N
N

N

HAL

open science

Copper halide-chalcogenoether and -chalcogenone
networks: Chain and cluster motifs, polymer
dimensionality and photophysical properties

Adrien Schlachter, Kevin Tanner, Pierre Harvey

» To cite this version:

Adrien Schlachter, Kevin Tanner, Pierre Harvey. Copper halide-chalcogenoether and -chalcogenone
networks: Chain and cluster motifs, polymer dimensionality and photophysical properties. Coordina-

tion Chemistry Reviews, 2021, 448, pp.214176. 10.1016/j.ccr.2021.214176 . hal-04632361

HAL Id: hal-04632361
https://hal.science/hal-04632361v1

Submitted on 11 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04632361v1
https://hal.archives-ouvertes.fr

Copper Halide-Chalcogenoether and -Chalcogenone
Networks: Chain and Cluster Motifs, Polymer
Dimensionality and Photophysical Properties

Adrien Schlachter, Kevin Tanner and Pierre D. Harvey*

Département de chimie, Université de Sherbrooke, Sherbrooke, PQ, Canada, J1K 2R1.

*Corresponding authors. E-mail address: Pierre.Harvey@USherbrooke.ca (P.D. Harvey),

Keywords : Cluster; Copper; Luminescence; Polymer; Chalcogenoether and Chalcogenone

ABSTRACT: Copper(]) halides react with mono- and polychalcogenoethers and -chalcogenones
to form 0-3D coordination materials containing neutral polynuclear CuxXxEy species (E = S, Se,
Te; X = Cl, Br, [; x = 2-8) called secondary building units (SBU). These species exhibit two
general types of motifs namely globular and quasi-planar. Depending on the shape of these
polynuclear species and the dimensionality of the network, their properties and applications are
profoundly different. In a structural point of view for instance, when X = I, and E = S, the
globular family includes cubane, open cubane, fused dicubane, fused open dicubane, hexagonal
prism, and 1D-polycubane. Concurrently, the quasi-planar family includes rhomboid, trinuclear
cluster, step staircase, 1D-zig zag ribbon, 1D-acordeon ribbon and 1D-staircase ribbon. Both the
cubane and rhomboid motifs are overwhelmingly represented (> 80%). Generally, the globular
species are generally strongly luminescent. In contrast, the quasi-planar family exhibits only
modest intensity luminescence or no emission at all. This review provides a thorough statistical

analysis of these SBUs, in a structural point of view, along with their photophysical properties.
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1. Introduction

The applications of coordination polymers (CPs) and metal-organic frameworks (MOFs) depend
entirely on the structure-property relationship. During the past decades, multiple groups devoted
major efforts in designing functional and stimuli-responsive CPs, MOFs or complexes based on
mono- and chalcogenoethers, and chalcogenones and copper salts, namely for X = Cl, Br, I, but
not exclusively [1—4]. Indeed, thermal catalysis and photocatalytic properties [5-9], sensing of
small organic molecules [10], and electrochemical [11], thermoelectric [12], and photovoltaic
responses [ 13] were reported using such species, and when doped, some porous CPs [14,15] and

non-porous materials [16] became electrically conductive, just to state a few examples.
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Moreover, some compact 3D CP materials comprising parallel (Cu2X2Ss)a sheets (X = Cl, Br),
were also found to be prone to ultrafast excitation energy migration (ps time scale at 298 K for
the triplet state, which typical should normally be ps) through a Dexter mechanism (i.e. double
electron exchange) [17,18], suggesting that they could also be conducting if appropriately doped,
which turned out to be the case [4]. Finally, aggregation induced emission was recently reported
for a polymer containing a mixed-donor bidentate ligand (Ph,PCH>SPh) [19]. During the last
decade (2011-2020), a clear increasing interest on these materials became obvious and the
number of reported research articles even surpassed the total number of all past investigations

prior to this decade (> 2010; Figure 1).

Figure 1. Time evolution of the number of articles and of the number of X-ray structures
reporting the chemistry of the complexes and coordination polymers built upon chalcogenoethers

and chalcogenones.

Nowadays, the design of functional porous 3D CP materials and MOFs is still a topic of strong
interest for sensing purposes. For example, the polydentate organic ligand can be as sophisticated
as a polysilsesquioxane, POSS, bearing eight Si(CH2)3SAr arms (Ar = p-tol or CsHz(2-Me)(5-
tBu)) in order to coordinate CuX salts (X = Br, 1) [20]. For Cul, the p-tol and C¢H3(2-Me)(5-tBu)
aromatics lead to two different secondary building units (SBU); a luminescent closed cubane
(Cu4lsS4) and a non-emissive rhomboid (Cuzl2S4), respectively. This seemingly innocent change

in the steric trait of the S-pendent group on the octathioether, even remotely placed from the
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sulfur, suffices to induce a drastic change in the resulting SBU geometry and ultimately the optical
behaviour. This phenomenon is not unique where the simple change of a Ph for p-Tol is enough
to change the SBU from a cubane to a fused dicubane (CusglsSe) [21]. Similarly, rigidifying the
C4-chain in PhS-chain-SPh, for instance, from (CHz)s — CH2C=CCH; — trans-CHCH=CHCH
— cis-CH,CH=CHCH, — C=C-C=C changes the SBU from cubane — hexagonal prism
(CuelsSs) or 1D-zig zag ribbon — rhomboid — cubane — step staircase, respectively [12,22-24].
Concurrently, by modifying the chain in (p-Tol)S-chain-S(p-Tol) ligand going from chain =
(CH2)s — CH>C=CCHz — trans-CHCH=CHCH: — cis-CH,CH=CHCH> leads to 1D-zig zag
ribbon, cubane, 1D-zig zag ribbon and rhomboid SBUs, respectively [24-26]. The structures of
these SBU motifs are provided in Figures 2 and 3. Examples like these are numerous and are
listed herein. Recently, an exhaustive investigation was performed focusing on SBUs and CPs
resulting from the coordination of BzS(CH2)xSBz ligands (x = 1-9 (except x = 2,5); Bz = benzyl,
a pendent group considered to be somewhat adaptive with its single S-C and C-C bonds) on Cul
[27]. The main conclusion is that when x > 4, both SBUs, rhomboid and cubane are predictably
obtained by reacting the ligands and salt in the appropriate ratio. This concept was previously
demonstrated for other flexible chain-containing ligands [28—30]. However, this trend turned out
not to be true for x < 4 where only the rhomboid SBU was observed (x = 1, thomboid; x = 3,
rhomboid). This insensitivity of the resulting geometry of the polynuclear species vis-a-vis the
ligand/metal ratio is in fact found rather common throughout the literature. This distinction, or
rather control in forming the cubane vs rhomboid, is crucial since the resulting properties and
applications rely on this key feature along with the network dimensionality.

The SBUs of these complexes can be divided into two main sub-groups: the quasi-planar and the
globular species. The quasi-planar SBUs (Figure 2) are polynuclear with either 0D (i.e. discrete
motifs), 1D- or 2D, the latter one having a sheet-like structure. They are often non or weakly
luminescent, but not systematically. The globular SBUs (Figure 3) have 3D-cluster arrangements
and may also be 0D, or expanded in 1D. Unlike the first sub-group of SBUs, these globular
species usually exhibit intense luminescence and rich photophysical properties, although rare

exceptions exist (see photophysical properties section below).
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Figure 2. Structures of the rhomboid and various common quasi-planar SBUs or 0D complexes

encountered for neutral CuxlxSy motifs (eftennon-or-weaklytuminescent, butnotsystematically):
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Figure 3. Structures of the cubane and various globular SBUs or 0D complexes encountered for

neutral CuxlxSy motifs.

