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Abstract	
The	stability	of	large	ligated	copper(I)	clusters	of	undeca‐	and	dodeca‐nuclearity	

encapsulating	 iodide	 and	 stabilized	 by	 dithio‐	 and	 diseleno‐phosph(in)ates	 has	 been	
investigated	 by	 DFT	 calculations.	 A	 bonding	 analysis	 is	 provided	which	 shows	 strong	
iono‐covalent	bonding	between	the	iodide	and	its	host.	The	electronic	structures	of	the	
title	 compounds	 suggest	 the	 possibility	 for	 interesting	 photoluminescent	 properties,	
which	 have	 been	 fully	 investigated	 by	 TD‐DFT	 calculations	 including	 vibronic	
contributions	to	simulate	the	phosphorescence	spectra.	The	quantum	mechanical	results	
have	been	compared	 to	 the	 experimental	data	obtained	 for	 the	new	clusters	 [Cu11(μ9‐
I)(μ3‐I)3{Se2P(OiPr)2}6]+,	 and	 [Cu11(μ9‐I)(μ3‐I)3(Se2PPh2)6]+,	 whose	 synthesis,	 X‐ray	
structure	 and	 full	 characterization	 are	 reported	 in	 this	 paper.	 From	 this	 combined	
theoretical/experimental	 investigation,	 it	 is	 suggested	 that	 the	 encapsulation	 by	 the	
same	copper(I)	cages	of	a	formally	Cu‐	anion	is	also	possible.	DFT	calculations	on	these	
species	 are	 consistent	 with	 the	 existence	 of	 stable	 2‐electron	 superatoms.	



2	
	

	

Introduction 

In	 the	past	decades,	 stable	 atom‐precise	molecular	 clusters	 composed	of	Group	

11	metals	have	become	a	very	prolific	research	field,	due	to	the	peculiar	properties	and	

potential	 applications	 of	 these	 compounds	 in	 several	 fields	 including	 catalysis,	 health	

sciences,	 electro‐optical	 devices,	 nanodots,	 hydrogen	 storage.1–8	 In	 the	 specific	 case	 of	

clusters	 in	 which	 all	 the	 metal	 atoms	 are	 in	 their	 +I	 oxidation	 state,	 only	 weak	

metallophilic	(d10…d10)	interactions	are	possible,	and	therefore	the	stability	and	shape	of	

the	 cluster	 is	 largely	 controlled	 by	 the	 presence	 of	 bridging	 ligands,	 such	 as	

chalcogenolates	 and	 halides,	 which	 allow	 maintaining	 the	 metallic	 core	 in	 a	 suitable	

spatial	configuration.	In	such	species,	the	M(I)	atoms	are	usually	bi‐	or	tri‐coordinated	to	

the	outer	ligands.	This	leaves	them	with	some	electronic	unsaturation,	which,	combined	

with	 the	 size	 of	 the	 cluster	 cavity,	 favors	 the	 encapsulation	 of	 anions	 such	 as	 halides,	

chalcogenides,	 hydrides,7,9–21	 or	 even	 molecular	 anions.22,23	 It	 is	 likely	 that	 anion	

encapsulation	is	essential	for	stabilizing	the	structure	since	the	parent	empty	cluster	has	

not	yet	been	characterized	experimentally.	In	the	case	of	the	smaller	hydrides,	multiple	

encapsulation	is	not	uncommon	and	associated	with	outer	capping	coordination,	leading	

to	 giant	 polyhydrido	 species.8,24	 In	 the	 case	 of	 the	 larger	 main‐group	 elements,	

encapsulation	of	a	 single	anion	at	 the	 center	of	 the	 cluster	 cage	 is	 generally	observed.	

With	the	heaviest	of	them,	the	cage	size	(i.e.	the	metal	nuclearity)	needs	to	be	sufficiently	

large	 to	 accommodate	 them.	 This	 means	 reaching	 an	 important	 degree	 of	

hypercoordination	 for	 the	 encapsulated	 element.	 Such	 conditions	 are	 not	 so	 easy	 to	

satisfy.	For	example,	entrapping	iodide	remains	highly	challenging.	Some	years	ago,	we	

reported	the	undecanuclear	silver	cluster	[Ag11(μ9‐I)(μ3‐I)3{E2P(OiPr)2}6]+	(E=	S,	Se),25	in	

which	 an	 encapsulated	 iodide	 occupies	 the	 center	 of	 a	 silver	 tricapped	 trigonal‐prism	

and	 is	 bonded	 to	 nine	 metal	 atoms.25	More	 recently,	 we	 reported	 the	 dodecanuclear	

species	 [Ag12(μ12‐I)(μ3‐I)4{S2P(CH2CH2Ph)2}6]+	 in	 which	 the	 twelve‐coordinated	 iodide	

lies	at	the	center	of	a	silver	cuboctahedron.26	A	similar	cluster	core	framework	was	also	

reported	in	the	copper	species	[{TpMo(μ3‐S)4Cu3}4(μ12‐I)]+	(Tp	=	hydridotris(pyrazol‐1‐

yl)borate).27	 In	 this	 combined	 experimental‐theoretical	 paper,	 we	 focus	 on	 the	

encapsulation	of	iodide	in	undeca‐	and	dodeca‐nuclear	Cu‐based	clusters.	The	synthesis,	

characterization	 and	 structure	 of	 two	 new	 clusters,	 namely	 [Cu11(μ9‐I)(μ3‐
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I)3{Se2P(OiPr)2}6](OH)	 (1‐Se‐a),	 and	 [Cu11(μ9‐I)(μ3‐I)3(Se2PPh2)6](PF6)	 (1‐Se‐b),	 are	

described.	The	bonding	 in	these	and	other	hypothetical	compounds	 is	analyzed	on	the	

grounds	 of	 Density	 Functional	 Theory	 (DFT)	 calculations.	 Time‐Dependent	 DFT	 (TD‐

DFT)	 calculations	 permit	 a	 comprehensive	 analysis	 of	 optical	 properties	 (including	

phosphorescence,	 for	 which	 vibronic	 interactions	 have	 been	 included	 for	 a	 more	

realistic	 simulation	 of	 the	 spectra).	 Finally,	 the	 possibility	 for	 substituting	 the	

encapsulated	halide	in	both	penta‐capped	trigonal	prismatic	and	cuboctahedral	cages	by	

a	 formally	 Cu‐	 metal	 anion,	 leading	 to	 the	 stabilization	 of	 2‐electron	 superatoms,	 is	

proposed.		

Computational Details 

DFT	calculations	were	carried	out	using	a	locally	modified	version	of	the	Gaussian	

09	 package28,	 employing	 the	 global	 hybrid	 PBE0	 functional,29,30	 and	 using	 the	 general	

triple‐ξ	polarized	basis	set,	namely	the	Def2‐TZVP	set.31	These	functional	and	basis	set	

were	chosen	as	the	result	of	systematic	investigations	of	Cu(I)	and	Ag(I)	clusters,12,13,32–

35	 and	 provide	 a	 good	 ratio	 between	 accuracy	 and	 computational	 efforts	 for	 both	

electronic	 structures	 and	 optical	 properties	 with	 transition	 metal	 atoms.36	 Based	 on	

previous	 investigations,12,25,35	 the	 substituents	 OR	 and	 R	 on	 the	 ligands	 have	 been	

replaced	 by	 hydrogen	 atoms.	 All	 stationary	 points	 were	 fully	 characterized	 as	 true	

minima	 via	 analytical	 frequency	 calculations.	 Geometries	 obtained	 from	 DFT	

calculations	were	used	to	perform	natural	orbital	analysis	with	the	NBO	5.0	program37	

as	well	as	TD‐DFT	calculations.		

The	rather	complex	architectures	of	the	studied	clusters	suggest	that	the	singlet	

(ground	state)	and	 triplet	 (excited	state)	states	could	show	non‐negligible	geometrical	

variations.	 This	 observation	 prompted	 us	 to	 further	 refine	 our	 usual	 computational	

protocol	 to	 include	 vibronic	 contributions.38–44	 Therefore	 we	 employed	 the	 so‐called	

Adiabatic	Hessian	 (AH)	model,	which	 requires	harmonic	 frequencies	 of	 the	 initial	 and	

final	electronic	state	at	their	respective	equilibrium	structures.	This	is	the	most	refined	

computational	model	at	the	harmonic	level	and	takes	into	full	account	mode‐mixing	and	

local	 shapes	 of	 adiabatic	 potential	 energy	 surfaces.	 A	 small	 number	 of	 normal	modes	

with	 very	 low	 frequencies	 have	 been	 neglected	 in	 the	 vibronic	 treatment	 due	 to	 the	

intrinsic	 limits	of	the	harmonic	approximation	and	the	negligible	effect	of	these	modes	

on	spectral	shapes	at	 least	 in	the	region	sampled	by	experiments.	Simulated	electronic	
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absorption	 spectra	as	well	 as	 transitions	were	obtained	using	 the	VMS	package.45	The	

composition	 of	 the	 Kohn‐Sham	 orbitals	 was	 analyzed	 using	 the	 AOmix	 program.46	

Calculations	 of	 the	 simulated	 volume	 have	 been	 performed	 using	 the	 VESTA	

program.47,48		

Experimental 

Reage  nts and general procedures 

All	 chemicals	 were	 purchased	 from	 commercial	 sources	 and	 used	 as	 received.	

