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ABSTRACT A structurally unique and strongly luminescent non-porous 3D coordination 

polymer (CP) 
 
[Cu8I8(methyldithiane)4]n, CP3, has

 
been

 
prepared in a quasi-anticipated manner 

from 2-methyl-1,3-dithiane, L1, and CuI. This CP incorporates the unprecedented Cu8I8 cluster 

built upon two side-fused 
 
open 

 
cubanes. 

 
The crystal structure of CP3 has been determined at 

100, 150, 200, 250, 300, 350 and 400 K to study the temperature dependence of the Cu···Cu 

distances. Two other
 
topological

 
1D

 
and 2D CPs isomers

 
of formula [{Cu2I2}(L1)2]n featuring 

dinuclear {Cu2(2-I)2} rhomboids were also obtained independently
 
by

 
control

 
of

 
the

 
reaction

 

conditions.
 
These

 
two CPs convert 

 
into 

 
CP3 

 
in 

 
hot 

 
PrCN

 
thus indicating

 
that this

 
latter material 

is
 
the thermodynamic

 
product. While CP1 and CP2 are not emissive, CP3 exhibits an intense 

luminescence due to the incorporation of the octanuclear Cu8I8 clusters as secondary building 

units (SBUs) within the network. The photophysical properties of CP3 have been investigated 

and rationalized by means of DFT and TDDFT computing. Furthermore, the thermal stability of 

these materials has been studied by ATG and DSC analyses. The Raman spectra of CP1-3 have 

been recorded in the solid state in the 50 – 500 cm
-1

 region. 
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INTRODUCTION 

The design of coordination polymers with a predictable secondary building unit (SBU) and 

dimensionality is a quasi-impossible task but the quest remains of great interest for the discovery 

of new materials with desired properties such as gas adsorption,
1-9

 sensing,
10-15

 thermo-

chromism,
16-19

 magnetism,
20-24

 conductivity,
25-28

 redox-activity,
29, 30

 catalysis,
13, 31-33

 nonlinear 

optical behavior
34, 35

 and luminescence.
8, 36-40

 Recent reviews on CPs formed by mono- and 

dithioethers with CuX salts (X = Cl, Br, I)
41-47

 revealed that when X = I, the SBU had a strong 

tendency to form closed cubanes (Cu4I4) and 1D staircase polymeric structures, whereas the 

rhomboid Cu2X2S4 SBU is predominately noted when X = Cl or Br. The key property is that the 

cubanes show luminescence regardless of the ligand whereas the rhomboids and staircase motifs 

are almost always weakly or not emissive.
41, 44, 45

 Also, the presence of 2D and 3D CPs increases 

drastically when semi-rigid or rigid dithioethers are used as assembling ligands.
41, 44, 45

 The 

interest in 2D and 3D CPs stems from the possibility to form MOF-like materials.
48

 Based on 

these statistics, one can expect to form emissive cubane-containing 2D or 3D CPs when using X 

= I and L = rigid dithioether. This hypothesis was recently tested by one of us by reacting CuI 

with trans-Pt(PMe3)2(C≡CC6H4SMe)2, [Pt], leading to a porous emissive 2D CP, (Cu4I4([Pt]))n, 

where the SBU is a staircase tetramer (i.e. completely open cubane).
49, 50

 The CP exhibits a grid 

structure with small guests in the cavities (MeOH, MeCN, CO2…). These reviews
41, 44, 45

 also 

indicated the particularly rare occurrence of Cu8I8 clusters called fused dicubanes which account 

for < 5 % of all thioether/cubane-containing materials (top left, Chart 1). Considering all fused 

neutral dicubanes reported in the literature (only 12 cases regardless the nature of the ligand), 

two common features appear. Most of them are included within 2D or 3D networks and are built 

with rigid, specifically DABCO (1,4-diazabicyclo[2.2.2]octane), or semi-rigid ligands, and are 

emissive.
51-58

 However, exceptions exist. Two 0D complexes employ the monodentate ligands 

PPh2(C6H4NMe2) and S(i-Pr)2,
59, 60

 and for two other cases, the CPs use the flexible p-

TolS(CH2)8STol-p ligand.
61, 62 

Other motifs for neutral Cu8X8 clusters (X = Cl, Br, I; Chart 1) 

exist but are scarce. Indeed, only four cases are noted: a staircase
 

octamer
 

linked
 

by
 

a
 

tetraphosphine
 
ligand (0D),

63
 a corner-shared fused cubanes driven by the small N-N bite 

distance
 
of

 
dimethyl-2,2’-biimidazole

 
(1D),

64
 an expanded hexagonal prism (i.e.

 
double

 
side-

shared
 
fused cubanes,

 
2D),

65
 and

 
 dicoordinated hexagonal

 
prism (3D).

66
 No luminescence data 

have been reported for these species.
 
Using these observations, one can anticipate that an 
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emissive CP of 2D or 3D dimensionality and side-shared fused cubanes used as SBUs can be 

formed when CuI reacts with a dithioether sharing a certain structural similarity
 
with

 
DABCO. 

  

 

Chart 1. Structures of all encountered Cu8X8Ln clusters in 0-, 1-, 2-, and 3D materials (X = Cl, 

Br, I; n = 6 (left), 8 (right); L = N, O, S, P, or C≡C-donor). 