This review article presents and analyses the structural and luminescence properties of the title
materials. Specifically, the properties include an exhaustive survey of the SBU structures (i.e. for
neutral CuxXx species where X = Cl, Br, I) and network dimensionalities along with a statistical
analysis permitting to draw conclusions on the resulting traits based on the structure of the
assembling ligand. Special topics such metal-containing ligands and their frameworks, CPs built
upon pseudohalide salts, silver halide analogues, and halogenocuprates (i.e. negatively charged
CuxXy SBUs, generally polymeric, mainly where X =1 and y = x+1, but not exclusively) are also

included for comparison purposes.



2. Globular structures of CuxIxSy species

This section focusses on what promotes the formation of globular SBUs. The four main types of
ligand structures commonly encountered throughout the literature are cyclic and acyclic mono-

and dithioethers (Figure 4), along with several various polydentates.

/ chain \S
\ chain’ —/

chain

pendent group =S = pendent group < )
S

Figure 4. Schematic representations of the general structures of the assembling thioethers.
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Over sixty CuslsSs closed cubanes as SBUs were characterized by X-ray crystallography. Their
structural features are summarized in Table 1-Table S and their ligand structures (along with
codes) are provided in Figure 5, 7-9 [11,18,20-22,24-28,30—74]. For comparison purposes,
occasional species containing coordinated monodentate MeCN molecules are included along with
seleno-analogues. These species are believed to be reactive intermediates during the formation of

the CPs in solution. Throughout the text, the term L/M ratio sensitive is used and means that the

formation of globular motifs (mostly cubane) or quasi-planar ones (mostly rhomboid) can be
obtained with the appropriate stoichiometry, respectively 1:1 and 2:1. The first observations are
that in the category of the acyclic dithioethers (Table 1), only one 0D (i.e. discrete) complex has
been reported (entry 8, Table 1) and that the formation of 3D CPs turns out to be rather rare
where only three examples, using a (CHz)s chain L26, or a four carbon semi-rigid chain (L16
and L18), have been isolated. Furthermore, only 1D CPs crystallizes when the chain is a single
methylene (i.e. RSCH2SR). When MeCN’s are linked to the Cusls cluster, the dimensionality is
lower (i.e. 0D) demonstrating that MeCN 1is strictly a monodentate ligand. Moreover, CPs

containing thomboids are known for the (PhSCHb»), (L.66) ligand (below), but no CuslsS4 cubanes



have been isolated for this dithioether. For the shorter chain-containing dithioethers, with three or

four carbon atoms, regardless of whether the chain is flexible or semi-rigid, and the nature of the

R group, the CP dimensionality is mostly 2D. The only exception is observed for L18, which
gives a 3D CP.
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Figure 5. Structures and codes of acyclic dithioether ligands forming globular CuxIxSy used in

this review.



Table 1. Structural features of the globular CuxlxSy-containing materials: dithioethers/Cul;

cubanes at the top, other globular species at the bottom.

L/'M
# cluster xD-Formula Cu-Cu distances [Average] (A) srear?s(i)t ref #CCDC
ive?
1 Cubane 1D-[Cuala(L1)2]n? 2.661,2.661,2.677,2.639,2.801,2.801 [2.707] — [30,54] 974326*
Cubane 1D-[Cuala(L1)2]n? 2.698,2.700, 2.815, 2.666, 2.795, 2.671 [2.724] — [30,54] 974327
2 Cubane 1D-[Cuala(L2)2]n 2.682,2.653,2.829,2.682,2.829, 2.756 [2.739] — [30] 974333
3 Cubane ID-[Cu4l4(L3)2]n 2.640,2.700,2.717,2.703, 2.789, 2.859 [2.735] — [30] 974335
4  Cubane ?D-[Cuala(L4)2]a° — [30] -
5 Cubane ID-[Cu4l4(L5)2]n 2.802,2.663,2.718,2.625, 2.802,2.718 [2.721] — [30] 974334
6  Cubane ID-[Cu4l4(L6)2]n 2.643,2.684,2.834,2.740, 2.684, 2.834 [2.736] — [30] 974329*
7  Cubane ID-[Cusl4(L7)2]n 2.868,2.781,2.582,2.582, 2.781, 2.868 [2.744] — [30] 974336
8  Cubane 0D-[Cusl4(L8)2(MeCN)2l2  2.679,2.697, 2.687, 2.689, 2.737, 2.650 [2.690] — [11,30] 782636
9  Cubane 2D-[Cual4(L9)2]n 2.705,2.704,2.768,2.704,2.756,2.727 [2.727]  yes  [28] 906348
10  Cubane 2D-[Cu4l4(L10)2]n 2.724,2.756,2.726,2.644, 2.699, 2.771 [2.712] — [18,50] 1488036
11 Cubane 2D-[Cudla(L11)2]n 2.761,2.723,2.711, 2.680, 2.708, 2.777 [2.740] — [44] 801246
12 Cubane 2D-[Cudla(L12)2]n 2.847,2.829,2.829, 3.028, 2.966, 2.966 [2.911] — [44] 801247
13 Cubane 2D-[Cuala(L13)2]n° 2.651,2.698,2.715,2.692, 2.670, 2.743 [2.695] — [22] 692868
14 Cubane ?D-[Cusla(L14)2]s° yes  [31] -
15 Cubane 2D-[Cuals(L1312]0 2.772,2.820,2.794,2.687,2.794, 2.772 [2.773] yes [24] 1418767
16 Cubane 2D-[Cuala(L17)2]n 2.714,2.688,2.765, 2.645, 2.685, 2.788 [2.714] — [25] 1993267
17  Cubane 1D-[Cuala(L19)2]n 2.664,2.677,2.750,2.750,2.757,2.677 [2.712]  yes  [28] 906350
18  Cubane ?D-[Cuala(L20):2]x° yes [28] -
19 Cubane 1D-[Cual4(L21)2]n [2.711] yes  [26] -
20 Cubane 2D-[Cuala(L22)2]n 2.754,2.740,2.722,2.750,2.703,2.720 [2.732]  yes  [27] 1960070
21  Cubane 2D-[Cuala(L23)2]n° 2.833,2.789,2.755,2.740, 2.625,2.631 [2.729]  yes  [53,57] 660763*
22 Cubane 1D-[Cuala(L23)2]n° 2.734,2.718,2.781,2.775,2.709, 2.650 [2.728]  yes  [53] 660765
23  Cubane 2D-[Cual4(L.24)2]n 2.783,2.861,2.879,2.810,2.831,2.721 [2.814]  yes  [45] 785686
24  Cubane 2D-[Cu4l4(L25)2]n 2.700, 2.679, 2.690, 2.702, 2.691, 2.678 [2.690]  yes  [27] 1960074
25 Cubane 3D-[Cuala(L26)2]n 2.720,2.835,2.720, 2.835, 2.720,2.835 [2.777]  yes  [3] -
26 Cubane 1D-[Cuala(L27)2]nf 2.735,2.793,2.661,2.678,2.715,2.724 [2.718] — [21] 1038661
27 Cubane 2D-[Cual4(L28)2]n 2.729,2.729,2.729,2.710,2.729,2.710 [2.723]  yes  [27] 1960078
28 Cubane 2D-[Cuala(L31)2]n® 2.778,2.801,2.801,2.801, 2.801, 2.778 [2.793] — [60,69] 250264
29 Cubane 1D-[Cuala(L29)2]x" 2.772,2.714,2.776, 2.685, 2.688 [2.723] — [34] -
30 Cubane 1D-[Cuala(L32)2]n® 2.772,2.857,2.825,2.805, 2.830, 2.790 [2.813] — [52] 649210
31 Cubane 2D-[Cusla(L33)2]a 2.717,2.780, 2.802, 2.695, 2.719, 2.764 [2.746] yes [27] >1960082
32 Cubane 1D-[Cu4la(L34)2]a" 2.784,2.720,2.708, 2.824, 2.634, 2.740 [2.735] — [49] 739727
33 Cubane 2D-[Cu4l4(L35)1.5]u! 2.725,2.755,2.724,2.725,2.755,2.724 [2.735]  yes  [45] 785688
34 1D- 3D-[Cudls(L15)15]n 2.701,2.701,2.701, 2.878, 2.878,2.878 [2.790]  yes  [27,50] 1960067
polycubane
35 Hexagonal sy o 1o 18)1], — [ 692869
prism
36 g?cslfsane 2D-[Cuslz(L30)3]n [21.34] 1038660