Solvents	were	 purified	 following	 standard	 protocols.	 All	 reactions	were	 performed	 in	

oven‐dried	 Schlenk	 glassware	 using	 standard	 inert	 atmosphere	 techniques	 and	 were	

carried	 out	 under	 N2	 atmosphere	 by	 using	 standard	 Schlenk	 techniques.	

[Cu(CH3CN)4](PF6)	and	NH4(Se2PR2)	(R	=	OiPr,	Ph)	were	prepared	by	a	slightly	modified	

procedure	 reported	 earlier	 in	 literature.	 NMR	 spectra	 were	 recorded	 on	 a	 Bruker	

Advance	DPX300	FT‐NMR	spectrometer.	The	chemical	shift	(δ)	and	coupling	constant	(J)	

are	reported	in	ppm	and	Hz,	respectively.	31P	NMR	spectra	were	referenced	to	external	

85%	H3PO4	at	δ	0.00.	ESI‐mass	spectra	were	recorded	on	a	Fison	Quattro	Bio‐Q	(Fisons	

Instruments,	 VG	 Biotech,	 U.	 K.).	 UV–Visible	 absorption	 spectra	 were	 measured	 on	 a	

Perkin	Elmer	Lambda	750	spectrophotometer	using	quartz	 cells	with	path	 length	of	1	

cm.	 Emission	 spectra	 were	 recorded	 using	 a	 Cary	 Eclipse	 B10	 fluorescence	

spectrophotometer.	

Synthe  o o n  sis f Comp u ds 

[Cu11(μ9‐I)(μ3‐I)3{Se2P(OiPr)2}6](OH),	 1‐Se‐a:	 [Cu(CH3CN)4](PF6)	 (0.21	 g,	 0.56	

mmol)	 and	 NH4[Se2P(OiPr)2]	 (0.10	 g,	 0.31	 mmol)	 in	 20	 mL	 methanol	 at	 ‐20	oC	 were	

stirred	for	one	hour	under	a	nitrogen	atmosphere.	Then	Bu4NI	(0.075	g,	0.20	mmol)	was	

added,	yellow	precipitate	formed	and	the	mixture	solution	was	continuing	stirred	for	60	

min.	 The	 yellow	 precipitate	 was	 collected	 by	 filtration	 and	washed	with	methanol	 to	

obtain	 the	 yellow	 powder,	 [Cu11(µ9‐I)(µ3‐I)3{Se2P(OiPr)2}6](OH)	 1‐Se‐a.	 Yield:	 0.13g	

(81%).	1H	NMR(300	MHz,	CDCl3):	δ	1.44	[d,	36H,	CH3],	δ	1.47	[d,	36H,	CH3],	δ	4.93	[m,	6H,	

CH],	 δ	 5.13	 [m,	 6H,	 CH].	 31P{1H}	 NMR	 (121	MHz,	 CDCl3):	 δ	 74.3	 [s,	 6P,	 JPSe=664.8	 Hz,	

JPSe=661.7	Hz].	 77Se{1H}NMR(57	MHz,	 CDCl3):	 δ	 38.8	 (d,	 JSeP=642	Hz,	 6Se),	 δ	 30.0	 (dd,	

JSeP=654Hz,	6Se).	Anal.	Calcd	for	C36H85Cu11I4O13P6Se12:	C,	14.10;	H,	2.79.	Found:	C,	14.15;	
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H,	 3.19.	 UV‐Vis	 (CH2Cl2):	 λmax	(ε	 M)	 402	 (10000).	 ESI‐MS:	m/z	 (calcd)	3048.6	 (3049.3)	

[M]+,	m 1.p.：168oC.	I.R.：ν	(OH)：3427	cm‐ .	

[Cu11(µ9‐I)(µ3‐I)3{Se2P(C6H5)2}6](PF6)	1‐Se‐b:	It	was	synthesized	in	a	similar	way	

by	using	NH4[Se2P(C6H5)2]	 in	THF.	Yield:	0.093g	(63.10%),	1H	NMR	(300MHz,	CDCl3,	δ,	

ppm):	δ	=	7.29‐7.95	(m,	60	H,	Ph)	ppm.	31P{1H}	NMR	(121.49	MHz,	CH2Cl2,	δ,	ppm)	:	32.4	

(JP‐Se	 =	 530.9Hz,	 530.7),	 ‐143.0	 (septet,	 JP‐F	 =	 708	 Hz);	 Anal.	 Calcd	 for	

C72H60Cu11F6I4P7Se12·2CH2Cl2:	 C,	 24.83;	 H,	 1.80%.	 Found:	 C,	 24.44;	 H,	 1.64%.	 UV‐Vis	

(CH2Cl2):	λmax	(ε	M)	440	(12000).	ESI‐MS	m/z	(calcd):	3265.3	(3264.1)	[M]+,	mp:	150oC.	

X‐ray Crystallography 

Crystallographic	data	of	[Cu11(μ9‐I)(μ3‐I)3{Se2P(OiPr)2}6]+	(1‐Se‐a),	and	[Cu11(μ9‐

I)(μ3‐I)3(Se2PPh2)6](PF6)	 (1‐Se‐b),	 which	 has	 solvated	 dichloromethane	 and	

tetrahydrofuran	molecules,	are	given	in	Table	1.	Yellow	crystals	of	1‐Se‐a	were	obtained	

by	 slow	 diffusion	 of	 hexane	 into	 acetone	 solution.	 Orange	 crystals	 of	 1‐Se‐b	 were	

obtained	from	a	 layer	of	hexane	 into	dichloromethane	solution	 in	the	same	glass	 tube.	

Intensity	data	of	both	compounds	were	collected	at	296(2)	K	on	a	Bruker	APEX‐II	CCD	

diffractometer	(Mo	Kα,	λ	=	0.71073	Å).		

The	data	were	processed	by	using	the	SAINT	software	for	data	reduction.49	The	

absorption	 corrections	 for	 area	 detector	 were	 performed	 with	 SADABS	 program.50	

Structures	were	solved	by	direct	methods	and	refined	by	least‐squares	against	F2	using	

the	 SHELXL‐2014/7	 software	 package	 incorporated	 in	 SHELXTL/PC	 V6.14.51	 All	 non‐

hydrogen	atoms	were	refined	anisotropically.	In	the	structure	of	1‐Se‐a,	two	isopropoxy	

groups,	 O7	 and	 O8,	 were	 refined	 as	 a	 disorder	 over	 two	 positions,	 each	 in	 50%	

occupancy.	 However,	 searching	 counter	 anion	 from	 the	 Fourier	 difference	 maps	 was	

unsuccessful.	 The	 residual	 electron	 densities	 can	 be	modeled	 as	 neither	 a	 PF6‐	 nor	 an	

iodide	anion.	As	a	result,	a	hydroxide	is	proposed	as	a	counter	anion,	which	could	not	be	

located	 precisely	 from	 the	 final	 Fourier	 difference	 map	 due	 to	 a	 severely	 disordered	

issue	but	confirmed	by	the	Infrared	spectroscopy.	 In	structure	1‐Se‐b,	CH2Cl2	and	THF	

solvent	 molecules	 were	 found.	 THF	 was	 disordered	 at	 two	 positions	 of	 which	 the	

crystallographic	mirror	plane	passes	 through	 its	center.	The	structures	 (1‐Se‐a	 and	1‐

Se‐b)	 reported	 herein	 have	 been	 deposited	 at	 the	 Cambridge	 Crystallographic	 Data	

Center,	 CCDC‐1546828	 (1‐Se‐a)	 and	 1546829	 (1‐Se‐b)	 contain	 the	 supplementary	
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crystallographic	data	for	this	paper.	These	data	can	be	obtained	free	of	charge	from	at	

he	Cambridge	Crystallographic	Data	Centre	via	www.ccdc.cam.ac.uk/data_request/cif.	t

	

Table	1.	Selected	crystallographic	data	of	compounds	1‐Se‐a	and	1‐Se‐b.	