 

We and others have recently investigated the coordination of the short-bite dithioether ligand 

ArSCH2SAr with CuI and isolated a large series of 1D CPs or macrocyclic systems incorporating 

invariably Cu4I4 cubane cluster as SBUs, regardless of the substitution pattern of the Ar group. 
67, 

68
 One possibility to further enhance the rigidity of a given dithioether is the use ligand having a 

cyclic framework such as 1,3-dithiane. Keller and Knaust reacted [Cu(MeCN)4]BF4 with this six-

membered thiaheterocycle and
 
obtained

 
four coordination networks depending on metal-to-ligand 

ratio and solvent conditions used.
69

 We report herein the coordination chemistry of the related 

ligand
 
2-methyl-1,3-dithiane,

 
L1, combining both rigidity due to cyclic nature and enhanced 

basicity of the S-donor sites compared to ArSCH2SAr.
67, 68

 We now report that this choice of the 

ligand gives indeed rises to several CPs ranging from 1D-to-3D, whose architectures can be 

controlled by the proper reaction conditions. A rather important new feature is the observation of 
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a strongly luminescent CP exhibiting an unprecedented Cu8I8 cluster as SBU built
 
upon

 
two

 
side-

fused
 
open

 
cubanes, whose photophysical properties have been thoroughly investigated. The 

nature of the emissive state has been addressed using DFT and TD-DFT computations. Attempts 

to convert the open dicubane SBUs into closed dicubanes where not successful, where only 

decomposition into -CuI was observed. 

 

EXPERIMENTAL SECTION 

Materials and Methods. Reactions were performed using Schlenk techniques. 2-methyl-1,3-

dithiane (98%, Alfa Aesar), CuI (Fischer) and proprionitrile (ACROS) were purchased and used 

as received. Dry CH3CN was purified using a PureSolve MD5 system from Innovative 

Technology. The samples for powder XRD measurements were mixed with a small amount of 

paratone oil, cut to approximately 0.3 × 0.3 × 0.3 mm
3
, and placed on a sample holder mounted 

at 173.2 K on a Bruker APEX DUO X-ray diffractometer. Six correlated runs per sample with 

Phi Scan of 360 degrees and exposure times of 270 s were collected with the Cu micro-focus 

anode (1.54184 Å) and the CCD APEX II detector at a 150 mm distance. These runs, from −12 

to −72°2θ and 6 to 36ω, were then treated and integrated with the XRW2 Eval Bruker software 

to produce WAXD diffraction patterns from 2.5 to 82°2θ. The patterns were treated with 

Diffrac.Eva version 2.0 from Bruker. The thermal analysis (TGA) traces were measured on a 

Perkin Elmer TGA 7 apparatus in the temperature range between 25 and 950 °C at a scanning 

rate of 10°C.min
-1

 under argon atmosphere. The differential scanning calorimetry (DSC) plots 

were measured on a DSC Q200 instrument equipped with a cooling system RCS 90 both from 

TA instrument at a scanning rate of 10°C.min
-1

. The IR spectra were recorded with a 2 cm
-1

 

resolution on a Bruker vertex70 FTIR spectrometer using of a Platinum ATR accessory equipped 

with a diamond crystal. The FT-Raman spectra were recorded at 5 cm
-1

 resolution using a Bruker 

RFS 100/S spectrometer with the 1064 nm excitation and a light power equal to 250 mW 

equipped with a photomultiplier Ge-diode, cooled at liquid nitrogen temperature (77K). The peak 

centered between 83 and 85 cm
-1

 is considered as residual artefact from the instrument and 

shouldn’t be considered. The solid-state UV-visible spectra were recorded on a Varian Cary 300 

Bio UV-Vis spectrophotometer at 298 K using raised-angle transmittance apparatus and a 

homemade 77 K sample-holder. Solid-State emission, excitation, lifetimes and CIE 1931 charts 
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(chromaticity coordinates) were acquired on a phosphorimeter FLS980 from Edinburgh 

Instruments equipped with single monochromators. Samples were introduced in a capillary and 

spectra obtained were corrected for instrument response. The emission lifetime measurements 

were performed using a “flash” pulsed lamp. Lifetimes values were obtained using a time 

correlated single photon counting (TCSPC) system and data were treated from both 

deconvolution of multi-exponential analysis and exponential series method. Solid State emission 

quantum yields were recorded using a Quanta-φ F-3029 integration sphere from Horiba plugged 

into a Horiba Fluorolog III. 

DFT calculations.
 

All
 

density
 

functional
 

theory
 

(DFT)
 

and
 

time-dependent
 

(TDDFT)
 

calculations were performed with Gaussian 09
70

 at the Université de Sherbrooke with the 

Mammouth supercomputer supported by Le Réseau Québécois De Calculs Hautes 

Performances. The DFT calculations
71-80

 were carried out using the B3LYP method. A 6-31g* 

basis set was used for C, H and S atoms.
81-87

 VDZ (valence double ζ) with SBKJC effective core 

potentials were used for all Cu and I. The TDDFT analysis were carried out directly on *.cif files 

without any optimisation. 

X-ray crystallography. Single crystals of CP1, CP2 and CP3 were mounted on a Bruker D8 

Venture four-circle diffractometer equipped with a nitrogen jet stream low temperature system 

(Oxford Cryosystems). The X-ray source was graphite monochromated Mo-K radiation  = 

0.71073 Å) from a microfocus sealed tube IµS by Inocatec. Data collections have been carried 

out at 100 K in the case of CP1 and CP2, in the case of CP3 data were collected at five different 

temperatures: 100, 150, 200, 250 and 300 K, using the same crystal. The lattice parameters were 

obtained by least-squares fit to the optimized setting angles of the entire set of collected 

reflections. Intensity data were recorded as  and ω scans with κ offsets.
 
