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ABSTRACT:	Here	we	 report	 on	 the	 strong	Magneto-Chiral	
Dichroism	(MChD)	detected	through	Visible	and	Near	Infra-
red	 light	 absorption	 up	 to	 5.0	 T	 on	 {Er5Ni6}	metal	 clusters	
obtained	 by	 reaction	 of	 enantiopure	 chiral	 ligands	 and	NiII	
and	ErIII	precursors.	Single-crystal	diffraction	analysis	reveals	
that	these	compounds	are	3d-4f	heterometallic	clusters	show-
ing	helical	chirality.	MChD	spectroscopy	reveals	a	high	gMChD	
dissymmetry	factor	of	ca.	0.24	T-1	(T	=	4.0	K,	B	=	1.0	T)	for	the	
4I13/2←4I15/2	magnetic-dipole	 allowed	 electronic	 transition	 of	
the	ErIII	centers.	This	record	value	is	one/two	order	of	magni-
tude	higher	than	that	of	the	d-d	electronic	transitions	of	the	
NiII	ions	and	the	others	f-f	electric-dipole	induced	transitions	
of	 the	ErIII	centers.	These	 findings	clearly	show	the	key	role	
that	magnetic-dipole	allowed	transitions	have	in	the	rational	
design	of	chiral	lanthanide	systems	showing	strong	MChD.	

Functional	 materials	 responsive	 to	 chirality,	 light	 and	
magnetism	 are	 attracting	 great	 attention	 for	 their	 potential	
in	 many	 technological	 applications	 such	 as	 light-emitting	
displays,	 chiral	 sensors,	 magnetic	 data	 storage	 and	 optical	
readout.1–3	 Among	 the	 chiro-optical	 properties	 exhibited	 by	
molecular	materials,	Magneto-Chiral	Dichroism	(MChD),	the	
differential	absorption	or	emission	of	unpolarized	 light	 that	
chiral	systems	exhibit	when	a	magnetic	field	is	applied	paral-
lel	 to	 a	 light	wavevector,4–7	 is	particularly	 interesting	 for	 its	
unprecedented	 potential	 as	 an	 alternative	 approach	 to	 the	
Faraday	effect8,9	for	the	optical	readout	of	magnetic	data.3,10,11	
Specifically,	 this	 consists	 in	 discriminating	 two	orientations	
of	the	magnetization	of	a	chiral	magnetic	material	by	meas-
uring	the	differential	absorption	or	emission	of	light	without	
requiring	light	polarization.	

To	make	this	physical	phenomenon	a	technological	reali-
ty,	the	MChD	response	of	chiral	magnetic	materials	has	to	be	
maximized.	 In	other	words,	 to	achieve	a	high	degree	of	de-
tectability,	the	differential	absorption	or	emission	of	light	in	
the	presence	of	a	magnetic	field	with	respect	to	zero	field	ab-

sorption	 or	 emission	 should	 be	 as	 big	 as	 possible.	 This	 is	
quantified	 by	 the	 gMChD	 dissymmetry	 factor,	 analogously	 to	
what	is	done	in	others	chiroptical	spectroscopies.12	

To	attain	this	purpose,	chiral	magnetic	molecular	systems	
are	ideal	systems	for	at	least	two	reasons.	First,	chiral	struc-
tural	 features	 can	 be	 easily	 introduced	 by	molecular	meth-
ods.	Different	chiral	features	(central,	axial,	planar,	or	helical	
chirality)	 can	 be	 introduced	 by	 changing	 the	 nature	 of	 the	
ligands	 and/or	 the	 assembly	 schemes.13,14	 Second,	 electronic	
transitions	 of	 different	 nature	 can	 be	 addressed,	 spanning	
from	n-p*	and	p-p*	transitions	of	purely	organic	systems,	to	
d-d	and	f-f	electronic	transitions	of	transition	metal	and	lan-
thanide	centers,	respectively.	