@ phase transition with temperature, two space groups (C2/c and P2;/c) ;° based on chem. anal.+ luminescence ; °

interpenetrated network ; ¢ SBU sensitive to cis- vs trans- ; © rare case of asymmetric ligand ; f SBU sensitive to

substituent ; & 8-atom chain ; " forms y-nanocrystals with heat ; | 14-atom chain ; * multiple temperature available.
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Figure 6. Schemes illustrating how the cubane motifs CuslsSs can be linked with acyclic
dithioether ligands to form various coordination polymers listed in Table 1. Color code: O, red ;
S, yellow; Cu, orange ; I, purple ; C, grey. The hydrogen atoms were omitted for clarity as well
as the Cs¢Hs groups for e). The images were reproduced using the cif files from the Cambridge
Crystallographic Data Centre; CCDC number: a) 906350, b) 1038661, c) 739727, d) 785688, e)
1418767, 1) 1418767 and g) 692868.

The next observation is that the nature of the short chain length plays a determining role in the
resulting dimensionality of the Cu4l4S4 cubane-containing CPs. For longer chains (5-atoms or
more. elading-one—discleno-hgand-contmning CP tenvy 200 Fable 122 — BoSICH»SB2
27, the dimensionality (eight 1D, seven 2D, three 3D) is randomly distributed with no specific
trend, except for the clear predominance of 1D and 2D CPs over 0D and 3D, and for the fact that
both (CH2)7-containing ligands form 3D CPs only. Moreover, when R is benzyl, the nature of the
SBU (cubane vs rhomboid) is sensitive to the initial ligand/metal ratio. This observation about
dimensionality being randomly distributed is also noted for the cyclic dithioether ligands (i.e.
four 1D, excluding one MeCN-containing species, five 2D, one 3D; Table 2). In these cases, the
cycles are composed of two S---S segments containing 5-atoms or more each. In proportion, the

resemblance between these two sub-families (acyclic (Table 1) and cyclic (Table 2) dithioethers
9



with chain segments of 5-atoms ore more) is notable. Excluding the MeCN-containing species
and CPs which have not been formally characterized by crystallography, the occurrence of larger
globular clusters (i.e. Cuanl2nSy; n = 3, 4) vs CuslsS4 cubane is ~ 10% (3 vs 32 (acyclic), 1 vs 10
(cyclic)). Interestingly, the larger globular polynuclear species lead mostly to the formation of
3D CP, with one exception being a 2D (entry 13, Table 2), most likely reflecting on the cluster

size and the multi-positional trait of their coordination sites.
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Figure 7. Structures and codes of the cyclic dithioether ligands used in this review.

Table 2. Structural features of the globular CuxlxSy-containing materials: cyclic dithioethers/

Cul; cubanes at the top, the globular species at the bottom.

L/'M
# cluster xD-Formula Cu-Cu distances [Average] (A) ;:2; ref  #CCDC
tive?
1  Cubane D-[Cual4(L36)2]n 2.632,2.702,2.699, 2.646, 2.668, 2.662 [2.668] yes  [33] 1813889
2 Cubane D-[Cual4(L37)2]n 2.842,2.721,2.823,2.674,2.851,2.753 [2.777] — [39] 1050009
3 Cubane 1D-[Cual4(L38)2]n* 2.769, 2.770, 2.695, 2.799, 2.773, 2.698 [2.751] — [39] 1050010
4 Cubane D-[Cual4(L39)2]n 2.731,2.742,2.711,2.731,2.711,2.820 [2.741]  —  [68] 1252292
5 Cubane D-[Cuals(L40)2] 2.771,2.733,2.793,2.793,2.651,2.771 [2.752]  — _ [67] -
6  Cubane D-[Cu4la(L41)2-2.5H20]xP — [40] -
) . 2.727,2.719,2.744,2.691, 2.707, 2.780 [2.728] . [42] 863930
7 Cubane D-[Cusla(L2)o] CH2CL® 00" 654" 2755, 2,675, 2.663. 2,747 [2.710] 863931
8  Cubane 2D-[Cusla(L43)2]n¢ 2.642,2.727,2.762, 2.667, 2.849, 2.656 [2.717] — [43] 822021
9  Cubane D-[Cuals(L44)2]x° 2.704,2.597,2.797, 2.704, 2.797, 2.765 [2.727] — [46] 787695
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10 Cubane 1D-[Cual4(L45)2]n 2.670,2.767,2.703, 2.641, 2.647, 2.689 [2.686] —  [47] 809854

11 Cubane 1D-[Cusal4(L46)(MeCN)2]n  2.665, 2.769, 2.789, 2.720, 2.769, 2.789 [2.750] —  [55] 677839

12 Cubane 3D-[Cual4(L43)2]n 2.717,2.723,2.787,2.723, 2.724, 2.717 [2.732] —  [59] 280751

13 Cubane 2D-[Cusl4(L43)(NaSCN)J.f  2.700, 2.751, 2.581, 2.723, 2.708, 2.783 [2.708] —  [61] 157619
2D- 135284

14 1D-Cusls [Cusls(L43)(NaMeCN)], ¢ — [l

15 F}lsed open 3D-[Cusls(L4T)i]a yes  [74] 1827915

dicubane

2 tubular structure ; ® emissive ; ¢ binary mixture of isomorphs ; ¢ SBU = sensitive with time ; © sensitive to addition

of KI ; f Na(SCN); inside the thiacrown ; € Na(MeCN), inside the thiacrown sensitive to addition of Nal or KI.

