimination	is	incredibly	unfa-
vorable,97	may	 give	 rise	 to	 even	more	 stable	Cr(alkyl)4	 com-
plexes.	In	fact,	5	and	Cr(1-norbornyl)4	have	been	shown	to	per-
sist	in	the	presence	of	dilute	acids,46,103	suggesting	derivatized	
Cr(alkyl)4	derivatives	may	be	stable	in	the	presence	of	water	or	
other	 biologically	 relevant	 conditions.	 However,	 these	 com-
pounds	would	clearly	require	appropriate	ligand	functionaliza-
tion	to	generate	water	compatible	systems,	a	goal	that	may	in-
stead	be	achieved	through	generation	of	solution-based	self-as-
sembled	nano	structures.	

CONCLUSIONS	

The	combination	of	cw-EPR,	pulsed-EPR	and	optical	spectros-
copies	 coupled	 with	 theoretical	 investigation	 demonstrates	
that	4-6	 exhibit	 the	desired	electronic	 structure	 for	optically	
addressable	molecular	qubits.	5	and	6	exhibit	suitably	narrow	
photoluminescence	 linewidths	 for	 resonant	 optical	 initializa-
tion	and	 readout,	 similar	 to	1-3.	 These	 compounds	 illustrate	
that	chemical	control	over	the	Cr4+	environment	may	be	lever-
aged	 to	design	and	optimize	specific	 features	of	optically	ad-
dressable	 molecular	 qubits.	 Crucially,	 these	 six	 systems	
demonstrate	the	impact	of	ligand	identity	on	the	energy	of	the	
spin-singlet	excited	state	that	is	used	in	resonant	optical	initial-
ization	 and	 readout	 schemes.	The	 combination	 of	 these	 fea-
tures	 provides	 opportunities	 for	 bottom-up	 qubit	 design	 to	
meet	 challenges	 in	 disparate	 QIS	 fields,	 including	 tuning	 the	
emission	energy	 into	the	telecommunications	band	for	quan-
tum	optical	networking,	synthesizing	water	soluble	and	air	sta-
ble	compounds	for	biological	sensing	and	targeting	qubit-sub-
strate	interactions	for	sensing	of	emergent	materials.	To	meet	
this	broad	range	of	challenges,	further	exploration	of	CrR4	com-
pounds	and	extension	of	the	desired	electronic	structure	into	

heteroleptic	compounds	as	well	as	related	S	=	1,	{MR4}	systems	
represent	key	next	steps.		
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