	 1 ‐a‐Se 	 1‐Se b
2Cl2)·(C4H8O)	

‐ 	
·0.5(CH

Formula	 C H84Cu36 11I4O12P6Se12	 C 9C76.5H6 lCu11F6I4P7Se12
Fw	 3048.91	

)	

3524.61	
Space	group	 P21/n	 Pnma	
a,	Å	 14.4102(13

152(2)	
22.5155(8)	

1031(6)	
3814(9)	

b,	Å	 23. 18.
c,	Å	 24.441(2)	 26.
α,	deg	

	
	

90	 90	
β,	deg
	deg
	Å3

91.922(2)	
	

(13)	

90	
	

.1(6)	
γ,
,

90 90
V 	
Z

	m‐3	

8149.4 10753
	

,	Mg
4	 4	

ρcalcd 2.485	 2.177	
μ,	mm‐1	 9.843	 7.515	
T,	K	 296(2)	

	0.0601]	

296(2)	

.0444]	
measured	reflections	

s,	%	

83115	
=

93688	
	0independent	reflections	

θ 	de 	 nes
re t ain rs	

14340	[Rint	 9795	[Rint	=
max, g. /	Complete

e
	

25.0	/	100.0	 25.0	/	100.0	
s r ts	/	paramet

σ(I)]
1123	/	825	

,	0.1604	
656	/	445	

,	0.1593	R1a,	wR2b	[I	>	2 0.0572 0.0591
R1a,	wR2b	(all	data)	
goodness	of	fit	
la ff	peak	and	hole,	e/Å

0.0817,	0.1815	
0 3	

0.0772,	0.1775	
.0 3	

8	and	‐1.581	
1. 3 1 8

rgest	di 3	 1.592	and	‐2.442	 2.18
a	R1	=	Σ｜︱Fo︱‐︱Fc︱｜/Σ︱Fo︱.	b	wR2	=	{Σ[w(Fo2	‐	Fc2)2]/Σ[w(Fo2)2]}1/2.	

Results and discussions 

Structu dec moral analysis of the computed undeca‐ and do a‐nuclear  dels 

The	geometries	of	the	undecanuclear	models	[Cu11(μ9‐I)(μ3‐I)3{E2P(OH)2}6]+	(	E	=	

S,	 Se),	 hereafter	 labelled	 1‐S	 and	 1‐Se,	 were	 first	 optimized	 enforcing	 ideal	 C3h	

symmetry.	 The	 principal	 structural	 parameters	 (Table	 2)	 are	 consistent	 with	 those	

reported	 in	 the	 X‐ray	 structures	 of	 [Ag11(μ9‐Se)(μ3‐Br)3{Se2P(OR)2}6]	 (R	 =	 Et,	 iPr,	 and	

2Bu],52,53	 [Ag11(μ9‐I)(μ3‐I)3{E2P(OiPr)2}6](PF6)	 [E=	 S,	 Se]25	 and	 [Cu11(μ9‐Se)(μ3‐

Br)3{Se2P(OR)2}6]	 (R	 =	 Et,	 Pr,	 iPr)	 clusters.54	 The	 eleven	 copper	 atoms	 occupy	 the	

vertices	of	a	pentacapped	trigonal	prism	with	an	iodide	at	the	center	of	the	polyhedron	

(Figure	1,	 left).	The	 six	Cua	atoms	correspond	 to	 the	 trigonal	prism	vertices,	 the	 three	
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rectangular	faces	of	which	are	capped	by	Cub	metals	and	the	two	triangular	faces	by	two	

Cuc	 centers	 (Figure	1,	 right).	The	Cu11(9‐I)	 core	has	 ideal	D3h	 symmetry,	whereas	 the	

whole	 [Cu11(μ9‐I)(μ3‐I)3{E2P(OH)2}6]+	 (E	=	S,	Se)	clusters	are	of	 ideal	C3h	 symmetry.	All	

the	 dichalcogenophosphate	 ligands	 are	 tetra‐connected	 (µ2,	 µ2).	 The	 encapsulated	9‐

iodide	 is	 involved	 in	 three	 shorter	 (Cub‐I)	 and	 six	 larger	 (Cua‐I)	 bonds	 (2.855	 Å	 and	

3.136	Å,	respectively	in	the	E	=	S	model).	On	the	other	hand,	the	Cuc‐I	distances	are	large	

3.669	Å	in	the	E	=	S	model),	precluding	the	existence	of	bonds.	(

	

Table 2. Relevant metrical parameters computed for the [Cu11(μ9-I)(μ3-I)3{E2P(OH)2}6]
+  and 

[Cu12(μ12-I)(μ3-I)4{E2PH2}6 (E= S, Se) models. 

Model	cluster	
(label)	

Sym	
Imag.	Freq.	
(cm‐1)	

ΔE	
(eV)	

Cu‐Icenter	
(Å)	

Cu‐Icap	
(Å)	

Cu‐Cu	
(Å)	

[Cu11(μ9‐I)(μ3‐I)3{S2P(OH)2}6]+	
(1‐S)	

C3h	 ‐	 ‐	
6	×	3.136	
3	×	2.855	

6	×	2.684	
3	×	2.640	

6	×	4.357	
3	×	3.745	
6	×	3.360	
6	×	3.214	
6	×	3.091	

C3h	 17i,	a’’	 0.005	
6	×	3.189	
3	×	2.857	

6	×	2.683	
3	×	2.647	

6	×	4.414	
3	×	3.834	
6	×	3.362	
6	×	3.287	
6	×	3.139	[Cu11(μ9‐I)(μ3‐I)3{Se2P(OH)2}6]+	

(1‐Se)	

C3	 ‐	 0.00	
3	×3.415	
3	×	2.942	
3	×	2.897	

3	×	2.723	
3	×	2.659	
3	×	2.641	

	

3	×	(4.634;	4.150)	
3	×	3.839	

3	×	(3.423;	3.191)	
3	×	(3.513;	3.238)	
3	×	(3.225;	3.060)	

[Cu12(μ12‐I)(μ3‐I)4{S2PH2}6]+	
(2‐S)	

Td	 ‐	 ‐	 12	×	3.236	 12	×	2.604	 12	×	3.059	
12	×	3.408	

Td	
21 ,	 	
13i,	t1	
i t2 0.04	 12	×	3.308	 12	×	2.596	 12	×	3.174	

12	×	3.439	
[Cu12(μ12‐I)(μ3‐I)4{Se2PH2}6]+	

(2‐Se)	
C3	 ‐	 0.00	

3	×	2.830	
3	×	3.559	
3	×	3.317	
3	×	3.610	

3	×	2.581	
3	×	2.585	
3	×	2.598	
3	×	2.660	

3	×	(2.954;	3.195;	3.537;	3.426)	
3	×	(3.547;	3.435;	3.437;	3.323)	

[Cu11(μ3‐I)3{S2P(OH)2}6]2+	
(3‐S)	

C3h	 ‐	 ‐	 ‐	
3	×	2.568	
6	×	2.625	

6	×	4.626	Cu Cua	
a‐
a‐

3	×	4.096	Cu Cua’	
a/a’ b6	×	3.515	Cu ‐Cu 	

6	×	3 ‐Cub	
6	×	3 ‐Cuc	

.620	Cua/a’

.231	Cua/a’

[Cu11(μ3‐I)3{Se2P(OH)2}6]2+	
(3‐Se)	

C3h	 ‐	 ‐	 ‐	
1	×	2.560	
2	×	2.621	

6	×	4.762	
3	×	4.201	
6	×	3.653	

	6	×	3.708
	6	×	3.338

[Cu 2(μ3‐I)4{S2 2 6 2

(4‐S)	
1 PH } ] +	 Td	 ‐	 ‐	 ‐	 12	×	2.577	 12	× Cu1	

12	× Cu2	
	3.483	Cu1‐
	3.652	Cu1‐

[Cu12(μ3‐I)4{Se2PH2}6]2+	
(4‐Se)	

Td	 ‐	 ‐	 ‐	 12	×	2.571	 12	×	3.664	
12	×	3.727	

	



Not	considering	the	bonds	with	the	central	 iodide,	all	 the	metal	atoms	are	in	an	

approximate	trigonal‐planar	configuration,	the	Cua	and	Cub	atoms	being	bonded	to	two	

chalcogens	 and	 one	 capping	 iodide	 and	 the	 Cuc	 atoms	 to	 three	 chalcogens.	 It	 is	

noteworthy	that	in	the	case	of	the	di‐seleno	species,	geometry	optimizations	with	the	C3h	

symmetry	 constraint	 does	 not	 lead	 to	 an	 energy	minimum	 at	 our	 level	 of	 theory,	 but	

rather	 to	a	 transition	state	 showing	a	 single	 (small)	 imaginary	 frequency	 (17i	cm‐1).	A	

true	energy	minimum	was	obtained	reducing	symmetry	constraint	to	C3,	corresponding	

to	 a	 slight	 displacement	 of	 the	 encapsulated	 iodide	 along	 the	 C3	 axis	 away	 from	 the	

center	of	the	metallic	cage.	This	leads	to	two	different	Cuc‐I	distances	of	3.610	and	3.924	