No significant intensity 

decay or temperature drift was observed during data collections. Data were reduced by using 

SAINT v8.37A (Bruker, 2015) software and absorption correction was carried out by SADABS-

2016/2 (Bruker, 2016). The structure was solved using SHELXT (Sheldrick, 2015) with intrinsic 

phasing. Refinements were carried out by full-matrix least-squares
 
on

 
F2

 
using

 
SHELXL

 
program 

(Sheldrick, 2015) on the complete set of reflections.2 All non–hydrogen atoms were refined with 

anisotropic thermal parameters, whereas the H atoms were treated in a riding mode. X-ray 

analysis
 
at

 
350

 
and

 
400

 
K.

 
A prism-like crystal

 
of

 
CP3 of approximate dimensions 0.116 x 0.163 

x 0.180 mm
3
, was mounted for the X-ray analysis. The X-ray intensity data were measured on a 
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Bruker Kappa APEX II DUO CCD system equipped with
 

a
 

TRIUMPH
 

curved-crystal
 

monochromator and a Mo fine-focus tube (λ
 
=

 
0.71073 Å). The total exposure time was 4.41 

hr. The frames were integrated with the Bruker SAINT software package using a narrow-frame 

algorithm. The integration of the data using a mono-clinic unit cell yielded a total 

of 24264 reflections to a maximum θ angle of 26.79° (0.79 Å resolution), of which 4947 were 

independent (average
 
redundancy 4.905, completeness = 99.1%,

 
Rint =

 
9.49%, Rsig = 7.98%) 

and 3317 (67.05%) were greater than 2σ(F
2
). The final cell constants of a = 11.6059(10) Å, 

b = 12.8056(11) Å, c = 15.7394(13) Å, β = 90.893(4)°, volume
 
= 2338.9(3) Å

3
, are based upon 

the refinement of the XYZ-centroids of 9974 reflections above 20 σ(I) with 4.735° < 2θ 

< 52.90°. Data were corrected for absorption effects using the multi-scan method (SADABS).
 

The
 
ratio

 
of

 
minimum

 
to

 
maximum apparent transmission

 
was 0.541. The calculated minimum 

and maximum transmission coefficients (based
 
on

 
crystal

 
size)

 
are 0.2880 and 0.4140. The 

structure was solved and refined using the Bruker SHELXTL Software Package, using the space 

group P1 21/c 1, with Z = 4 for the formula unit, C10H20Cu4I4S4. The final anisotropic full-matrix 

least-squares refinement on F
2
 with 202 variables converged at R1 = 6.75%, for the observed 

data and wR2 = 20.94% for all data. The X-ray data are placed in Tables S1 and S2. 

Synthesis of CP1: To a solution of 2-methyl-1,3-dithiane (0.3 mL, 2.5 mmol) in 5 mL of 

acetonitrile was added an acetonitrile solution of CuI (345 mg, 1.81 mmol) (40 mL). A white 

precipitate appeared within 5 min. The mixture was stirred for 3 h to complete the reaction. The 

precipitate was filtered, washed with 2 × 30 mL acetonitrile and dried to give CP1 as a white 

solid (363 mg, 62%). IR (ATR): 2952 w, 2935 w, 2904 w, 1449 w, 1422 s, 1405 m, 1375 w, 

1178 w, 1162 w, 1122 m, 1074 m, 1047 m, 998 w, 904 s, 873 m, 707 m, 663 s. Anal. Calc for 

C5H10CuIS2 (324.69): %C 18.49, %H 3.10, %S 19.75; found %C 19.77, %H 3.30, %S 20.55. 

Synthesis of CP2: To an acetonitrile solution of CuI (345 mg, 1.81 mmol) (40 mL) was added 

neat 2-methyl-1,3-dithiane
 
(0.3 mL,

 
2.5

 
mmol).

 
A

 
white

 
precipitate

 
appeared

 
within

 
5 min.

 
The

 

mixture was stirred for 3 h to complete the reaction. The precipitate was filtered, washed with 2 

× 30 mL acetonitrile and dried to give CP2 as a white solid (372 mg, 63%) IR (ATR):2935 w, 

2902 w, 1448 w, 1421 s, 1407 s, 1368 m, 1232 s, 1170 m, 1115 m, 1055 s, 907 s, 870 m, 819 m, 

712 m, 669 s, 490 m. Anal. Calc for C5H10CuIS2 (324.69): %C 18.49, %H 3.10, %S 19.75; found 

%C 19.02, %H 3.24, %S 20.65. 
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Synthesis of CP3: To solution of CuI in slight excess (478 mg, 2.5 mmol) in proprionitrile (50 

mL) was  added L1
 
(134

 
mg

  
=

  
0.12 mL,  1.0 mmol). A white precipitate was formed

 
within 5 

min. The suspension was stirred for additional 30 min and heated under reflux for 3h to dissolve 

most of the precipitate. After, the solution was allowed to cool slowly to room temperature, an 

homogenous microcystalline material precipitated. During the course of several days, crystals 

suitable for X-ray analysis appeared as small blocks. An addition, a crop of CP3 was collected 

after filtering off the solid and while storing the EtCN solution in a refridgerator. Overall yield: 

434 mg, 84%. IR (ATR):2954 w, 2898 w, 2878 w, 1439 w, 1417 s, 1404 s, 1371 m, 1232 s, 1195 

m, 1172 m, 1055 s, 905 s, 865 m, 815 m, 712 m, 484 m. Anal. Calc for C10H20Cu4I4S4 (1030.26): 

%C 11.66, %H 1.96, %S 12.45; found %C 11.96, %H 2.05, %S 12.85. 