S\ S\ /S\ . S .
Me” T R Et” " R P pr P Nipr () O
S
L48 : R = Me L52 : R = Et L54 LS5 L56 S
L49 : R = Et L53:R=Pr L57
L50 : R = Pr

L51 ‘R= C12H25

Figure 8. Structures and codes of acyclic and cyclic monothioether ligands used in this review.

Table 3. Structural features of the cubane-containing materials: acyclic and cyclic

monothioethers/Cul; cubane at the top, other globular species at the bottom.

# cluster xD-Formula Cu-Cu distances [Average] (A) i‘;llvslitrsg ref #ECDC
1 Cubane  1D-[Cudls(L52):]n*  2.813,2.787,2.776,2.717,2.890, 2.782 [2.794] — [48,64] 789005*
2 Cubane  1D-[Cuals(L50)3]n  2.697,2.713,2.840,2.753, 2.735, 2.700 [2.740] — [36] 1047404*
3  Cubane  OD-[Cuals(L53)4] 2.725,2.726, 2.682,2.725, 2.682, 2.829 [2.728] — [36] 1047397
4  Cubane  0D-[Cuals(L55)4] 2.675,2.855,2.858,2.675, 2.855,2.858 [2.796] — [36] 1047408*
5 Cubane  OD-[Cu4l4(L51)4]°  2.858,2.855,2.675, 2.675, 2.855, 2.858 [2.796] — [62] 200099
Open 1047394
6 cubane 2D-[Cual4(L48)3]n yes [36]
7 Stp 1D-[Cuala(L49)3]¢ — [B6]  1047413*
cubane M 3n
Open 628588
8  flower 2D-[Cuq4l4(L48)3]x¢ yes [58]
basket
Fused . 1047398
9 dicubane OD-[CusIs(L55)s] yes [36]

2 also refs.[65,66] ; ® mixed with crystals of a Cusls-species ; ¢ heptane, in MeCN SBU ; ¢ in MeSMe ; ¢ SBU

sensitive to solvent used ; * multiple temperature available.

Table 4. Structural features of the cubane-containing materials: cyclic monothioethers/Cul.

#  cluster xD-Formula Cu-Cu distances [Average] (A) gx;s;g ref  #CCDC

1 Cubane 3D-[Cusls(L56):]n 2.672,2.736, 2.648, 2.758, 2.754, 2.636 [2.701] yes [37] 977480

2D-{[Cu4l4(L56)](L56)2(Cuzl2)-
2 Cubane (156)2[Cusla(NCMe)] 1o 2.754,2.700, 2.691, 2.700, 2.700, 2.658 [2.701] yes [37]1 977481
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2.735,2.717, 2.837, 2.761, 2.806, 2.719 [2.763] 977482
_ b

3 Cubane  OD-[Cualy(L56)4] 2.742,2.739, 2.837, 2.806, 2.670, 2.769 [2.761]
4 Cusly  OD-[Cusla(L57)a] yes [38]

2 presence of NCMe ; ° 2 isomorphs + phase transition ; * multiple temperature available.

For the acyclic monothioether R-S-R’ ligands (Table 3), as the size of the substituents increases,
the dimensionality of the cubane-containing materials decreases from 2D — 1D — 0D, including
the globular fused dicubane (entry 9). This trend clearly stems from the steric hindrance effect of
the substituents. It is noteworthy, that the absence of 3D materials in this category is likely due
the relative size of the ligand compared to that of the clusters. Interestingly in this category, the
occurrence of larger globular clusters (i.e. Cuznl2nSy; n = 3, 4) vs CualsSs cubane is also ~10% (1
vs 8). Despite the very small sampling, this trend is also noted for the cyclic monothioether
ligand-containing species (Table 4); L56 (3D to 0D) [37] — L57 (0D) [38]. Importantly, the
structural outcome of the materials is very dependent on how the synthesis is performed (i.e.
ligand/metal ratio, temperature, nature of the solvent), and how the samples are treated afterward
(i.e. heating and grinding, thus leading to thermo- and mechanochromism) and change of
structure as, for example, ligand L56 is very volatile. Moreover, no globular CuxlxSy-containing
materials have been isolated so far with this type of ligand. This may be explained by a simple
steric effect induced by the large size of the cluster and its multiple coordination sites, versus the

shape of the cyclic ligand.

Polythioethers containing from 3 S- to 8 S-donor atoms are also able to incorporate cubanes
within their CPs (Table 5). This category stands out as the occurrence of 3D materials dominates

(three 3D, one 2D and one 1D) and may reflect the multi-directional geometry of these ligands.

12



\’LS?EIO\&iK/\/ N

O]

gt ()
QS /L D q

R4
R, S

L58 : Ry = Me, R, = tBu

e

Figure 9. Structures of polythioethers ligands.

Table 5. Structural features of the cubane-containing materials: polythioethers/Cul.

# cluster xD-Formula Cu-Cu distances [Average] (A) #CCDC
1 Cubane 3D-[Cual4(L58)0.5]n* 2.791, 2.700, 2.700, 2.700, 2.700, 2.791 [2.730] 1573709
2 Cubane 1D-[Cual4(L59)]n -2CH3CNP 2.624,2.949,2.624, 2.839, 2.901,2.911 [2.808] 1419091
Cubane + 3D-[(Cu2l2)L60(Cuasls)]n - (CH2CL)

3 Rhomboid (CH3CN)© 2.810, 2.739,2.671,2.675, 2.739, 2.810 [2.741] 695117

4  Cubane 3D-[Cuals(L61)]nd 2.658,2.744, 2.805, 2.748, 2.607, 2.995 [2.760] 661963

5 Cubane 2D-[Cuala(L62)]n 2.640,2.713,2.713,2.713, 2.713, 2.640 [2.689] 159365

6 Cubane ?7D-[Cual4(L63)]n° -

@ SBU = substituent sensitive ;® flat bicyclic ligand ; ¢ SBU = temp. sensitive ; ¢ mixt. of two CPs ; ¢ based on chem.

anal. + lumin.

Tables 1-5 also provide the Cu===Cu distances along with their average. Notably, the average

Cu===Cu separations always fall slightly under the sum of the van der Waals radius (i.e < 2.8 A).
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The few exceptions include entry 12 in Table 1 (2.911 A) and three that are close to this sum
(Table 1; entries 23 (2.814) and 30 (2.813 A); Table 5; entry 2 (2.808 A)). In brief, the closed
cubane SBUs exhibit weak Cu===Cu interactions. The shortest average Cu===Cu distance is 2.668
A (Table 2, entry 1), which approaches the sum of the covalent radius (2.64 A), suggesting
strong Cu===Cu interactions. The shortest Cu-Cu distance is 2.632 A (also Table 2, entry 1). The
relatively modest structural flexibility of the cubane motif compared to the rhomboid is further
analyzed in Section 8.2. In overall, these recurrent structural features bear a consequence on the
photophysical properties, namely regarding the nature of the lowest energy excited state to be
described below. In addition, the presence of multiple Cu-I and weak Cu===Cu interactions has
for effect to render the cluster structure more rigid. This significant feature is beneficial to reduce
the efficiency of the non-radiative deactivation pathways, thus rendering this globular cluster

more emissive. The photophysical properties are described below.
3. Quasi-planar structure of the CuxIxSy species