Å	 (both	 equal	 to	 3.750	 Å	 when	 C3h	 symmetry	 constraint	 is	 assumed).	 The	 symmetry	

lowering	 is	 associated	 to	a	very	 small	 stabilization	energy	 (ΔE=	0.004	eV),	 so	 that	 the	

encapsulated	 iodide	 is	 nearly	 free	 to	 move	 along	 the	 C3	 axis	 with	 quite	 large	

displacements.	As	a	consequence,	in	the	following	the	discussion	will	be	mainly	based	in		

n	the	ideal	cluster	with	C3h	symmetry.	o

	

 

(C3h)   

igure	1.	Optimized	structure	of	the	1‐S	model	(left)	and	its	Cu11(μ9‐I)(μ3‐I)	core	(right).		F
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The	 most	 significant	 structural	 data	 of	 the	 optimized	 geometries	 of	 the	

dodecanuclear	 models	 [Cu12(μ12‐I)(μ3‐I)4{E2PH2}6]+	 (E	 =	 S,	 2‐S;	 Se,	2‐Se)	 are	 given	 in	

Table	2.	They	were	first	considered	in	their	ideal	Td	symmetry	(Figure	2).	Their	metallic	

skeleton	 can	 be	 described	 as	 a	 cuboctahedron	 (more	 precisely	 a	 cantellated	

tetrahedron),	with	 two	different	Cu‐Cu	edges.	Thus,	 the	encapsulated	 iodide	 is	equally	

bonded	 to	 the	 twelve	metal	 atoms	and	 the	Cu12I	 core	 is	of	 idealized	Oh	symmetry.	The	



Cu‐(µ12‐I)	 distances	 are	 slightly	 larger	 than	 the	 Cu‐(µ9‐I)	 distances	 found	 in	 the	

undecanuclear	series	(Table	2).	Moreover,	 the	computed	Cu‐(µ12‐I)	bond	 lengths	(12	×	

3.236	 Å;	 E	 =	 S)	 fit	 nicely	 with	 that	 observed	 in	 the	 X‐ray	 structure	 of	 the	 related	

[PyH][{TpMo(μ3‐S)4Cu3}4(μ12‐I)]	 [{TpMo(μ3‐S)}4Cu12(μ12‐I)]	 	 (12	 ×	 3.138‐3.280	 Å,	 avg.	

3.195	Å).27	Similarly,	the	optimized		Cu‐Cu	distances		(12	×	3.059	Å	and	12	×	3.408	Å)	are	

in	good	agreement	with	the	experimental	ones	(12	×	3.098‐3.144,	avg.	3.122	Å,	and	12	×	

3.214‐3.309,	 avg.	 3.269	 	 Å).27	The	 square	 faces	 of	 the	 metallic	 core	 are	 bridged	 by	 a	

dichalcogenophosphate	 ligand	 (µ2,	 µ2)	 and	 four	 out	 of	 the	 eight	 triangular	 faces	 are	

capped	by	a	3‐iodide	(Figure	2).	As	a	result,	each	metal	atom	is	bonded	to	one	iodine	

and	 two	 chalcogen	 atoms	 in	 a	 slightly	 pyramidalized	 coordination	 mode	 (not	

considering	bonding	with	the	encapsulated	iodine).		

 

(Td  

igure	2.	Optimized	structure	of	the	[Cu12(μ12‐I)(μ3‐I)4{S2PH2}6]+	(2‐S)	model.		

)

F

	

As	 in	 the	 case	of	 its	undecanuclear	 relative,	 the	diselenophosphate	 species	was	

not	found	to	be	an	energy	minimum	in	its	highest	(Td)	symmetry	possible	(Table	2).	The	

minimum	on	the	potential	energy	surface	corresponds	to	a	slightly	distorted	structure	of	

C3	 symmetry.	 Furthermore,	 in	 analogy	 with	 the	 undecanuclear	 diselenophosphate	

cluster,	the	energy	difference	is	small	(ΔE=	0.04	eV),	suggesting	an	easy	displacement	of	

the	encapsulated	atom	around	 the	center	of	 the	cuboctahedral	 cage.	 In	 the	 followings,	

the	discussion	will	be	mainly	based	on	the	ideal	cluster	with	Td	symmetry.	

Bondin
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g analysis  of the computed models 

Considering	first	the	clusters	as	empty	in	both	species	(no	encapsulated	atom),	all	

the	 copper(I)	 centers	 lie	 in	 an	 approximate	 trigonal‐planar	 coordination	 mode.	

Therefore,	 each	metal	 atom	 is	 a	 16‐electron	 center	 and	 bears	 an	 accepting	 orbital	 of	



large	4pz	character,	which	points	towards	the	center	of	the	cage.	In	the	whole	cage,	the	

individual	4pz‐type	orbitals	give	rise	 to	a	 set	of	11	or	12	empty	combinations,	 at	 least	

four	of	which	have	the	proper	symmetry	to	interact	in	a	bonding	way	with	the	occupied	

5s	and	5p	AOs	of	iodide.	This	situation	is	sketched	in	Figure	3	in	the	case	of	a	[Cu12(μ12‐

I)(μ3‐I)4{E2POR2}6]+	 (E	 =	 S,	 Se)	 cluster,	 assuming	 Oh	 pseudo‐symmetry.	 It	 should	 be	

noted	 that	 the	weak	destabilizing	 interaction	occurring	between	some	of	 the	3d‐block	

combinations	 and	 the	 iodide	AOs	 is	not	 considered	 in	Figure	3.	 	The	 computed	Kohn‐

Sham	orbital	diagrams	of	 our	undeca‐	 and	dodeca‐nuclear	models	 are	 consistent	with	

this	 qualitative	 model.	 Those	 of	 [Cu11(μ9‐I)(μ3‐I)3{Se2P(OH)2}6]+	 and	 [Cu12(μ12‐I)(μ3‐

I)4{S2POH2}6]+	 are	 shown	 in	 Figure	 4.	 Those	 of	 their	 homologs	 are	 provided	 in	 the	 SI	

(Figures	S1	and	S2).	

	

Planar d10 ML3

3d-block

12 x 4pz
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a1g

(Oh)

HOMO

[Cu12(µ3-I)4{E2PH2}6]2+

t1u

I-

5s

5p

[Cu12(µ12-I)(µ3-I)4{E2PH2}6]+

HOMO

(Oh) (Oh)

3d-block and
(µ3-I)4 lone pairs

a1g

t1u

Relevant 4pz
combinations

a1g

t2g
eg
t2u

+

t1u

3d-block and
(µ3-I)4 lone pairs

	
Figure	3. Qualitative	MO	diagram	illustrating	the	interaction	between	the	empty	cage	
[Cu12(μ3‐I)4{E2POR2}6]2+	(E	=	S,	Se)	and	its	I‐	host	in	the	[Cu12(μ12‐I)(μ3‐I)4{E2POR2}6]+	(E	
=	S,	Se)	cluster	in	the	ideal	Oh	pseudo‐symmetry.	

	



A	 more	 quantitative	 bonding	 analysis	 can	 be	 performed	 in	 terms	 of	 bonding	

energy	 (BE),	 dissociation	 energy	 (DE),	 distortion	 energy	 of	 the	 cluster	 cage	 (ΔEdist),	

natural	orbitals	and	Wiberg	indices.	The	bonding	energy	can	be	calculated	as:	

	

Where	 the	 subindexes	H	 and	G	 refer	 to	 the	host	 and	 guest,	 respectively,	i.	e.,	 	is	 the	

energy	 of	 the	 free	 ion,	 is	 the	 energy	 of	 the	 empty	 cluster	 at	 the	 geometry	

optimized	when	 the	 ion	 is	 inside	 the	 cluster	 cage	 and	 	is	 the	 energy	 of	 the	whole	

cluster	at	its	optimized	geometry.	The	dissociation	energy	is:	

	

where	 	is	 the	 energy	 of	 the	 empty	 cluster	 at	 its	 equilibrium	 geometry.	 The	

difference	between	BE	and	DE	 (ΔEDist)	 is	 the	amount	of	energy	required	 to	distort	 the	

relaxed	empty	cage	to	the	geometry	adopted	when	the	anion	is	inside	the	cage:	

	