Owing	 to	 their	 intrinsic	 strong	 spin-orbit	 coupling,	 re-
cent	 studies	have	been	 focused	on	 the	MChD	of	 lanthanide	
complexes15–21	 and	 heterometallic	 3d-4f	 chiral	 clusters.22	
These	 latter,	 featuring	DyIII	and	NiII	 ions	 in	a	 {Dy5Ni6}	core,	
have	 shown	 MChD	 for	 the	 electronic	 transitions	 of	 both	
metal	 ions,	 but	 with	 limited	 gMChD	 factors.22	 Accordingly,	
here	 we	 have	 applied	 chemical	 substitution	 principles	 for	
lanthanide-containing	 systems	 to	 go	 from	 {Dy5Ni6}	 to	
{Er5Ni6}	 to	 unambiguously	 determine	 the	 role	 of	magnetic-
dipole	allowed	transitions	on	MChD	intensity	and	tentatively	
increase	 the	 MChD	 response.	 Indeed,	 while	 DyIII	 does	 not	
have	 any	 magnetic-dipole	 allowed	 electronic	 transitions	 in	
the	UV-Vis-NIR	range,23–25	ErIII	features	a	4I13/2←4I15/2	magnet-
ic-dipole	allowed	electronic	transition	at	ca.	1500	nm	as	well	
as	 a	multitude	 of	 electric-dipole	 induced	 transitions	 in	 the	
visible	 range.24–26	 This	 chemical	modification	 is	 expected	 to	
increase	 the	 gMChD	 dissymmetry	 factor	 for	 the	 magnetic-
dipole	 allowed	 transition,	 while	 the	 other	 transitions	 and	
those	of	the	NiII	are	expected	to	be	of	the	same	order	of	mag-
nitude.22	

We	 have	 therefore	 prepared	 enantiopure	 {Er5Ni6}	 com-
plexes	 formulated	 as	 [Er5Ni6(R/S-HL)6(AcO)3(µ3-OH)9	
(H2O)6](ClO4)3·15H2O	 (1-(R/S)),	 H3L	 =	 (R/S)-(2-hydroxy-3-
methoxy	 benzyl)-serine))	 by	 reaction	 of	 enantiopure	 chiral	
multidentate	 ligands	 (S)-H3L	 and	 (R)-H3L,	 with	 Er(ClO4)3	
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and	Ni(AcO)2	 (AcO-	 =	 acetate)	under	 reflux	 conditions	 and	
controlled	pH.	Their	optical	activity	was	checked	by	Circular	
Dichroism	 spectroscopy	 (Figure	 S1).	 High-resolution	 elec-
trospray	ionization	mass	spectrometry	revealed	several	clear	
isotope	peaks	framing	main	signals	at	m/z	=	3151.66,	1526.37,	
and	997.92	m/z for	both	1-(S)	and	1-(R).	Following	the	crys-
tal	structure	determination	presented	thereafter,	they	corre-
spond	 to	 the	 [Er5Ni6(OH)9(X-HL)6(AcO)3(ClO4)2]	 (X	 =	S,	R)	
species	(Figure	S2).	All	peaks	are	consistent	with	the	theoret-
ical	 distributions	 (Figure	 S2	 and	 experimental	 section),	 and	
almost	all	show	an	intact	metal-core	frame	of	the	cluster,	in-
dicating	a	high	stability	of	the	self-assembled	{Er5Ni6}	cluster,	
similarly	to	what	observed	for	the	{Dy5Ni6}	analogues.22	

1-(S)	and	1-(R)	crystallize	as	rhombohedral	crystals	in	the	
orthorhombic	P212121	space	group	(Table	S1)	and	are	isostruc-
tural	to	the	{Dy5Ni6}	analogues.	Owing	to	their	isostructurali-
ty,	here	we	recall	only	the	most	salient	features	of	the	crystal	
and	molecular	structure,	while	a	detailed	description	can	be	
found	 elsewhere.22	 They	 feature	 one	 crystallographically	 in-
dependent	 cationic	 cluster	 core	 formulated	 as	 [Er5Ni6(X-
HL)6(Ac)3(µ3OH)9(H2O)6]3+	 (X	 =	 S,	 R),	 three	 perchlorate	
counterions,	 and	 fifteen	 water	 molecules	 of	 crystallization	
(Figure	1).	

	

Figure	1.	Molecular	structures	of	1-(R)	and	1-(S)	with	helical	
arrangement	 of	 the	 ligands	 around	 the	 coordinated	metals	
highlighted.	See	legend	for	color	codes.	Counterions,	crystal-
lization	water	molecules	and	H	atoms	are	omitted	for	graph-
ical	clarity.	