The Cuzl2S4 rhomboid geometry is also common as SBUs and motifs for discrete complexes
[11,15,16,20,24,27-29,31,35-37,43,45,47,51-54,57,63,66,67,71,74,77-97]. The main reason
stems from its small size and its significant packing adaptability. The structural features of the
corresponding CPs are provided in Table 7-Table 8 (the ligand structures are placed in Figures
10, 12-13). It is noteworthy that several seleno-analogues exist, and their CPs are presented

below. Again, sensitive to the L/M ratio means that the formation of globular motifs (mostly

cubane) or quasi-planar ones (most often rhomboid) can be directed with the appropriate L/M
stoichiometry. Overall, the number of reported examples of rhomboid-containing materials is
comparable to that of the Cu4lsS4 cubanes. The acyclic dithioether ligands have a strong
propensity to stabilize this (rhomboid) geometry (Table 7). Despite the small sampling, for
ligands of the general structure RE-CH>-ER, only 1D CPs are formed (E = S [27], Se [70], Te
[70]), which mirrors the trend for the cubane-containing materials (Table 1). Again, the seleno-
and telluroether species will be presented below. This early mention is to stress that the series
behave the same way. In addition, the Cu===Cu distances turned out to be highly variable (2.582
(Table 9, entry 4) < Cu===Cu < 3.367 A (Table 7, entry 4)), contrasting with the cubane motif.

This feature is further analyzed in Section 8.2.
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Figure 10. Structures and codes of acyclic dithioether ligands forming quasi-planar neutral

CuxIxSy used in this review.

Table 6. Structural features of the quasi-planar-containing materials: acyclic dithioethers/Cul;

rhomboids at the top, other quasi-planar species at the bottom.

#  cluster xD-Formula Cu-Cu distance (A) L/M. ratio ref #CCDC
sensitive?

j  Rhomboid D-[Cu2l2(L64)2] gg;‘; no [27] 1960061
2 Rhomboid OD [Cualo(L65)]* - [95] -

3 Rhomboid D-[Cusl(L66)21n 2.806 — [54] 623107
4  Rhomboid D-[Cualo(L67)2]n 2781 — 71 1835102
5 Rhomboid 2D [Cuala(L69):]n 2.898 — [6] 1873371
6 Rhomboid D-[CusLx(L70)] ® — 8] -

7 Rhomboid OD [Cuala(L71):] 2.647 — [93] 256153
g Rhomboid OD-[Cuala(L72)z] gzzi — 16941 101
9  Rhomboid D-[Cu2l2(L9)2]n 2.826 yes [28] 906347
10 Rhomboid D-[Cuslo(L73)2]n 3.092 1o 27] 1960064
11 Rhomboid 2D [Cuala(L15)2]a 2.796 yes 271 1960068
1o Rhomboid D-[Cula(L16)2] ¢ ggg yes [24]  1418762*
13 Rhomboid 2D-[Cusla(L74)2]n ¢ 2.952 yes [24] 1418780
14 Rhomboid OD-[Cual2(L76)2] 2.956 — [52] 649208
15 Rhomboid OD [Cuala(L78):] 2.928 — [29] 1040060
16 Rhomboid D-[Cuala(L19):]a 3.009 yes 28] 906351
17 Rhomboid D-[Cualx(L20): ] 2.855 ves 28] 906353
18  Rhomboid D-[Cusla(L77 )] 2757 _ [52] 649209
19  Rhomboid D-[Cuala(L23)2]a ¢ 2.980 yes [53] 660759
20 Rhomboid D-[Cuala(L79)2]n ¢ 2.856 yes [57] 616429
21 Rhomboid D-[Cuzlo(L22)2]n 2.828 yes 7] 1960071
22 Rhomboid D-[Cuzlo(L14)2]n 3.241 yes 31] 952723
23 Rhomboid D-[Cualx(L81 )] 2.904 _ [98] 615567
24 Rhomboid D-[Cuzlo(L24)2]n 2.833 yes [45] 785685
25  Rhomboid D-[Cualx(L25 )] 2742 yes 27] 1960075
26 Rhomboid D-[Cualx(L28):]n 2.848 yes 27] 1960079
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27 Rhomboid D-[Cuz2l2(L33)2]n 2.777 yes [27] 1960084
28 Rhomboid D-[Cuzl2(L130)2]a 2.796 yes [26] -
29 Rhomboid D-[CuzI2(L35)2]n - (MeCN)(H20) © 2.836 yes [45] 785687
30 1D-twisted ribbon D-[Cuzl2(L82)]n — [99] 1110569
31 1D-acordeon ribbon  3D-[Cusls(L18)]a yes [12] 1855099
32 Step staircase D-[Cual4(L83)3]n — [23] -
33 1D-acordeon ribbon  2D-[Cuzl2(L75)]a — [24] 1418779
34 1D-acordeon ribbon  2D-[Cu2l2(L84)]n — [96] 230595
35 1D-staircase ribbon D-[Cuzl2(L68)]n — [26] -
36 1D-staircase ribbon  2D-[Cu2l2(L.129)]x — [26] -

ano X-ray data ; ® butterfly ; ¢ SBU sensitive to cis- vs trans- ; ¢

multiple temperature available.

rare case of asymmetric ligand ; ¢ 14-atom chain ; *

a) ﬁﬁ;@;ﬂw-"g?;w ..o ps %ﬁw‘ﬁ@ﬁ Wf%@gww% ”i'}"
- Z N b A Y b, DN a
or° W‘;""wﬁw*w h g ‘Q‘f ﬁ? X‘}fm
#27 1D-[Cu,l,(L33),], # 26 1D-[Cu, I2(L28)2]
I o l
l O
I | I a4
S e
SE S e d) 1 9 N
N MO el o IR e (e '>
GO e TR L R, RIARSR
SEERETon R SCAPUIC SLNSE T SKGPIS =3 \«@.\\«@.
e N e WA & i ‘C)‘%mx {ﬁ;Q f
“ " :I{l‘:ﬂ'ﬁ’r“ A o

#212D-[Cu,|,(L22),],  #23 2D-[Cu,l,(L81),],

#24 2D-[Cu,l,(L24),],

#25 2D-[Cu,l,(L25),],

Figure 11. Scheme illustrating how the rhomboid motifs Cuzl>S4 can be linked with acyclic

dithioether ligands to form various coordination polymers listed in Table 6. Color code: O, red ;

S, yellow; Cu, orange ; I, purple ; C, grey, Hydrogen atoms were omitted for clarity. The images

were reproduced using the cif files from the Cambridge Crystallographic Data Centre; CCDC
number: a) 1960084, b) 1960079, c) 1960071, d) 615567, ¢) 785685 and f) 1960075.
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Figure 12. Structures and codes of other cyclic dithioether ligands.

Table 7. Structural features of the quasi-planar-containing materials: cyclic dithioethers/Cul;

rhomboids at the top, other quasi-planar species at the bottom.