As	one	can	see	in	Table	3,	the	BE	values	are	nearly	the	same	(~	8	eV),	irrespective	

of	 the	nature	of	E	(S	vs.	Se)	and	the	nuclearity	of	 the	metallic	cage	(Cu11	vs.	Cu12).	The	

same	conclusion	can	be	established	for	DE.	However,	there	is	a	significant	difference	in	

ΔEDist	when	going	from	the	S	to	Se	(~	15	%	for	Cu11	and	~	20	%	for	Cu12),	whereas	the	

nuclearity	does	not	impact	dramatically	this	energy.		
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igure	 4.	 Kohn‐Sham	 orbital	 diagrams	 of	 [Cu11(μ9‐I)(μ3‐I)3{Se2P(OH)2}6]+	 (left)	 and	
Cu12(μ ‐I)(μ ‐I) {S PH } ]+	(right). 	12 3 4 2 2 6 		

The	rather	negative	NAO	charges	of	the	central	iodide	and	the	moderate	values	of	

the	sums	of	the	Cu‐I	Wiberg	indices	are	consistent	with	the	existence	of	an	iono‐covalent	

bond.	Furthermore,	the	sum	of	Cu‐I	Wiberg	indices	decreases	when	going	from	Cu11	to	

Cu12	clusters,	and	this	is	accompanied	by	a	slight	increase	of	the	iodine	negative	charge,	

suggesting	that	the	ionic	character	of	the	bonding	increases	with	the	connectivity	of	the	

central	halide.	It	is	noteworthy	that	in	the	undecanuclear	clusters,	independently	of	the	

ligand,	 the	Cub‐Icenter	Wiberg	 indices	are	twice	 larger	than	the	Cua‐Icenter	ones	(∼0.06	vs.	

0.03).	 This	 result	 is	 in	 agreement	with	 the	 shortening	 of	 the	 Cu‐Icenter	 distances	when	

going	 from	Cua‐Icenter	 to	Cub‐Icenter.	 Finally,	 the	metallic	 core	 contracts	 itself	 by	ca	 25%	

when	going	from	the	empty	to	the	iodine‐centered	cluster.		
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Table	3.	Relevant	Bonding	Parameters	Computed	for	Clusters	1‐S,	1‐Se,	2‐S	and	2‐Se.	

Model	clusters	 Sym.	
HOMO‐

LUMO	gap	
(eV)	

BE	
(eV)	

DE	
(eV)	

ΔEdist	
(eV)	

Sum	of	
Cu‐Icap	
Wiberg	
indices	

Sum	of	Cu‐
Icenter	
Wiberg	
indices	

NAO	net	
charge	of	
Icenter	

Population	
of	Icenter	

1‐S	 C3h	 5.19	 8.21	 7.65	 0.56	 0.62	
0.41	

3	×	0.0632	
6	×	0.0332	

‐0.75	 s1.92	p5.81	d0.01	

1‐Se	 C3h	 4.58	 8.17	 7.51	 0.66	 0.59	
0.41	

3	×	0.0684	
6	×	0.0315	

‐0.75	 s1.92	p5.81	d0.01	

2‐S	 Td	

Td	

4.59	

4.01	

8.18	

8.00	

7.61	

7.29	

0.57	

0.71	

0.74	

0.72	

0.37	
12	×	0.0307	

0.35	
12	×	0.0295	

‐0.76	

‐0.76	

s1. 	p 	d 	

s1.94	p5.81	d0.01	

94 5.81 0.01

2‐Se	

	

Synthesis  and  characterization  of  [Cu (μ ‐I)(μ ‐I) {Se P(OiPr) } ](OH)  (1‐Se‐a), 
and [C

11 9 3 3 2 2 6

u11(μ9‐I)(μ3‐I)3(Se2PPh2)6](PF6) (1‐Se‐b) 

Treatment	of	copper	salts,	diselenophosph(in)ates,	and	Bu4NI	 in	a	11:	6:	5	ratio	

affords	cationic	clusters	of	the	type,	[Cu11(µ9‐I)(µ3‐I)3(Se2PR2)6]+	(R	=	OiPr,	1‐Se‐a;	Ph,	1‐

Se‐b),	 in	 good	 yield.	 In	 compound	1‐Se‐a,	 a	 single	 phosphorus	 resonance	 centered	 at	

74.3	 ppm,	 flanked	 by	 two	 sets	 of	 selenium	 satellites	 (JPSe	=	 664.8	 and	 661.7	 Hz),	 is	

observed	 in	 solution	 31P{1H}	 NMR	 spectrum.	 Two	 inequivalent	 Se	 atoms	 of	 the	

diselenophosphate	ligand	revealed	from	31P	NMR	spectroscopy	are	the	reminiscence	of	a	

virtual	 C3h	 symmetry	 of	 the	 Cu11	 cluster,13	 	 which	 is	 echoed	 by	 the	 observed	 two	

multiplets	of	methine	(CH)	protons	of	the	isopropyl	groups	in	the	1H	NMR	spectrum	as	

well	 as	 two	 unresolved	 doublet	 peaks	 in	 the	 77Se{1H}	 NMR	 spectrum.13	 A	 similar	 31P	

NMR	pattern	was	observed	in	1‐Se‐b.	Unfortunately	no	signals	were	detected	in	the	77Se	

NMR	spectrum	of	1‐Se‐b	at	ambient	temperature,	which	could	be	due	to	the	lability	of	

Cu‐Se	 bonds.	 Owing	 to	 its	 poor	 solubility	 in	 CH2Cl2,	 the	 low	 temperature	 77Se	 NMR	

experiments	were	not	recorded.	Its	composition	is	further	confirmed	by	the	positive	ESI‐

MS	spectrum	in	CH2Cl2	depicted	in	Figure	5.	Aside	from	the	most	intense	band	centered	

at	 3048.6,	 which	 corresponds	 to	 the	 molecular	 ion	 peak	 of	 [Cu11(µ9‐I)(µ3‐

I)3{Se2P(OiPr)2}6]+	 (calcd	 3049.3),	 two	 bands	 centered	 at	 2387.5	 and	 3240.0	 are	 also	

detected.	While	 the	 peak	 at	m/z	 2387.5	 can	 be	 reasonably	 attributed	 to	 the	 chloride‐

centered	 Cu8	 species,	 [Cu8(µ8‐Cl){Se2P(OiPr)2}6]+	 (Calcd	 2287.8),	 generated	 from	 the	

ionization	of	1‐Se‐a	in	methylene	chloride,	the	band	at	m/z	3240.0	does	match	well	with	

a	species	[Cu12(I)5{Se2P(OiPr)2}6]+,	whose	formula	weight	is	3239.1.	



A	thermal	ellipsoid	drawing	of	the	cationic	cluster	1‐Se‐a	is	depicted	in	Figure	5(a)	with	

a	schematic	representation	of	a	pentacapped	trigonal	prismatic	Cu11(μ9‐I)	core	in	Figure	

5(b).		

	

	

Figure	 5.	 (a)	 ORTEP	 drawing	 of	 [Cu11(μ9‐I)(μ3‐I)3{Se2P(OiPr)2}6]+	 in	 1‐Se‐a	 (30%	
thermal	ellipsoid)	with	isopropoxy	groups	omitted	for	clarity;	(b)	Representation	of	the	
pentacapped	 trigonal	 prismatic	 Cu11(μ9‐I)	 core.	 I4‐Cu5:	 2.645(3),	 I4‐Cu2:	 2.723(3),	 I4‐
Cu8:	2.
Cu1:	2.
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795(2),	I4‐Cu9:	2.833(3),	I4‐Cu4:	2.862(2),	I4‐Cu3:	2.865(3),	I4‐Cu6:	2.876(3),	I4‐
949(3),	I4‐Cu7:	3.070(3)	Å.	(c)	A	positive	ESI‐MS	spectrum	of	1‐Se‐a.	
The	cluster	cation	has	an	idealized	C3h	symmetry	and	is	isostructural	to	its	silver	

analogue,	[Ag11(µ9‐I)(µ3‐I)3{Se2P(OiPr)2}6]+,25	and	with	our	computed	model	clusters	1‐S	

and	 1‐Se.	 Consistently,	 two	 kinds	 of	 iodide	 ion	 (µ9	 and	 µ3)	 can	 be	 found	 in	 both	

structures	 and	 the	 one	 located	 at	 the	 cluster	 center	 (I4)	 connects	 to	 the	 peripheral	

copper	 ions,	 except	 the	 two	 on	 the	 C3	 axis	 (Cu10	 and	 Cu11),	 in	 the	 range	 2.645(3)	 ‐	

3.070(3)	Å	in	the	case	of	1‐Se‐a.	It	appears	that	the	size	of	Cu11	core	in	cluster	1‐Se‐b	is	

larger	than	that	of	1‐Se‐a	as	revealed	from	the	larger	µ9‐I‐Cu	distances	lying	in	the	range	

2.803(2)	 ‐3.242(2)	Å.	 In	 the	 related	 computed	C3h	model	1‐Se,	 the	optimized	Cu‐Icenter	

bond	lengths	are	in	also	within	this	range:	6	×	3.189	and	3	×	2.857	Å	(Table	2).	The	three	



other	iodides,	each	capping	a	Cu3	triangular	face,	average	2.637(2)	Å	in	1‐Se‐a	(2.587(2)	

Å	in	1‐Se‐b).	In	the	computed	homolog	1‐Se,	the	Cu‐Icap	distances	are	6	×	2.683	and	3	×	

2.647	and,	once	again,	are	in	good	agreement	with	the	experimental	ones.	