The	 cationic	 cluster	 core	 is	 constituted	 by	 five	 ErIII	 and	
six	NiII	ions	bridged	by	nine	hydroxide	ions,	six	HL2-	bridging	
ligands	and	 three	acetate	 ions.	The	 five	ErIII	 ions	 are	 linked	
together	 by	 three	 µ3-OH-	 bonds	 to	 form	 a	 [Er5(µ3-OH)3]12+	
core	featuring	a	compressed	trigonal	bipyramid.	The	two	ErIII	
ions	 occupying	 the	 axial	 positions	 are	 nona-coordinated	
while	 the	 three	ErIII	 ions	occupying	 the	equatorial	positions	
are	octa-coordinated.	The	five	NiII	 ions	are	hexacoordinated	
and	occupy	peripheral	positions	 in	 the	molecular	 structure.	
Overall,	the	chiral	ligands	drive	the	chiral	features	of	the	mo-
lecular	 structure	 and	 asymmetrically	 distorts	 the	 coordina-
tion	geometry	of	NiII	and	ErIII	ions.	

Magnetic	 susceptibility	 measurements	 were	 performed	
on	both	microcrystalline	powder	(1-(S))	and	an	oriented	sin-
gle	crystal	(1-(R))	with	the	magnetic	field	B	oriented	parallel	
to	the	c	crystallographic	axis	(Figures	S3	and	S4).	The	room	
temperature	molar	magnetic	susceptibility	times	the	temper-
ature,	cMT,	assumes	values	of	64.07	and	63.49	cm3	K	mol-1	for	
1-(S)	and	1-(R),	respectively,	and	are	consistent	with	the	ex-
pected	value	 (64.66	cm3	K	mol-1)	 for	 six	NiII	 (S	 =	 1,	g	 =	 2.2)	
and	five	ErIII	(J	=	15/2,	g	=	6/5)	uncorrelated	ions.	As	the	tem-
perature	is	decreased	from	300	to	150	K,	the	cMT	values	only	
slightly	decrease,	while	upon	further	lowering	of	the	temper-
ature	 they	decrease	down	to	35.34	and	34.37	cm3	mol–1	K	at	
2.0	K,	 respectively.	This	behavior	might	arise	 from	the	Zero	
Field	Splitting	and	Stark	effects	in	NiII	and	ErIII	and/or	anti-
ferromagnetic	interactions	between	them.	The	complexity	of	
the	 system	precludes	 the	possibility	 to	 finely	quantify	 these	
conflicting	phenomena.	The	magnetic	behavior	observed	for	
the	microcrystalline	powder	and	the	oriented	crystal	is	simi-
lar,	denoting	a	low	degree	of	magnetic	anisotropy	for	the	ErIII	
ions.27	This	 is	not	 surprising	on	 the	basis	of	 their	 coordina-
tion	geometries.	At	T	=	2.0	K,	the	magnetization	saturates	at	
ca.	 37	µB	 for	 both	 the	microcrystalline	 powder	 and	 the	 ori-
ented	 single	 crystal,	 in	 agreement	 with	 typical	 values	 ob-
served	for	six	NiII	(MS	=	6	´	2.2	µB)	and	five	ErIII	ions	(MS	=	5	´	
4.7	µB)	centers	without	strong	magnetic	anisotropy.28	

Absorption	spectra	were	recorded	on	single	crystals	of	1-
(R)	 and	 1-(S)	 with	 Vis-NIR	 unpolarized	 light	 propagating	
along	 the	 c	 axis.	 The	 thermal	 variation	 (4.0-290	 K)	 of	 the	
wide-range	 (400-1600	 nm)	 absorption	 spectrum	 for	 1-(R)	 is	
presented	in	Figure	2.	

	

Figure	2.	Thermal	variation	of	the	absorption	coefficient	for	
a	single	crystal	of	1-(R)	(k||c)	in	the	wide	400-1600	nm	range	
(a)	and	a	zoom	of	the	1380-1580	nm	range	(b).	The	terms	of	
the	main	transitions	are	highlighted	in	green	and	purple	for	
ErIII	 and	 NiII,	 respectively	 (only	 excited	 states	 terms	 are	
shown	in	panel	a).	