# cluster xD-Formula Cu-Cu distance (A) L/M. r‘atlo ref #CCDC
sensitive?
1 Rhomboid 2D-[Cuzl2(L85)2]n 2.908 — [97] 1533541*
2 Rhomboid 0D-[Cu2l2(L86)2]n 2.860 — [96] 230598
3 Rhomboid 1 D-[Cuzl2(L87)2]n 2.890 no [77] 1888353
4 Rhomboid 1D-[Cual2(L47)2]n* 3.367 yes [74] 1827913
5 Rhomboid 2D-[Cuzl2(L47)2]n? 2.766 yes [74] 1827914
6 Rhomboid 1D-[Cu2l2(MeCN)2(L88)]n 2.696 yes [77] 1886854
7  Rhomboid 0D-[Cu2I2(L.89)2(MeCN):] 2.690 yes [77] 1888524
8 Rhomboid 1D-[Cu2I2(L90)2]» ‘MeCN® 3.208 — [82] 790794
9 Rhomboid 0D-[Cu212(L90)2] 2.762,2.688 — [82] 790793
10 Rhomboid 0D-[Cu2l2(L38)]° 2.683 — [67,68] 725340
11  Rhomboid 0D-[Cu2l2(L91)2] 2.846 — [79] 965570
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12 Rhomboid 0D-[Cu2l2(L92)2] - CH2Cl2 2.701, 2.802 — [47] 809852
13 Rhomboid 1D-[Cu2l2(L93)2]n 3.068 — [86] 207825
14 Rhomboid 1D-[Cuzl2(L43)2]x¢ 2.973 — [43] 822022
15 Rhomboid 1D-[Cuzl2(L94):]. - CH2Cl2 3.072 — [83] 679192
16 Rhomboid 2D-[Cuzl2(L95)2]n 3.169 — [83] 679193
17 Rhomboid 2D-[Cuz2l2(L96)2]. - THF 3.179 — [15] 1316861
18 Rhomboid 2D-[Cu2l2(L97)2]n - 2 H2O 2.877 — [85] 273267
19 Rhomboid 1D-[Cu2l2(L98)2]n° 2.795 — [88] 1119623
20  Rhomboid 1D-[Cu2l2(L99)2]n 2.684 — [80] 776927
21 Rhomboid 2D-[Cuala(L43)2]uf 2.756 no [76] 135283
22 Linked rhomboid 1D-[Cu2l2(L89)]a yes [77] 1888515
23 Step staircase 2D-[Cual4(L34)(MeCN)2]n® yes [49] 739725
24  Step staircase 2D-[Cusls(L34)3(MeCN)2]n8 yes [49] 739726
25  Trinuclear cluster 2D-[Cusl3(L100)2]x — [77] 1888479
26 Trinuclear cluster 2D-[CusI3(L88)2]n — [77] 1888490
27 1D-zig zag ribbon 1D-[Cu2l2(L101)]n — [77] 1888483
28 1D-zig zag ribbon ID-[Cu2l2(LL89)]x — [77,97] 1533543
29  Cudls 2D-[{Cual5(L43)2} K]" — [76] 135285
30 1D-acordeon ribbon  1D-[ Cu2l2(L102)]a — [88] 1119621

2 synthesis is solvent dependent ; ® mixture with 0D ; ¢ mixture with 1D ; ¢ slow, + [Co(H20)s]ClOs ; ¢ behaves like a

bidentate ; f sensitive to addition of Nal or KI ; ¢ solvent depend. ; " K* shared between 2 thiacrown sens. to addition

of Nal or KI ; * multiple temperature available.

Table 8. Structural features of the rhomboids-containing materials: monothioethers/Cul, cyclic

and acyclic, rhomboids at the top, other quasi-planar species at the bottom.

Cu-Cu L/M ratio
# cluster xD-Formula distance (A) sensitive? ref #CCDC
1  Rhomboid 0D-[Cu2l2(L56)4] 2.675 — [37,66,91] -
2 Rhomboid 2D-[{Cuzl2}3(L56)6]n - MeCN 2.972 — [37] 977484
Rhomboid and 2D-{[Cu4l4(LL56)2](L.56)2(Cu2l2)(L56) .
3 cubane 2[Cuala(L56)(MeCN)]}n? 2.754 371 977481
4 Rhomboid 1D-[ Cuzl2(L48)3]n © 2.684 — [36,66] -
1D-staircase
5 ribbon 1D-[ Cuala(L49)2(MeCN)2]a — [36] 1047395

2 sensitive to exp. conditions; ° in n-heptane.
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)

G,

Table 9. Structural features of the rhomboid-containing materials: polythioethers/Cul.

L/M ratio

#  cluster xD-Formula Cu-Cu distance (A) . ref #CCDC
sensitive?
1 Rhomboid D-[Cu2l2(L103)0.5]n 2.739 — [20] 1573708
2 Rhomboid D-[Cu2l2(L104)]:° 2.876 — [35] 1419092
Rhomboid 2.902

3 D-[ {Cuzl2}2(L105)2]-(2CH3CN)(2 toluene)® 5965 — [78] 1417220
4 Rhomboid D-[Cu2I2(L106)2] ¢ 2.582 — [11] 782635
5 Rhomboid D-[Cu22(L107)]n 2.943 — [81] 698029
6  Rhomboid D-[CusIy(L108)],- THF 2.883 — [84] 635118
7 Rhomboid 3D-[Cualz(L61)]0? 2.689 — [56] 661962
8  Rhomboid D-[Cu2Ix(L109):] 2.863 — [87] 221614
9  Rhomboid D-[Cu2Ix(L110)2]a 2.816 — [89,90] .

10 Rhomboid D-[Cuzl2(L111)2]a 2.808 yes [63] 159366
1 Rhomboid D-[Cuzlz(L112)2] ;;gi —  [16] 1219211
12 Rhomboid D-[Cu2l2(L113)]n 2.776 — [100] 1994655
13 Trinuclear cluster  3D-[Cu3l3(L60)(MeCN)]n'(CH2ClL2)(2H20) © — [51] 695115
14 Trinuclear cluster  3D-[Cusl3(1.60)]x(0.5H20) — [51] 695116

2 SBU sensitive to substituents ; ° cyclic ; ¢ 2 x cyclic-L ; 9 steric and dandling arm ; ¢ T depend.
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4. Thione ligands with the CuxIxSy species

This category of S-containing ligands exhibits a similar coordination scheme as that of the
thioethers but strikingly favors the formation of rhomboid and step staircase SBUs. The less
cumbersome C=S moiety provides other SBU and discrete cluster motifs (Figure 14). Examples

are presented in

Table 10 [9,99,101-110]. The ligand structures are placed in Figure 15. This type of ligand
shares obvious structural resemblance and coordination traits with the acyclic monoethers

(monodentate and bridging) and so the resulting Cul-containing materials bear the same or

similar SBU motifs (Table 8 vs

Table 10). These geometries are all globular shaped, except for the 1D-polyrhomboid. Another
notable feature is that the electron richer C=S center renders this ligand stronger than thioethers.
Consequently, for ditopic ligands containing one or two amine centers, the thione unit binds the
metal preferably first. In overall, the accommodating rhomboid motif is also a frequently
encountered geometry in this category (seven examples vs three other quasi-planar motifs: i.e. step
staircase and 1D-polyrhomboid). Only three globular motifs are reported so far and notably no
cubane-shaped species have been reported for the thione/CuxlxSy-containing materials.
Concurrently, one cubane complex of formula CusX4(L116)s is known [109], which is rare for X
= Cl, Br, suggesting that the absence of Cusls-cubane complexes in this list is most likely due to

the small sampling available.

n S-S
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| S pentanuclear
\N\_ / butterfly complex
S Cu
/ \ 7
C /Cui\‘ I
U1 S~ *-.Cu/
——I AN l— S/ \ _S
\.\C /l\““\Cu/ /CH\ I/\I ~Cu
/&ﬂ*u\ s " S SN S
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Figure 14. Structures of the various SBUs or discrete complexes encountered for neutral CuxIxSy

motifs when thione-containing ligands are used as assembling entity.
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Figure 15. Structures of thione-containing ligands.