 

RESULTS AND DISCUSSION 

First, L1 was reacted with one equimolar amount of CuI in MeCN solution. A quasi-quantitative 

precipitation of a colorless sparingly soluble white product readily occurred. The elemental 

analysis indicated a 1:1 Cu/L1 composition [{Cu(μ2-I)2Cu}(μ2-L1)2]n. Crystals suitable for X-ray 

diffraction analysis were obtained by dissolving a small amount of this white product in boiling 

propionitrile and then allowing the crystals to form slowly (Scheme 1). Unexpectedly, two types 

of crystals with different shapes were detected under a microscope. First, the major fraction 

consisted of needle-shaped colorless crystals and crystallography analyses revealed the presence 

of simple 1D ribbons [{Cu(μ2-I)2Cu}(μ2-L1)2]n CP1, in which centrosymmetric dinuclear Cu(μ2-

I)2Cu rhomboids are spanned by linking L1 ligands (Figure 1). Although this structural motif is 

quite common and has been encountered for other 1D CPs described by our groups such as 

[{Cu(2-I)2Cu}2{-PhS(CH2)5SPh}2]n, the very loose Cu····Cu contact of CP1 reaching 3.367 Å 

deserves some comments.  This extreme value exceeds even the long Cu····Cu separation of 3.18 

Å reported for the 2D material [(Cu2I2)(dtpcp)2•thf)]n (dtpcp = 2,11-dithia[3.3]paracyclophane).
88

 

Concurrently, there are examples with short Cu–Cu bonds given by a dithioether-functionalized 

tetrathiafulvalene Cu(I) complex with a separation of 2.65 Å and a 1D polymer [(Me2S)2{Cu2(2-

I)2}]n, in which the metal centers within the rhomboid cluster are separated by 2.684(1) Å.
89, 90

 In 

contrast to CP1, the [{Cu(2-I)2Cu} SBUs in the 1D CP [{Cu(2-I)2Cu}(1,2-dithiane)2]n adopt an 

horizontally aligned orientation, with a quite short Cu–Cu distance of 2.6843(18) Å.
91

 A 
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representative example for a CP exhibiting medium range Cu····Cu separation (2.8058(11) Å) is 

the 1D CP [{Cu(2-I)2Cu}2{-PhS(CH2)5SPh}2]n.
92

 This broad range of Cu····Cu separations 

underpins the structural flexibility of the Cu(μ2-I)2Cu motif.  

 

Scheme 1. Synthesis of CP1 to CP3: i) 1:1 CuI in L1/MeCN RT, ii) 1:1 L1 in CuI/MeCN RT, 

iii)
 
2:1

 
CuI in L1/EtCN reflux, iv) PrCN, reflux, v) 1Eq. L1 vi) T =

 
170 °C. 

 

Figure 1. View of a segment of the 1D ribbon of [{Cu(2-I)2Cu}(( 2-L1)2]n CP1 running along 

the b axis. Selected bond lengths (Å) and angles (°): Cu····Cu# 3.367, Cu–I 2.6061(3), Cu–I# 



 9 

2.6834(4), Cu#–I 2.6835(4), Cu–S 2.3316(4), Cu–I–Cu# 79.042(10), I–Cu–I# 100.958(10), S–

Cu–I 117.461(12), S–Cu–I# 108.487(13), S–Cu–S# 103.58(2). Symmetry transformations used 

to generate equivalent atoms: #1 1-x, -y, 1-z    #2 +x, -y, +z    #3 +x, -y, +z. 

CP2 is prepared by adding L1 to an acetonitrile solution of CuI in 1:1 Cu/L1 ratio at room 

temperature. Crystals were obtained from slow evaporation of a acetonitrile solution. X-ray 

analysis the crystals stemming from the minor fraction revealed that CP2 is an isomeric form of CP1, 

which differ by the connectivity of the sulfur atoms with the Cu atoms, giving rise to a 2D 

network (Figure 2).  

 

 

Figure 2. (Top) View on the y,z plane of the 2D network of [{Cu(2-I)2Cu}( 2-L2)2]n CP2. 

Selected bond lengths (Å) and angles (°): Cu····Cu# 2.7664(6), Cu–I 2.6162(5), Cu–I# 
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2.6348(4), Cu#–I 2.6348(4), Cu–S1 2.3195(6), Cu–S2 2.3606(6), I–Cu–I# 116.418(11), I–Cu–

Cu# 58.537(14), I#–Cu–Cu# 57.882(11), S1–Cu–I 118.275(18), S1–Cu–I# 108.194(17), S1–Cu–

S2 98.51(2), S2–Cu–I 107.993(18), S2–Cu–I# 105.133(17) Symmetry transformations used to 

generate equivalent atoms: #1 1-x,1-y,1-z    #2 +x,1/2-y,-1/2+z    #3 +x,1/2-y,1/2+z. (Bottom) 

View down the y axis on a segment of a layer of CP2 running along the z axis. 