The	investigated	range	shows	multiple	absorption	peaks.	
The	broad	absorption	bands	are	associated	with	the	d-d	elec-
tronic	transitions	involving	the	3A2	ground	state	and	the	3Tn	
(n	 =	 1,	 2)	 spectroscopic	 terms	of	 the	NiII	 ions,22,29	while	 the	
sharp	bands	are	associated	with	the	 f-f	 transitions	 involving	
the	 4I15/2	 ground	 state	 and	 the	 spectroscopic	 levels	 deriving	
from	the	4I,	4F,	4S	and	2H	spectroscopic	terms	of	the	ErIII	cen-
ters	(Figure	2,	Table	1).24–26	
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Table	1.	Assignment	of	the	NiII	and	ErIII	absorption	peaks	and	gMChD	
values	at	T	=	4.0	K	and	B	=	1.0	T	

l	(nm)	 Electronic	transition		 gMChD	(T-1)	(B	=	1.0	T),	l	(nm)	

487	 4F7/2	¬	4I15/2	 0.009(2),	485.1	

520	 2H11/2	¬	4I15/2	 0.004(2),	519.o	

543	 4S3/2	¬	4I15/2	 0.008(2),	544.3	

617	 3T2		¬	3A2	 0.005(2),	615.6	

653	 4F9/2	¬	4I15/2	 0.02(1),	653.1	

973	 4I11/2	¬	4I15/2	 0.03(1),	973.4	

1180	 3T1		¬	3A2
	 0.01(1),	1180.8	

14oo-1560	 4I13/2	¬	4I15/2	 0.24(1),	1516.2	
	

MChD	measurements	were	performed	at	T	=	4.0 K	with	
an	 alternating	magnetic	 field	B	 applied	 along	 k	 within	 the	
0.0–2.0	 T	 range.	 Figure	 3	 shows	 the	 B	 dependence	 of	 the	
MChD	spectra	for	1-(R)	along	the	c	crystallographic	axis.	

	
Figure	3.	(a)	Magnetic	field	dependence	of	DAMChD	for	1-(R)	
at	 T	 =	 4.0	 K.	 Insets	 show	 the	 details	 of	 the	 most	 intense	
MChD	signals.	(b)	Magnetic	field	dependence	of	ΔAMChD	(l =	
1516.2,	 1180.8	nm)	compared	to	magnetization	data	recorded	
on	an	oriented	single	crystal	(B||c).	

MChD	signals	are	observed	for	each	electronic	transition	
detected	 in	 absorption.	 The	most	 intense	 contributions	 are	
associated	to	the	4I13/2¬4I15/2	magnetic-dipole	allowed	transi-
tion	for	ErIII	and	the	 3T1¬3A2	 transition	for	NiII.	At	4.0	K,	as	
the	magnetic	field	magnitude	increases,	the	MChD	intensity	
increases	 following	 the	 overall	 magnetization	 of	 the	 sys-
tem.10,30,31	 This	 is	 shown	 in	 Figure	 3b	 for	 the	 most	 intense	
contributions	of	ErIII	 and	NiII	centers	compared	 to	magneti-
zation	data	recorded	on	an	oriented	single-crystal.	It	can	also	
be	noted	 that	higher	DAMChD	 values	 can	be	obtained	 if	B	 is	
increased	further	as	M	does	not	reach	saturation	at	2.0	T.	We	
have	 thus	 extended	 for	 the	 first	 time	 our	MChD	 investiga-
tions	to	magnetic	fields	up	to	±5.0	T	taking	advantage	of	the	
resistive	magnets	of	the	LNCMI-CNRS	French	high	magnetic	
field	facility.	As	expected,	between	2.0	and	5.0	T,	DAMChD	in-
creases	 further,	 in	agreement	with	magnetic	measurements,	
and,	 for	 the	 4I13/2¬4I15/2	 transition,	 reaches	 the	 remarkable	
value	of	DAMChD	=	2.79(1)	cm-1	at	5	T	(Figure	S5).	

The	analysis	of	the	MChD	and	absorption	spectra	(T	=	4.0	
K,	B	=	1.0	T),	allow	to	estimate	the	gMChD	factors	(see	SI)	for	
the	observed	transitions	(Table	1).	It	can	be	clearly	seen	that	
the	4I13/2¬4I15/2	magnetic-dipole	transition	(DJ	=	0,	±1),	with	a	
high	DAMChD	response	at	l	=	1516.2	nm	and	a	relative	low	ab-
sorption	 coefficient	 provides	 a	 gMChD	 of	 0.24	 T-1.	 This	 high	
value	is	of	the	same	order	of	magnitude	of	that	observed	for	
the	2F5/2←2F7/2	magnetic-dipole	allowed	transition	of	YbIII	in	a	
helicenic	 complex20	 and	 is	 one	 or	 two	 orders	 of	magnitude	
higher	that	that	observed	for	the	others	d-d	or	f-f	transitions	
in	 {Er5Ni6}	 (Table	 1),	 and	 in	 {Dy5Ni6}.22	 It	 is	 useful	 to	 recall	
here	 that	ab	 initio	 theoretical	 calculations	 have	 shown	 that	

the	electric	quadrupole	contribution	to	the	MChD	of	NiII	d-d	
transitions	is	two	orders	of	magnitude	smaller	than	that	orig-
inating	 from	electric	dipole	 transition	moments.29	A	 similar	
contribution	is	expected	for	electric-dipole	 induced	or	mag-
netic	dipole	allowed	f-f	transitions.	