	

Optical Properties  

The	 ambient	 temperature	UV‐Vis	 absorption	 spectrum	of	1‐Se‐a	 in	 CH2Cl2	 (see	

green	 line	 in	 Figure	 6)	 displays	 a	 shoulder	 peak	 at	 approximately	 402	 nm	 (molar	

absorptivity	~	10,	000	dm3mol‐1cm‐1)	and	a	more	intense	band	extending	well	into	the	

UV	region,	with	a	maximum	below	330	nm.	While	the	low	energy	peak	is	attributed	to	a	

charge	 transfer	within	 the	 cluster	 cage,	 the	 strong	 absorption	 in	 the	 UV	 region	 likely	

originates	 from	 ligand‐centered	 transitions.	 A	 structureless	 emission	 band	 at	 77K	

(excited	 at	 435	 nm)	 centered	 at	 766	 nm	 is	 also	 depicted	 in	 Figure	 6.	 In	 methylene	

chloride	glass,	the	emission	slightly	shifts	to	745	nm.	Large	Stokes	shift	(~	11,800	cm‐1)	

suggests	that	the	red	emission	originates	from	a	spin‐forbidden	triplet	excited	state,	this	

hypothesis	being	further	confirmed	by	the	life	time	of	the	excited	state	of	the	cluster	1‐

Se‐b	in	the	microsecond	region	(Table	S1).	

	

	
igure	6.	Absorption	(RT),	excitation	(77	K),	and	emission	(77	K)	spectra	of	1‐Se‐a	in	
olid	st
F
s
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ate.	

TD‐DFT	computations	have	been	performed	on	our	model	compounds	in	order	to	

assign	 the	 band	 absorption	 of	 1‐Se‐a	 and	 1‐Se‐b.	 In	 general	 terms,	 despite	 a	 strong	

overestimation	of	the	vertical	electronic	transitions,	the	trend	between	E=	S	and	E=	Se	is	

well	 reproduced.	 Indeed,	 experimentally,	 the	 absorption	 bands	 of	
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[Cu11(μ9−I)(μ3−I)3{Se2P(OiPr)2}6](OH)	 and	 [Cu11(μ9−I)(μ3−I)3{S2P(OiPr)2}6](OH)	 fall	

around	 402	 and	 380	 nm	 (respectively	 3.08	 and	 	 3.26	 eV).	 The	 largest	 wavelength	

transitions	 are	 computed	 at	 328	 and	 290	 nm	 (3.78	 and	 4.27	 eV)	 for,	 E=	 Se	 and	 S,	

respectively	with	an	overall	overestimation	of	about	0.85	eV	(Table	4).	The	experimental	

peak	 can	 be	 assigned	 to	 a	 transition	 from	 the	 degenerate	 HOMO	 and	 HOMO‐1	 to	 the	

LUMO	 for	 E=	 S.	 For	 E=	 Se,	 the	 same	 excitation	 corresponds	 to	 a	 transition	 from	 the	

HOMO‐2	 and	 HOMO‐3	 to	 the	 LUMO.	 From	 the	 frontier	 orbitals	 plots	 and	 MO	

compositions	(Figure	4)	one	can	see	that	in	both	cases	the	occupied	orbitals	are	mainly	

localized	on	the	central	iodide	(5p	orbitals),	capping	iodide	and	the	metallic	architecture,	

whereas	the	LUMO	is	strongly	localized	on	the	ligands	and	on	the	metallic	architecture.	

In	addition,	 there	 is	another	excitation	of	very	similar	charge	transfer	character	which	

occurs	 at	 a	 slightly	 lower	wavelength	 and	which	 corresponds	 to	 a	 HOMO‐5	 to	 LUMO	

ransition	in	both	compounds.		t

	

	

	

Table	 4.	 TD‐DFT	 and	 Experimental	 absorption	 energies	 and	 wavelengths	 of	 the	
undecanuclear	clusters.	

Exp.a	 TD‐DFTb	Compound	
(eV)
3.26	

	 (nm
380	

)	 (eV)	 ( 	nm)
1‐S55	 4.27	 290	
1‐Se	 3.08	 402	 3.78	 328	
2‐S	 ‐	

	
	 3.73	

	
332	
3862‐Se	 ‐ 	 3.21 	

[Ag 2(μ12‐I)(μ3‐I)4{S2P(CH2CH2Ph)2}6]+26	 2.90	 428	 3.92	 316	1
a	 Experimental	 compounds:	 [Cu11(μ9−I)(μ3−I)3{Se2P(OiPr)2}6](OH)	 and	
Cu11(μ9−I)(μ3−I)3{S2P(OiPr)2}6](OH).b	Models:	 [Cu11(μ9‐I)(μ3‐I)3{S2P(OH)2}6]+,	 [Cu11(μ9‐
)(μ3‐I) {Se P(OH) } ]+,	[Cu (μ ‐I)(μ ‐I) {S PH } ]+	and	[Cu (μ ‐I)(μ ‐I) {Se PH } ]+	
[
I
	

3 2 2 6 12 12 3 4 2 2 6 12 12 3 4 2 2 6

TD‐DFT	 computations	 have	 also	 been	 performed	 on	 the	 dodecanuclear	 model	

clusters.	It	turns	out	that	for	E=	S,	an	excitation	occurs	at	3.73	eV	(332	nm)	which	can	be	

described	as	a	transition	from	the	highest	occupied	degenerate	t2	orbitals	to	the	LUMO.	

In	 this	case	 the	charge	 transfer	can	be	described	as	an	admixture	of	XLCT	(halogen	 to	

ligand)	and	MLCT	(metal	to	ligand).	When	E=	Se,	the	first	excitation	is	computed	at	3.21	

eV	 (386	 nm)	 and	 the	 charge	 transfer	 is	 similar,	 this	 time	 involving	 the	 degenerate	

HOMO‐3,	 HOMO‐4,	 HOMO‐5	 t2	 orbitals	 and	 the	 LUMO.	 For	 instance,	 the	 computed	
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optical	properties	for	Ag11(µ9‐Se)(µ3‐X)(Se2P(OH)2]6	(X=	I,	Br)	fit	nicely	the	experimental	

ones.53			

In	 order	 to	model	 the	 phosphorescence	 spectra	 of	 the	 clusters,	 the	 first	 triplet	

excited	 state	 has	 been	 investigated	 using	 the	 unrestricted	 Kohn‐Sham	 method.	 Upon	

optimization,	 frequency	 calculations	 have	 been	 performed	 in	 order	 to	 get	 the	 normal	

modes	 in	 the	 excited	 state.	 The	 electronic	 emission	 wavelengths	 for	 the	 Cu11(µ9‐I)	

clusters	 have	been	 calculated	 at	 424	 and	555	nm	 (2.92	 and	2.23	 eV)	 for	 E=	 S	 and	 Se,	

respectively.	 It	 is	 important	 to	mention	 that	 once	 again	 the	 calculated	 trend	 for	 both	

dichalcogeno	ligands	agrees	with	the	observed	phosphorescence	wavelengths	(635	and	

745	nm,	for	E=	S	and	Se,	respectively).55,56	These	results	lead	to	a	shift	between	observed	

and	computed	phosphorescence	wavelengths	corresponding	to	0.97	and	0.57	eV,	for	E=	

S	and	Se,	respectively.	Furthermore	the	computed	electronic	phosphorescence	energies	

are	overestimating	the	experimental	ones	with	the	same	order	of	magnitude	than	in	the	

case	of	absorption	for	both	ligands.	

On	 these	 grounds,	 in	 order	 to	 simulate	 the	 phosphorescence	 spectra	 of	 both	

clusters,	vibrational	contributions	to	electronic	transitions	have	been	taken	into	account.	