In this case, the SBUs are again constituted of dinuclear Cu((2-I)2Cu rhomboids, which are 

spanned by both sulfur atoms of L1, thus forming 20-membered macrocycles in the layer. But in 

contrast to the 1D isomer CP1 possessing just one type of crystallographically equivalent S 

atoms, the Cu atoms of the 2D isomer are ligated datively by two crystallographically different S 

atoms with Cu–S1 and Cu–S2 bond lengths of 2.3195(6) and 2.3606(6) Å, respectively. Another 

marked difference is the much closer Cu····Cu contact of 2.7664(6) Å, indicating at least a weak 

intermetallic interaction. This network topology is quite reminiscent to that of 2D material 

[{Cu(2-I)2Cu}(2-1,3-dithiolane)2]n resulting from the coordination of 1,3-dithiolane to CuI, and 

featuring a Cu····Cu distances of 2.8743(5) Å at 100 K.
39

 Other similar 2D grids have previously 

been obtained from the reaction of CuI with the open-chain dithioethers 1,3-

bis(phenylthio)propane and 1,3-bis(phenylthio)ethane respectively yielding [{Cu(2-I)2Cu}2{-

PhS(CH2)3SPh}2]n and [{Cu(2-I)2Cu}2{-PhS(CH2)2SPh}2]n .
92, 93

  

CP1 and CP2 can be therefore considered as topological isomers of formula [{Cu2(2-I)2}(2-

L1)2]n
 having the same 1:1 metal-to-ligand ratio, but different dimensionalities. Another example 

of topological isomerism in coordination polymers has been described by Champness, Hanton et 

al. This group has shown that three CPs of composition [(CuI)2(bpds)]n are formed between CuI 

and bpds [bpds = bis(4-pyridyl)disulfide] depending upon the solvent used in crystallization and 

concludes that there are only minor energy differences in the formation.
94

  

In order to control in a more selective manner the dimensionality of the materials, we added a 

MeCN solution of CuI to a MeCN solution of L1. This procedure yielded CP1 in high purity as 

checked by PXRD (Figure 3). Inversely, CP2 could be isolated as principal isomer by dropping 

L1 at ambient temperature to a solution of CuI in MeCN (Scheme 1). Again, the purity of the 

phase could be ascertained by comparison of the calculated and experimental PXRD spectra with 

those obtained from single X-ray analysis (Figure 3). 
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The outcome of the reaction is furthermore impacted by the metal-to-ligand ratio. Addition of 

neat L1 into an EtCN solution containing 2 equiv. of CuI
 
led

 
to the

 
3D

 
CP [{Cu8(3-I)8}(2-

L1)4]n,
 
CP3. This yellowish air-stable luminescent material featuring octanuclear Cu8I8 clusters

 

as SBUs (based on X-ray crystallography below) was formed as sole product, for which the 

homogeneity of the phase was ascertained by PXRD measurements (Fig. S3 SI). 
 

 

  

Figure 3. Comparison of experimental (red) and calculated (blue) PXRD patterns for CP1 and 

CP2. 

The
 
X-ray data revealed that CP3 exhibits an unprecedented motif;

 
a side

 
shared

 
fused

 
open 

dicubane Cu8I8L8. This cluster differs from its homologous closed dicubane by n the number of 

ligands binding the Cu8I8 clusters in Cu8X8Ln. The centrosymmetric cluster core (Ci point group) 

shown in Figure 4 consists of two Cu1–Cu3–Cu4 triangles with a mean d(Cu–Cu) of
 
2.7069(4) 

Å), which is below the sum of the Van der Waals radii of two Cu atoms (2.8 Å). Each triangle is 

3-capped by an I4 ligand. The fourth Cu2 atom is linked to Cu1 through the 3-bridging I1 and 

I2 atoms with Cu···Cu distance of 2.9184(4) Å. This motif may thus be described as a derivative 

of the widespread closed Cu4I4 cubane,
38, 39, 60-62, 67, 68, 95-97

 in which two Cu–Cu bonds (per 

cubane) have been disconnected.  
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Figure 4. (Top) View of the Cu8I8 SBU with its ligated L1’s. Hydrogen atoms are omitted for 

clarity. Selected bond lengths (Å) and angles (°) at 100 K: Cu1–I4 2.6832(4), Cu1–I1 2.6445(5), 

Cu1–S1 2.3232(6), Cu2–S2 2.3010(6), Cu2–S3 2.3098(6), Cu3–S4 2.3117(6), Cu4–I3 2.6579(5), 

S1–S2 3.0263(7), S3–S4 2.9996(7); Cu4–I3–Cu4 67.245(13), S2–Cu2–S3 119.435(17), I3–Cu3–

I2 108.356(14), Cu1–I1-Cu4–61.654(11), Cu2–I2-Cu1 66.697(13), S1–C#-S2 112.59(9), S3–

C#–S4 110.80(9). Symmetry transformations used to generate equivalent atoms: #1 -1+x,+y,+z     

#2 1-x,-1/2+y,3/2-z  #3 1-x,1-y,1-z   #4 1-x,1/2+y,3/2-z   #5 2-x,1-y,1-z   #6 1+x,+y,+z. (Bottom) 

Perspective view down the b axis of the 3D network of CP3. A perspective view down the c axis 

of the 3D network of CP3 is given in ESI (Fig. S1). 

This tetranuclear subunit is linked with the second one through a Cu4···Cu4 interaction and 

two 3-bridging I3 ligands. A study of the temperature dependence of the Cu···Cu distances 

from 100-400 K reveals that Cu4···Cu4 separation of 2.9239(5) Å at 100 K lengthens 

considerably to 2.985(5) Å at 400 K (Figure S2; Table S3). No phase transition occurs in this 

300 K interval
 
(monoclinic,

 
P21/c), also implying that the cubanes remained opened upon 

cooling.
 
Whereas

 
the

 
Cu1 and Cu3 atoms are ligated by one S atom of L1, the Cu2 atom 

completes it coordination sphere with two dative Cu–S bonds, the Cu4 center is surrounded by 

four 3-iodo ligands exclusively. The assembly of the non-porous 3D network is secured by the 

coordination of the second S atom of the eight L1 ligands with adjacent Cu8I8 SBUs. 