Table 10. Structural features of the thione-containing/Cuxlx materials. The quasi-planar motifs

are placed at the top, and the globular ones at the bottom.

#  cluster xD-Formula ref #CCDC

1 Rhomboid OD-[Cuzl2(L114)4]* [103] 1181710
2 Rhomboid D-[Cu2l2(L115)2] [104] 1249836
3 Rhomboid D-[Cu2l2(L116)2] [109] 1450707
4 Rhomboid D-[Cu2l2(L117)2] [109] 1450708
5  Rhomboid D-[Cuzl2(L118)2]n -DMF ® [101] 1835557
6  Rhomboid D-[Cu2l2(L119)4] ‘MeCN © [101] 1835548*
7  Rhomboid D-[Cu2l2(L119)2]x¢ [101] 1835540
8  Rhomboid 0D-[Cua4l4(L.120)4] [102] 880493
9  1D-polyrhomboid D-[Cusls(L121)4]5¢ [102] 880492
10  Step staircase D-[Cuals(L122)4]n° [108] 1217211
11  Step staircase D-[Cuals(L123)5]n° [9,110] 1827572
12 1D-acordeon ribbon D-[Cu2l2(L124)2]n [93] 256154
13 Pentanuclear butterfly complex  0D-[Cusls(L125)4] -THF [105] 1041989
14  Pentanuclear cluster D-[Cusls(L126)2]-(MeCN)(EtOH) *  [106,107] 1278976
15 1D-capped zig zag ribbon 1D-[Cu3l3(L119)]n° [101] 1835550*

2 two thione functions, chelate ; ® two thione functions ; ¢ L/M ratio and condition-dependent ; ¢ condition-dependent;

¢ bidentate ;* multiple temperature available.

5. CuxBrsSy species
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CuxBrxSy-containing materials have also been significantly explored where about sixty X-ray
structures have been reported (Table 11-Table 16). It is noteworthy that the resulting SBUs are
overwhelmingly Cu;Br2S4 rthomboid, but interestingly several new motifs for SBUs have been
identified (i.e. not already observed for the iodide; Figure 16). The ligand structures are placed

in Figure 17.

5 S Br S S S
S S
C‘u \Cu/ \Cu/ \Cuf__SBr \C//S S \/S S
/ \ S/ \Br B( \S Br /JS u Br——_ ! ~Cu \ /S
Br | Br SN rP - ,\(CU’ s / / Cu—p, / Br\_ch
\ Br / Cu Cu S /,Br\Cu/ Bre__ / Br——
SN N/ cul\ ~ U— Br—_ /
cu Cu Br s ar Br cu /Cu Br—ch,
s e Ng adamantane S S/ \\S s \S s/ {4
. s s flower basket S S
trinuclear cluster -, \ ; . . ) . ]
Cu— g —GU—p; disubstituted rhomboid 1D-zig zag square chain
S [ ss
. Cf ] A —ci—Br—cu” § s
. \
Br i\ar/cu A B—Cl~ g, Cu S
S\ — Br—. S S\.\ \ /CU\
cu CUl'/Br\ S | Cu—Br~cy—Br Br Br
/ \S Cu—__ Br/Cu\_Bf \ X \C /Br\c/
/ S n S’é/}i\,Br#_\“ ~8
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I,/Br\CU/ BT\C:J -~ S/ \DBI{/ \S
2D-step cubane network S square pyramidal cluster two 1D-zig zag twisted chains

Figure 16. Structures of the various SBUs or discrete complexes encountered for neutral
CuxBrxSy motifs when mono- and dithiother- and thione-containing ligands are used as
assembling entity. The motifs that are already represented (cubane, rhomboid, 1D-zig zag

ribbon) for the CuxIxSy species and the simple Cu-Br-Cu-Br chain are not included in this figure.
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Table 11. Structural features of the CuxBrxSy-containing materials: acyclic dithioethers/CuBr.

4 cluster «D-Formula Cu-Cu distance (A) L/M ratio rof #CCDC
sensitive?
1 2D-step cubane network  2D-[CusBra(L127)2]n [111,112] 288131
2 1D-distorted ribbon D-[CusBrs(L128)]x E— [111] 288129
3 -Cu-Br- chain D-[Cu2Br2(L127)2]a —_— [111] 288132
4  Rhomboid D-[Cu2Br2(L5)2]a 2.8097 —_— [30,32] 974339
5 Rhomboid D-[CuzBr2(L64)2]n 2.8829 — [27] 1960062
6  Rhomboid D-[Cu2Br2(L1)2]a 2.9192 [30] 974337
7  Rhomboid D-[CuzBr2(L2)4] 2.8099 yes [30] 974338
8  Rhomboid D-[Cu2Br2(L3)2]a 2.8503 [30] 974340
9  Rhomboid D-[Cuz2Br2(L.4)2(MeCN):] 3.0667 yes [30] 974341
10 Rhomboid D-[CuzBr2(L70)]? - [8] -
Rhomboid D-[Cu2Br2(L9)]x° 2.7761 [28] 906349

11

2.7941
12 -Cu-Br- chain D-[CuBr(L73)]a 4.1169 [27] 1960065
13 Rhomboid 3D [Cuz2Br2(L10)]x 3.459 [18] 1488068
14  Rhomboid 2D [Cu2Br2(L129)]a 2.8678 e [26] -
15 Rhomboid D-[CuzBr2(L15)2]n° 3.0159 — [27] 1960069
16 Rhomboid D-[Cu2Bra(L15)2]x° 2.9951 [27] 1960069
|7 Rhomboid D-[Cu2Br2(L16)2] 2.7422 [24] 1418771

2.9008
18 Rhomboid D-[Cu2Br2(L131)2] 2.7396 e [24] 1418776
19 Rhomboid 7D-[CuzBr2(L75)2]n - — [24] -
20  Rhomboid D-[Cu2Bra(L74)2]n 2.9943 —  [24] 1418781
21 Rhomboid D-[Cu2Bra(L78)2] 3.0073 —  [29] 1040061

Rhomboid D-[Cu2Bra(L17)2]a 2.9662 —  [29] 1042236

22

2.9306
23 Rhomboid D-[Cu2Br2(L19)]n 2.919 e [28] 906352
24  Rhomboid D-[Cu2Br2(L20)]n 3.035 e [28] 906354
25 Rhomboid D-[Cu2Br2(L22)2]a 2.9597 e [27] 1960072
26 Rhomboid D-[Cu2Br2(L25)2]a 2.7081 e [27] 1960076
27 Rhomboid D-[Cu2Br2(L28)2]a 3.0091 — 27 1960080
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28  Rhomboid 1D-[CuzBra(L33)2] 2.9178 — 27 1960085
29  Rhomboid 1D-[CusBra(L132)1] 2.918 ——  [113,114] 1309328

2 butterfly, deduced from molecular modelling ; ® structure containing a half molecule of the free ligand ; ¢ Rare case

of coexistence of topological isomers within the same crystal structure.