In	principle	the	elimination	of	vibronic	contributions	issuing	from	low‐frequency	normal	

modes	discussed	above	might	affect	 the	shape	of	 the	simulated	spectra.	However,	 this	

approximation	 can	 be	 safely	 employed	 in	 the	 present	 context	 since	 the	 limited	

resolution	of	experimental	spectra	masks	the	fine	tuning	by	low‐frequency	modes	under	

the	overall	Gaussian	shape,	whose	width	is	mainly	determined	by	progressions	of	higher	

frequency	modes.	As	one	can	see	in	Figure	7,	the	simulated	phosphorescence	spectra	fit	

nicely	 the	 experimental	 ones	 upon	 correction	 of	 the	 energy	 shift	 coming	 from	 the	

mentioned	limited	accuracy	of	electronic	TD‐DFT	transitions.	The	Gaussian	shape	is	well	

reproduced	in	the	simulation	and	is	fully	explained	in	terms	of	the	so‐called	shift‐vector,	

which	corresponds	to	the	gradient	of	the	final	state	at	the	geometry	of	the	 initial	state	

projected	onto	the	normal	modes	of	the	initial	state.38,41,44,57–60		



	

Figure	7.	Simulated	Phosphorescence	Spectra	of	1‐S,	1‐Se,	and	recorded	spectrum	of	1‐
Se‐a.	 Dashed	 lines	 correspond	 to	 the	 brut	 simulation.	 Plain	 lines	 correspond	 to	 the	
simulated	spectra	upon	the	energy	corrections	(shift	=	0.97	and	0.57	eV,	for	1‐S	and	1‐
e,	 respectively,	 obtained	 by	 fitting	 the	 computed	 electronic	 and	 recorded	
hosphorescence	wavelengths).		
S
p
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etical related copper‐encapsulated  species 

Recently,	some	of	us	have	reported	the	existence	of	12‐vertex,	namely	[Cu12(μ12‐

Cu)(CCR)4(S2CNnBu2)6]+	(R	=	C(O)OMe,	C6H4F),	having	a	Cu‐centered	cuboctahedral	core,	

which	can	be	formally	viewed	as	made	of	a	Cu‐	anion	encapsulated	in	a	cage	made	of	12	

Cu+	 vertices.61	 Therefore,	 we	 have	 also	 investigated	 the	 possibility	 for	 our	 12‐vertex	

cages	to	entrap	a	(formally)	Cu‐	ion	in	the	place	of	an	iodide.	The	structural	relationship	

of	 the	 resulting	 model,	 [Cu12(μ12‐Cu)(μ3‐I)4(E2PH2)6]+	 (E	 =	 S,	 6‐S;	 Se,	 6‐Se),	 with	 the	

above‐reported	 13‐nuclear	 clusters	 is	 straightforward.	 Both	 compounds	 have	 ideal	Td	

symmetry,	with	four	triangular	faces	of	the	cuboctahedron	capped	by	a	μ3‐ligand	and	the	

six	 octahedral	 faces	 capped	 by	 a	 (µ2,	 µ2)	 dichacogenolate	 ligand.	 Both	 systems	 can	 be	

viewed	as	2‐electron	species	within	the	superatom	model4,62	(jellium	confirmation:	1S2	

1P0.61,63–67	 It	 turns	 out	 that	 in	 both	 cases	 (E	 =	 S	 and	 Se)	 our	 hypothetical	 compounds	

were	found	to	have	small	 imaginary	vibrational	frequencies	in	their	ideal	Td	symmetry	

(Table	 5).	 An	 energy	 minimum	 (no	 imaginary	 frequencies)	 was	 found	 reducing	



19	
	

symmetry	to	C3,	but	the	potential	energy	surface	is	very	flat	around	these	two	stationary	

points.	 It	 is	noteworthy	 that	entrapping	a	 formally	Cu‐	 into	 the	cage	 results	 in	a	much	

larger	contraction	of	the	cage	than	in	the	case	of	I‐	(55%	vs.	25%	in	volume	in	the	case	of	

E	=	S	for	instance).	Consistently,	ΔEDist	becomes	important	when	the	formally	Cu‐	atom	is	

entrapped	 into	 the	 dodecanuclear	 cluster	 cage.	 Unsurprisingly,	 the	 net	 charge	 of	 the	

entrapped	Cu	(~	‐0.5	in	ideal	Td	symmetry)	is	fairly	lower	than	that	corresponding	to	its	

formal	 oxidation	 state	 (–I),	 the	 two	 superatom	 electrons	 formally	 provided	 by	 the	

encapsulated	Cu‐	being	somehow	shared	with	the	12	other	metal	centers.	

According	to	the	cage	contraction,	Wiberg	indices	and	natural	bond	analysis,	the	

dodecanuclear	 cluster	 cage	needs	more	distortion	 to	entrap	Cu‐	than	 iodide.	Therefore	

the	possible	existence	of	a	Cu‐	encapsulated	in	the	smaller	penta‐capped	trigonal	prism	

has	been	also	investigated	(see	Tables	5	and	6	labeled	5‐S	and	5‐Se).	It	turns	out	that,	as	

for	 1‐Se,	 the	 energy	 minimum	 is	 not	 of	 C3h,	 but	 of	 lower	 C3,	 symmetry.	 Moreover,	 it	

should	 be	 pointed	 out	 that	 when	 Cu‐	 is	 entrapped	 instead	 of	 I‐,	 the	 C3h/C3	energy	

difference	is	larger	(0.11	eV	and	0.13	eV	for	respectively	5‐S	and	5‐Se).		

	



Table	 5. Relevant	 metrical	 parameters	 computed	 for	 the	 	 [Cu11(μ9‐Cu)(μ3‐
I)3{E2P(OH)2}6]+	and	[Cu12(μ12‐Cu)(μ3‐I)4{E2PH2}6]+	(E=	S,	Se)	models.	

Modeled	cluster	 Sym	
Imag.	Freq.	
(cm‐1)	

ΔE	
(eV)	

Cu‐X	
(Å)	

Cu‐Icap	
(Å)	

Cu‐Cu	
(Å)	

C3h	 30i,	a"		 0.11	
6	×	2.567	
3	×	2.555	

6	×	2.711	
3	×	2.661	

6	×	3.618	
3	×	2.983	
6	×	2.805	
6	×	2.773	
6	×	2.841	[Cu11(μ9‐Cu)(μ3‐I)3{S2P(OH)2}6]+	

(5‐S)	

C3	 ‐	 0.00	
3	×	2.624	
3	×	2.570	
3	×	2.594	

3	×	2.629	
3	×	2.939	
3	×	2.641	

3	×	(4.097;	2.795)		
3	×	3.226	

3	×	(2.978;	2.970)	
3	×	(2.659;	2.662)	
3	×	(2.913;	2.750)	

C3h	 38i,	a”	 0.14	
6	×	2.550	
3	×	2.554	

6	×	2.729	
3	×	2.660	

6	×	3.519	
3	×	3.080	
6	×	2.806	
6	×	2.792	
6	×	2.798	[Cu11(μ9‐Cu)(μ3‐I)3{Se2P(OH)2}6]+	

(5‐Se)	

C3	 ‐	 0.00	
3	×2.610	
3	×2.581	
3	×2.590	

3	×	2.640	
3	×	2.953	
3	×	2.647	

	

3	×	(4.051;	2.768)	
3	×	3.270	

3	×	(2.997;	2.935)	
3	×	(2.667;	2.699)	
3	×	(2.849;	2.753)	

Td	 22i,	t1	 0.00	 1 	2	×	2.737 1 	2	×	2.636 12	×	2.700	
12	×	2.774	

[Cu12(μ12‐Cu)(μ3‐I)4{S2PH2}6]+	
(6‐S)	

C3	 ‐	 0.02	

3	×	2.740	
3	×	2.727	
3	×	2.735	
3	×	2.731	

3	×	2.634	
3	×	2.638	
3	×	2.634	
3	×	2.638	

3	×	(2.691;	2.713;	2.684;	2.700)	
3	×	(2.757;	2.773;	2.775;	2.772)	

Td	
41 ,	 	
19i,	t2	
i t1 0.03	 1 	2	×	2.731 1 	2	×	2.634 12	×	2.711	

12	×	2.751	
[Cu12(μ12‐Cu)(μ3‐I)4{Se2PH2}6]+	

(6‐Se)	
C3	 ‐	 0.00	

3	×	2.700	
3	×	2.728	
3	×	2.737	
3	×	2.732	

3	×	2.630	
3	×	2.631	
3	×	2.638	
3	×	2.638	

3	×	(2.725;	2.715;	2.745;	2.746)	
3	×	(2.687;	2.691;	2.736;	2.750)	

	

	

	

Table	6.	Relevant	metrical	parameters	computed	for	the		[Cu11(μ9‐Cu)(μ3‐I)3{E2P(OH)2}6]+	and	[Cu12(μ12‐
Cu)(μ3‐I)4{E2PH2}6]+	(E=	S,	 dels.	