This structural difference between closed and open dicubane can also be deduced from the 

difference in the Raman response of CP3 compared to those for [Cu8I8(L2)3(MeCN)2]n (L2 = p-

TolS(CH2)8STol-p)
62

 and Cu8I8(S(i-Pr)2)6
60

 in the 50-500 cm
-1

 window. Indeed, the characteristic 

(CuI) region (i.e. 80-150 cm
-1

)
98

 exhibits a different signature (strong central peak) for CP3 

compared to that (multiple shoulders) for [Cu8I8(L2)3(MeCN)2]n and Cu8I8(S(i-Pr)2)6 (Figures 5 

and S9-S13). 
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Figure 5. Solid-state FT-Raman spectra of closed and open dicubanes CPs in the 50-500 cm
-1

 

region. The notch filter cutoff is 80 cm
-1

. All Raman data for the CPs are placed in Figures S9-

S13.
 

Interestingly, both CP1 and CP2 can be converted into CP3 in refluxing PrCN indicating that
 

CP3 is the thermodynamic product (Scheme 1). The formation of CP3 from CP1 or CP2 can be 

explained as such: first, when the powder is dissolved, the coordination polymer breaks in many 

smaller soluble fragments, a common behavior to most CPs.
99

 Upon reflux in PrCN, L1 partially 

dissociates and consequently the Cu/L1 ratio increases, resembling that of the synthesis 

conditions to prepare CP3. Upon standing, crystals of CP3 are reformed, as proven by PXRD 

analysis (Figure 6). Moreover, this reaction was shown to be reversible
 
i.e.

 
treatment of CP3 with 

1 equiv. of L1 in refluxing EtCN led to a mixture of CP1 and
 
CP2. Upon the re-dissolution of 

CP3, again the CP breaks into smaller fragments, and the re-introduction of L1 into a solution of 

CP3, CP1 (and CP2) are reformed when the crystals reformed. This
 
report of this property

 
is, to 

the best of our knowledge, also
 
unprecedented.

 
The CP

 
transformation from [{Cu2(2-I)2}(2-

L1)2]n to [{Cu8(3-I)8}(2-L1)4]n is not directed by porosity change of the lattice as there is no 

correlation between this parameter and the nature of the CP (CP1,
 
14.8;

 
CP2,

 
19.7;

 
CP3, 16.9 %; 

100 K). Instead, the cluster formation drives this process as the Cu8I8 unit exhibits more Cu-I 

bonds and Cu···Cu interactions.  
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Figure 6. Powder X-ray diffraction patterns monitoring the transformation of CP1 to CP3 (left) 

and CP2 to CP3 (right). i) PrCN, reflux. 

 

Thermal stabilities  

The thermal stability of CP1, CP2 and CP3 was addressed by thermal gravimetric analysis 

(TGA) under argon up to 950°C (Figure 7; left). All CPs exhibit a similar thermal behavior 

where two main weight losses are readily depicted. This pattern is, in fact, typical for this type of 

CP.
62

 The first weight loss occurs between 170-270°C. The corresponding DSC traces (Figure 7; 

right) revealed that, in this temperature range, three endothermic peaks are observed during the 

first scan, but all disappear during the next one, thus witnessing decomposition. The first weight 

loss corresponds to an irreversible process, that can be ascribed to a ligand loss. Based on this 

assumption, the experimental weight loss percent for topological isomer CP1 and CP2 (41 wt%) 

matches perfectly with the theoretical value (41 wt%) and is slightly higher for CP3 (28 wt% vs 

25 wt%; Table 1).  
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Figure 7: TGA traces (black; left) and its 1
st
 derivative (grey; left), and DSC traces (right) of 

CP1 (top) CP2 (middle) and CP3 (bottom) under Ar(g). 

The thermal degradation temperatures that correspond to 5 wt% loss are 187 °C and 189 °C for 

CP1 and CP2 and 214 °C for CP3, which compared well to the values reported for other CPs 
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incorporating Cu8I8 SBUs.
62

  This may be attributed to the high boiling point of the 2-methyl-

1,3-dithiane ligand (bp = 224°C). 

Table 1. TGA data for CP1, CP2 and CP3 

CP T (°C) Δm (exp) wt% Δm (theo) wt%
a
 TDec (°C) 

1 150-250 41 41 187 

2 150-250 41 41 189 

3 170-270 28 25 214 

a 
assuming a ligand loss

 

Photophysical properties 

CP1 and CP2 are found non-emissive, which
 

corroborates the trend observed in the 

literature.
11 

However, the unprecedented motif of the Cu8I8 SBU urged for a detail study of the 

emission properties (Figure 8). Moreover, the photophysical properties of CP3 (Table 2) were 

also compared to those for the 0D cluster Cu8I8(S(i-Pr)2)6 
60 and the CPs [Cu8I8(p-

TolS(CH2)8STol-p)3(MeCN)2]n and [Cu8I8(p-TolS(CH2)8STol-p)3(EtCN)2]n.
62

 CP3 is strongly 

luminescent (Figure S14) and exhibits a strong emission band at 534 nm which red-shifts to 574 

nm upon going from 298 to 77 K (Figure 8). This low-energy emissive excited state has been 

previously attributed to a cluster-centered transition for both closed and open Cu4I4 cubanes.
62

 

The emission maxima
 
e

 
at 77 K is red-shifted compared to that found for [Cu8I8(p-

TolS(CH2)8STol-p)3(MeCN)2]n and [Cu8I8(p-TolS(CH2)8STol-p)3(EtCN)2]n.  This is fully 

consistent with a shorter mean d(Cu-Cu) distance for CP3 (2.7139 Å at 150 K and 2.7270 Å at 