Temperature	 dependence	 studies	 show	 MChD	 signals	
with	similar	intensities	and	opposite	signs	for	the	two	enan-
tiomers	(Figure	S6).	The	thermal	variation	(4.0-290	K)	of	the	
wide	 range	 (400-1600	 nm)	MChD	 spectrum	 for	 1-(R)	 is	 re-
ported	in	Figure	4	while	that	of	1-(S)	is	shown	in	Figure	S7.	

	
Figure	4.	Temperature	dependence	of	DAMChD	for	1-(R)	at	B	
=	 1.0	 T.	 Insets	 show	 the	 details	 of	 the	most	 intense	MChD	
signals.	 (b)	 Temperature	 dependence	 of	ΔAMChD	 (l =	 1516.2,	
1180.8	nm)	compared	to	magnetization	data.	

As	the	temperature	increases,	the	intensity	of	the	MChD	
signals	 decreases,	 following	 the	 temperature	dependence	 of	
the	 magnetization	 regardless	 the	 nature	 of	 the	 electronic	
transition	 and	 the	 nature	 of	 the	 chromophore	 (Figure	 4b).	
This	 is	 in	 agreement	with	 previous	 studies	 on	 the	 {Dy5Ni6}	
analogue.22	 At	 room	 temperature,	 the	 most	 intense	 MChD	
signal	is	still	detectable	while	the	others	are	below	the	detec-
tion	 limits	 of	 our	 setup.	 Inset	 of	 Figure	 4	 shows	 the	 differ-
ence	in	MChD	signal	shape	between	the	low	temperature	re-
gime,	where	the	MChD	shows	mostly	absorption	lineshapes,	
indicating	that	a	C	term	MChD	is	dominating,	and	the	high	
temperature	regime,	where	the	derivative-type	lineshape	in-
dicates	 the	dominance	of	 a	T-independent	MChD	A	 term.15	
At	290	K,	the	gMChD	(l	=	1530	nm)	is	0.054(1)	T-1,	which	is	the	
strongest	gMChD	value	ever	reported	at	room	temperature.	

In	conclusion,	we	have	investigated	the	MChD	properties	
of	a	3d-4f	heterometallic	chiral	cluster	made	of	ErIII	and	NiII	
ions.	 By	 exploiting	 the	 chemical	 substitution	 principles	 of	
lanthanide	 ions,	 we	 have	 introduced	 ErIII,	 whose	 MChD	
properties	 were	 never	 investigated	 so	 far,	 in	 a	 previously	
known	 MChD-active	 chiral	 cluster.	 This	 has	 been	 done	 to	
prove	the	role	of	the	electronic	transitions	on	MChD	intensi-
ty	as	ErIII	shows	multiple	transitions	having	different	nature.	
Indeed,	 the	 4I13/2¬4I15/2	 magnetic-dipole	 allowed	 transition	
has	 shown	 the	most	 intense	DAMChD	 response	and	 the	most	
intense	 gMChD	 dissymmetry	 factor	with	 respect	 to	 the	 other	
observed	 transitions	 and	 those	of	 the	 isostructural	 {Dy5Ni6}	
analogue,22	being	detectable	up	to	room	temperature.	

These	 results	 unambiguously	 demonstrate	 the	 key	 role	
that	 the	 electronic	 transitions	 nature	 has	 in	 the	 MChD	 of	
lanthanide	 systems.	 In	 particular,	 the	 magnetic-dipole	 al-
lowed	 character	 should	 be	 considered	 of	 foremost	 im-
portance	in	the	chemical	design	of	functional	chiral	materials	
showing	strong	MChD.	The	strong	MChD	response	observed	
here	 even	 in	 the	 absence	 of	 high	magnetic	 anisotropy	 fea-
tures	opens	great	perspectives.	Indeed,	the	rational	design	of	
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highly	 anisotropic	ErIII	 chiral	 complexes	 is	 expected	 to	 lead	
to	even	stronger	MChD	responses	that	can	coexist	with	rele-
vant	single-molecule	magnets	properties27,28	or	circular	polar-
ized	emission.32,33	
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