20	
	

	

Se)	mo

HOMO‐
LU ap	Modeled	clusters	 Sym.	 MO	g

(eV)	

BE	
(eV)	

DE	
(eV)	

ΔEdist	
(eV)	

Sum	of	Cu‐Icap	
Wiberg	indices	

S r	um	of	Cu‐Cucente
Wiberg	indices	

NAO	net	
charge	
of		

C 	ucenter

Population	
of	Cucenter	

5‐S	 C3h	 3.18	 11.96	 10.11	 1.85	 0.63	
0.67	

3	×	0.0691	
6	×	0.0775	

‐0.53	 s1.45p0.05d9.99	

5‐Se	 C3 	h

Td

2.90	 12.03	 10.03	 2.00	 0.59	
0.68	

3	×	0.0646	
6	×	0.0802	

‐0.51	 s1.43p0.05d9.99	

6‐S	 	

Td	

3.15	

3.12	

12.54	

12.64	

1 	0.01

9.81	

2.53	

2.83	

0.75	

0.75	

0.66	
12	×	0.0554	

0.68	
12	×	0.0563	

‐0.50	

‐0.47	

s1. p d 	

s1.41p0.05d9.99	

44 0.04 9.99

6‐Se	
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Furthermore,	 the	Cua/a’‐Cua/a’	 distances	 (4.097	Å	vs.	2.795	Å,	E=	S)	 indicate	 that	

the	 trigonal	 prism	 architecture	 is	 strongly	 distorted.	 However,	 the	 Cua/b‐Cucenter	 bond	

lengths	remain	of	the	same	order	of	magnitude	when	going	from	the	ideal	C3h	symmetry	

to	the	C3	one.	It	should	also	be	noticed	that	the	nine	Cu‐Cu‐	distances	are	nearly	identical	

(∼2.55	 Å).	 This	 result	 is	 at	 variance	 with	 the	 behavior	 of	 undecanuclear	 clusters	

containing	an	iodide	at	the	center,	in	which	there	are	six	long	(∼3.2	Å)	and	three	short	

(∼2.90	Å)	distances	(Table	5).	The	sum	of	Wiberg	indices	when	X	=	Cu‐	is	also	larger	(ca	

50	%)	than	when	X=	I‐.	Furthermore,	in	opposition	to	the	X=	I‐	cases,	the	Wiberg	indices	

for	X	=	Cu‐	are	in	the	same	order	of	magnitude	for	the	nine	Cu‐Cu‐	interactions	(Table	6).	
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Figure	8. Qualitative	MO	 diagram	 illustrating	 the	 interaction	 between	 the	 empty	 cage	
[Cu12(μ3‐I)4{E2POR2}6]2+	(E	=	S,	Se)	and	its	I‐	host	in	the	[Cu12(μ12‐Cu)(μ3‐I)4{E2POR2}6]+	
(E	=	S,	Se)	cluster.	The	ideal	Oh	pseudosymmetry	of	the	Cu (μ ‐Cu)	core	is	considered.	12 12

	

The	 optical	 behaviors	 of	 the	 hypothetical	 clusters	 were	 also	 investigated.	

Concerning	 the	 dodecanuclear	 clusters,	 TD‐DFT	 calculations	 performed	with	 the	 ideal	

symmetry	constraint	demonstrated	that	the	highest	absorption	wavelengths	fall	around	

530	and	560	nm	for	respectively	the	dithio	and	diseleno	ligands.	For	the	dithio	 ligand,	

this	excitation	can	be	mainly	assigned	to	a	HOMO	to	LUMO	transition	and	corresponds	to	

a	charge	transfer	from	the	1S	jellium	orbital	to	the	1P	ones	(Figure	8	and	9)	which	can	

be	characterized	by	a	strong	donation	of	the	centered	atom,	the	ligands	and	the	metallic	

cage	 to	 the	metallic	 cage.	 Indeed,	 the	 cluster	 core	 represents	about	60	%	of	 the	 triply	

degenerate	 LUMO	 composition.	 For	 the	 diseleno	 ligands,	 the	 transition	 is	more	mixed	

but	the	trend	is	identical	as	for	the	dithio	case,	i.e.	a	charge	transfer	from	the	1S	jellium	

to	the	1P	jellium	one.		
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igure	 9.	 Kohn‐Sham	 MO	 diagrams	 of	 [Cu11(μ9‐Cu)(μ3‐I)3{S2P(OH)2}6]+	 (left)	 and	
Cu12(μ ‐Cu)(μ ‐I)4{S PH } ]+	(right).		
F
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Concerning	 the	 hypothetical	 undenuclear	 cluster	 with,	 for	 instance,	 the	

dithioligands,	two	strong	excitations	have	been	computed	enforcing	the	C3h	respectively	

at	511	(e’)	and	493	nm	(a”)	(Figure	9).	The	highest	excitation	wavelength	corresponds	to	

a	 transition	 from	 the	HOMO	 (a’)	 to	 the	 LUMO	 (e’).	 The	 second	 excitation	 occurs	 from	

HOMO	 to	 LUMO+2	 (a”).	 Both	 transitions	 correspond	 to	 a	 charge	 transfer	 from	 the	

metalli
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c	core	and	the	centered	Cu‐	to	the	metallic	cage.			

The	 luminescence	 properties	 of	 the	 hypothetical	 clusters	 have	 also	 been	

investigated.	In	general,	 these	clusters	are	known	to	be	phosphorescent	therefore	only	

this	 type	 of	 luminescence	 has	 been	 investigated.	 The	 computed	 electronic	

phosphorescence	wavelengths	were	763,	872,	698	and	686	nm	for	respectively	5‐S,	5‐

Se,	 6‐S	 and	 6‐Se.	 These	 values,	 close	 to	 the	 near‐infrared	 region,	 suggest	 possible	

applications	in	devices	such	as	sensors,	OLED	embedded	systems,	etc.	
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Conclusions 

This	paper	reports	the	main	results	of	a	combined	experimental	and	theoretical	

analysis	of	large	ligated	copper(I)	clusters	encapsulating	iodide	or	copper.	DFT	analysis	

of	 the	model	clusters	1‐S,	1Se,	2‐S	and	2‐Se	 indicates	strong	 iono‐covalent	 interaction	

between	the	encapsulated	iodide	and	its	copper(I)	host	cage.	The	cavity	offered	by	these	

cages	 is	 particularly	 suited	 for	 encapsulating	 large	 anions	 such	 as	 iodide.	 Our	

computations	 point	 out	 a	 significant	 difference	 of	 volume	 between	 the	 empty	 and	

iodide‐encapsulating	 cages.	This	 result	 suggests	 that	 empty	 cages	 are	 likely	not	 stable	

enough	 to	 be	 detected	 experimentally.	 Consistently,	 only	 undeca‐	 and	 dodeca‐nuclear	

clusters	 containing	 iodine	 have	 been	 isolated	 so	 far,	 in	 particular	 the	 two	 above‐

reported	 new	 clusters	 1‐Se‐a	 and	 1‐Se‐b.	 Their	 structure	 and	 optical	 properties	 are	

consistent	with	 the	computed	results.	 Interestingly,	 their	photoluminescent	properties	

have	 been	 rationalized	 with	 the	 help	 of	 TD‐DFT	 calculations	 including	 vibronic	

contributions	 to	 simulate	 the	 phosphorescence	 spectra.	 The	 possibility	 for	 such	 Cu(I)	

cages	 to	 encapsulate	 a	 formally	 Cu‐	 anion61	has	 also	 been	 investigated	 owing	 to	 its	

relatively	 similar	 size	 as	 I‐.	 Such	 hypothetical	 species	 are	 predicted	 to	 be	 stable	 2‐

electron	superatomic	species	and	TD‐DFT	calculations	predict	phosphorescence	 in	 the	

near‐infrared	region.68	
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Synopsis.	A	combined	computational/experimental	 investigation	has	been	carried	out	

on	 undeca‐	 and	 dodeca‐nuclear	 Cu(I)	 cages	 encapsulating	 iodide.	 These	 compounds	

exhibit	 interesting	photoluminescent	properties,	which	have	been	fully	 investigated	by	

TD‐DFT	 calculations	 using	 the	 vibronic	 approach	 to	 simulate	 the	 phosphorescent	

spectra.	 Calculations	 indicate	 that	 replacing	 formally	 the	 encapsulated	 iodide	 by	 a	 Cu‐	

anion	 should	 also	 lead	 to	 stable	 species	 which	 can	 be	 described	 as	 2‐electron	

uperatoms	with	near‐IR	photoluminecent	behavior.	s
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