200 K) compared to those for [Cu8I8(p-TolS(CH2)8STol-p)3(MeCN)2]n (2.7494 Å) and [Cu8I8(p-

TolS(CH2)8STol-p)3(EtCN)2]n (2.7382Å) at 173 K. The emission maxima (e), quantum yields 

(e) and lifetimes (e) of CP3 compare somewhat favorably to that for other Cu8I8-species 

containing thio-ligands (Table 2). The largest e value ever reported for a Cu8I8-cluster, 

regardless of the nature of the ligand, is 68 %.
57

 However, the most significant difference is the 

larger full width at half maximum, fwhm, of the emission band (5900 cm
-1

). This property stems 

from hot bands originating from thermally populated upper vibronic levels.
100

 Indeed, upon 

cooling to 77 K, the fwhm decreases to 2900 cm
-1

 (fwhm = 3000 cm
-1

). This fwhm is also 

larger than that for the closed fused dicubanes (500-1800 cm
-1

), which is associated with the 
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presence of a larger number of lower-frequency Frank-Condon active modes in the open 

dicubane. This feature is consistent with its lower symmetry (Ci vs. C2h) and lesser rigid skeleton. 
 

 

 

 

Figure 8. Solid-state emission (red) and excitation (blue) for CP3 at 298 (top) and 77 K (middle) 

and their overlaps stressing the highlighted regions in color filling associated with the presence 
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of “hot bands”. Essentially, the contribution of the hot bands is more significant in the open 

dicubane than that for the closed dicubane (see the fwhm data in Table 2 and text). 

 

Table 2. Comparison of the photophysical data for CP1, CP2, CP3, CP3 sonicated and 

CP3@200°C and literature CPs containing the closed Cu8I8 SBU. 

CP T (K) 
λem 

(nm) 

fwhm 

(cm
-1

) 

fwhm
a 

(cm
-1

) 

τe
b
 

(μs) 
χ

2
 

Φ 

(%) 

kr
c 

(10
5
 s

-1
) 

knr
c 

(10
5
 s

-1
) 

CP3 
298 534 5900 

3000 
2.41 1.06 36 1.5 2.7 

77 574 2900 2.51 1.00 - - - 

CP3 sonicated 
298 539 4500 

1800 
2.04 1.11 40 1.9 3.0 

77 571 2700 1.92 1.12 - - - 

CP3@200°C 
298 541 4700 

2000 
1.79 0.96 19 1.0 4.5 

77 580 2700 2.13 1.13 - - - 

[Cu8I8(L2)3(MeCN)2]n
d
 

298 530 3400 
1600 

2.72 -
f
 56 2.1 1.6 

77 538 1800 5.27 -
f
 - - - 

[Cu8I8(L2)3(EtCN)2]n
d
 

298 539 3800 
1800 

1.09 -
f
 10 0.9 8.2 

77 551 2000 4.88 -
f
 - - - 

Cu8I8(S(i-Pr)2)6 (0D)
e
 

298 573 3700 
500 

0.20 -
f
 45 2.3 2.75 

77 532 3200 0.26 -
f
 - - - 

a
 fwhm = (fwhm 298 K) – (fwhm 77 K); fwhm = full width at half maximum. 

b
 The emission 

decays and curve fittings are provided in Figures S16-S18. 
c    

 

  
 ;      

  

 
     . d

 L2 = 

p-TolS(CH2)8STol-p from ref. 62. From ref. 60.
 f 

Data not reported. 

 

DFT and TDDFT calculations 

The nature of the emissive excited state was addressed by DFT and TDDFT computations. The 

X-ray data for one Cu8I8(L1)4 unit were selected for the calculations (Figures 9 and S20-21)). 

TDDFT places the spin-allowed lowest energy transition at 312 nm (Table 3), which compares 

favorably to the experimental value of 314 at 77 K, a temperature where the presence of hot 

bands is minimal
 
(Figure 8). This transition is composed mainly of HOMO→LUMO (91 %). 

These MOs are composed of 88.6 and 11.4 % (HOMO), and 29.8 and 70.2 % (LUMO) of
 
atomic

 

contributions located
 
within

 
Cu8I8 and L1, respectively (Tables 4 and S4-S5). So, this S1 state is 
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best described as metal/halide-to-ligand charge transfer (M/XLCT). Concurrently in the triplet 

state, the highest and lowest semi-occupied orbitals, HSOMO and LSOMO, exhibit atomic orbital
 

contributions similar to the HOMO and LUMO, respectively, thus indicating that the emissive 

state is 
3
(M/XLCT)*. This conclusion is the same as that made for the side

 
shared

 
fused

 
closed 

dicubane version (Cu8I8L6)
60

 indicating that breaking two Cu-I bonds does not alter the nature of 

the lowest energy excited states.  
 

                   
LUMO+4 
(0.03 eV) 

LUMO+3 
(0.01 eV) 

HOMO-3 
(-5.19 eV) 

HOMO-4 
(-5.24 eV) 

    
LUMO+2 
(-0.15 eV) 

LUMO+1 
(-0.20 eV) 

HOMO-1 
(-5.13 eV) 

HOMO-2 
(-5.17 eV) 

    
HSOMO 

(-1.05 eV) 
LUMO 

(-0.20 eV) 
HOMO 

(-4.86 eV) 
LSOMO 

(-5.24 eV) 

  
 

Figure 9.  (Top) Representation of the frontier MOs of the Cu8I8 fragment in CP3. (Bottom) left:
 

bar graph reporting the calculated oscillator strength (f) and calculated position of the 100
st
 

electronic transitions calculated by TDDFT for CP3.cif (bar graph; f versus ). The black line is 
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generated by assigning an arbitrary thickness of 1000 cm
-1

 to each bar. (Right) Stacking of the 

simulated (green) and experimental solid-state absorption spectrum at 298 (red) and 77 K (blue). 

The position of the lowest energy transition matches favorably that for the experimental value of 

314 at 77 K. 

Table 3. Calculated position, oscillator strength (f) and major contributions of the first five 

singlet-singlet electronic transitions of CP3 

 (nm) f Major contributions (%) 

311.8 0.0685 HOMO→LUMO (91) 

296.5 0 HOMO→L+1 (26), HOMO→L+3 (56) 

293.1 0 H-2→LUMO (68), H-1→L+3 (17) 

292.2 0.0375 H-2→L+3 (21), H-1→LUMO (63) 

284.1 0 HOMO→L+1 (56), HOMO→L+3 (21) 
a
 The first 100 computed electronic transitions are given in the SI (Table S4) 

 

Table 4. Atomic distributions of the frontier MOs for CP3. 

 
H-4 H-3 H-2 H-1 HOMO LUMO L+1 L+2 L+3 L+4 

Cu8I8 62.1 80.9 64.7 72.5 88.6 29.8 36.8 71.4 28.2 36.9 

L1 37.9 19.1 35.3 27.5 11.4 70.2 63.2 28.6 71.8 63.1 

 

Attempt to convert CP3 into closed dicubane 

This unprecedented Cu8I8 motif urged for a tentative conversion into its closed version. Indeed, 

attempts were made to convert
 
this open

 
dicubane into

 
a closed one by both thermal annealing

 
at

 

140 °C or
  

by sonication
 
of

 
CP3 (Figures S4 and S5). This temperature was chosen based on 

TGA and DSC experiments (vide supra) showing that CP3 is stable up to 170°C where it starts 

losing the ligand. The effects of sonication and thermal annealing on CP3 were monitored by 

PXRD (Figures 10 and S4-S8), emission and excitation spectra (Figures S15, S16) and lifetime 

measurements (Table 2, Figures S17-S19). The PXRD patterns show
 
that

 
the main scatterings 

remain intact
 
but

 
smaller

 
ones

 
either decrease

 
upon

 
thermal

 
annealing

 
and increases

 
upon 

sonication when compared to the native CP3 (Figure 10).
 
This

 
behavior

 
indicates

 
that

 
new

 

reflection planes
 
are created upon

 
sonication

 
and

 
removed

 
upon

 
heating

 
meaning

 
that 

 
the 

 
former 
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leads to fragmentation of the particles and thermal annealing fuses them.  As
 
expected, the 

photophysical properties vary a little (Table 2, Figures S14, S15), and the
 
Cu8I8

 
geometry remains 

intact.
 
This relative robustness is

 
consistent with the large density of the solid (3.014 g/cm

3
) 

compared to 2.45 for CP1 and 2.34 g/cm
3 

for CP2 (100 K), where large crystal re-organization
 
is

 

readily precluded.
 
 

 

 

Figure 10. Monitoring of the PXRD patterns of CP3 treated under various conditions
 
(red

 
=

 

native). 

 

Finally, upon further heating up to 170°C for 36h, the PXRD pattern (Figures S6-8) provides 

evidence for the formation of -CuI.
100 

This reaction
 
path

 
is

 
not

 
unprecedented,

101
 and

 
altogether 

the open Cu8I8 dicubane could not be converted into the closed one. 
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CONCLUSION 

The use of the CuX salt specifically where X = I, and
 
a dithioether

 
ligand

 
exhibiting similar 

structural traits to DABCO (i.e. both donors are situated inside a 6-membered ring), led to the 

anticipated formation of a luminescent 3D CP incorporating a Cu8I8 SBU. The statistical 

approach of literature data stressed in
 
the

 
introduction

 
above

 
to

 
predict

 
the outcome of a CP 

formation appears clearly an appealing step towards their rational design. Moreover,
 

the
 

conversion
 
of

 
CP1

 
and

 
CP2,

 
obtained from different routes from the same raw materials, into 

CP3 indicates
 
that

 
CP3 is the thermodynamic product. However, the observed reversibly 

CP1↔CP3↔CP2 also indicates
 
controlling the nature of the resulting CP. This conclusion also 

suggests that literature must be filled with CPs that can be further transformed. For
 
instance,

 
just 

crushing crystals may induce a structural change in both the SBU
 
and CP dimensionality.

59 
The

 

unprecedented structure for
 
a Cu8X8

 
cluster is herein the most

 
interesting finding. This open 

dicubane differs from the closed one by the insertion of two Cu-S bonds at the cost of two Cu-I 

ones without altering the remainders within the cluster, resulting into an emissive species using a 

same 
3
(M/XLCT)* manifold. Our open dicubane motif constitutes the “missing link” between 

the closed cubane-type cluster, the flower basked type Cu4I4 cluster featuring one broken Cu–Cu 

bond and the open-cubane structure. 
102, 103

 

Attempts to “close” the dicubane failed, which is consistent with the fact that CP3 is the 

thermodynamic product and that the CP is relatively dense. Instead, heating CP3 at
 
T

 
> 160 °C 

leads to decomposition, with the formation of -CuI. We are currently investigating the 

coordination chemistry of L1 vis-à-vis CuBr and CuCl and the possibility to built-up 

luminescent material with dithiane itself and other 2-substituted dithiane derivatives. 
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A quasi-predictable design of a luminescent 3D CP containing a Cu8I8 cluster, consisting of an unprecedented open 

dicubane, is made. Furthermore, the interconversion between 1D, 2D and 3D networks has been investigated. 

 

 

 