Table 12. Structural features of the CuxBrxSy-containing materials: cyclic dithioethers/CuBr.

Cu-Cu L/M ratio . #CCDC

# cluster xD-Formula distance (A)  sensitive? ef

1 1D-zig zag square chain  1D-[CuBr(L85)]n [97] 1533544
2 Rhomboid ID-[Cu2Br2(L87)2]a 2.9143 _ [77] 1888455
3 Rhomboid ID-[Cu2Br2(L47)2]a 3.176 —_— [77] 1888460
4 Rhomboid 2D-[Cu2Br2(L100)2]x 2.9057 —_— [771 1888480
5 1D-zig zag ribbon 1D-[Cu2Br2(L101)]n e [77] 1888487
6  Trinuclear cluster 2D-[CusBr3(L88)2]n —_— [77] 1888497
7 Staircase 0D-[Cu4Brs(L133)2(MeCN)2] 2.8601 —_ [97] 1533539

3.089

8  Rhomboid 0D-[Cu2Br2(L90)2] 2.919 —_— [82] 742122
9  Rhomboid 0D-[Cu2Br2(L86)] 2.852 —_ [115] 1222362
10 Rhomboid 2D-[Cu2Br2(L41)2]a 3.187 e [40] 950548
11 Rhomboid 1D-[Cu2Br2(L42)2]n -(2CH2Cl2) 2.927 —_— [42] 863929
12 -Cu-Br- chain 3D-[CuBr(L96)].»-MeCN —_— [14] 232773
13 Rhomboid 1D-[CuzBr2(L96)(MeCN)2]n 3.128 — [15] 1316860

Table 13. Structural features of CuxBrxSy-containing materials: acyclic monothioethers/CuBr.

# cluster xD-Formula ~ Cu-Cudistance (A) M0 rep yeepc
sensitive?
1 Rhomboid 2D-[Cu2Br2(L48)2]a 29512 [65,66] 1197543
2 Flower basket + rhomboid  2D[(Cu3Br3)(L49)3]a 3.053 [36,48] 1047413%*
3 Step staircase + thomboid  1D-[(Cu3Br3)(L50)3]a 2.899 yes [36] 1047399
4  Square pyramidal cluster ~ 2D-[(CusBrs)(L50)3]n - yes [41] 947670
5 Square pyramidal cluster ~ 2D-[(CusBrs)(L54)3]n - [116] 1852284
6 Rhomboid 0D-[Cu2Br2(L134)4] 3.006 — [117] 818803

* multiple temperature available.

Table 14. Structural features of the CuxBrxSy-containing materials: cyclic monothioethers/CuBr.

Cu-Cu distance (A) L/M ratio #CCDC

# cluster xD-Formula .. ref
sensitive?

| Rhomboid 2D-[Cu:Bra(L56):]s 2.778

[66] 1190132

Table 15. Structural features of the CuxBrxSy-containing materials: polythioethers/CuBr.

Cu-Cu distance (A)  L/M ratio . #CCDC

# cluster xD-Formula . ef
sensitive?
1  Rhomboid 3D-[Cu2Br2(L.103)0.5]n 2.7825 — [20] 1573681
) Rhomboid 1D-[Cu2Br2(L63)2]n 2.679 — [32] 1479591
2.613

3 Rhomboid 1D-[Cu2Br2(L110)]n 3.107 — [90] 1294193
4 Rhomboid chain 3D-[Cu4Br4(L62)2]n 3.025 yes [63] 159364
5 Rhomboid 2D-[Cu2Br2(L136)]n 2.924 — [118] 1249902
6 Rhomboid + CuBr  1D-[Cu3Br3(L109)2]a 3.182 [119] 140413
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2.983

Table 16. Structural features of the thione-containing/CuxBrx materials.

Cu-Cu distance (A) L/M ratio re #CCDC

# cluster xD-Formula . f

sensitive?
1 Rhomboid 0D-[Cu2Br2(L137)4] - [120] -
2 Rhomboid 0D-[Cu2Br2(L.138)4] 2.893 [121] 846479
3 Rhomboid 0D-[Cu2Br2(L139)4] 3.205 [122] 1293533
4  Two 1D-zig zag twisted chains  1D-[Cu2Br2(L139)4]. -THF [122] 1293532
5 Adamantane-like 0D-[Cu4Brs(L116)4]* [109] 1450706
6 -Cu-Br- chain 1D-[Cu;Br2(L119)2]x° yes [101] 1835552*

* multiple temperature available.

6. CuxClLSy species

The X-ray structures of many CuxClxSy-containing materials have also been reported, but to a
much lesser extent (nearly 40 X-ray structures; Table 17-Table 22). The dominant SBUs are
again the CuxCl>S4 rhomboid, but also, some new motifs have been observed (i.e. not already

observed for the iodide and bromide; Figure 18). The ligand structures are shown in Figure 19.

Cl
S S g SN/
s S \/Cl\/ Cu Cu-----
\ / S,Cu CU\S | |
Cu_,—Cu \ooS R ? (T‘I ------
Cl —
Ner” \Clu Oy G
N\
butterfly S r ¢ s n
cyclic-Cu3ClI3

two reticulated 1D-chain

Figure 18. Structures of the various SBUs or discrete complexes encountered for neutral
CuxCliSy motifs when mono- and dithiother- and thione-containing ligands are used as
assembling entity. The motifs that are already represented (rhomboid, step staircase, adamantane,
1D-zig zag ribbon) for the CuxlIxSy species and the simple Cu-CIl-Cu-Cl chain are not included in
this figure.
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Figure 19. Structures of cyclic, acyclic thio, dihioether and thiones ligands.

Table 17. Structural features of the CuxClxSy-containing materials: acyclic dithioethers/CuCl.

4 cluster «D-Formula Cu-Cu distance (A) LMratio .  #CCDC
sensitive?

1 ID-zig zag ribbon lD [CuzCla(L128)2]n [111] 288130

2 -Cu-Cl- chain D-[CuCI(L64)] 42016 —— 7] 1960063

3 Rhomboid OD [CuzCla(LT0)]° — @B’ -

4  -Cu-Cl- chain D-[CuCI(L73)]a 3.9595 —— 271 1960066

5 Rhomboid 3D [CuCla(L10)],° 3.290 —— 7] 1886287*

6  Rhomboid 0D-[CuxClo(L15)] 2.9083 —— 7] 1960087

7 Rhomboid 2D-[CuCla(L12)s]n 3.123 — I -

8  Linked Rhomboid 2D-[CusCla(L78)]x¢ — [29] 1042237

9 Rhomboid 2D-[CuzClo(L140):], 3.0983 — 23] 1267372

10 Rhomboid 2D [CuxCla(L22)2]n 2.9570 —— R7 1960073

11 Rhomboid D-[Cu2Cl(L96)2]n- MeCN 2.978 —— 4] 232774

12 Rhomboid D-[CuzCla(L25)2]s 2.695 — R7 1960077

13 Rhomboid D-[Cu2Cly(L28)2]n 2.9297 —— 7] 1960081

14 Rhomboid D-[Cu2Cl(L141)], 3.0253 — ] -

15 Rhomboid lD [CuClo(L33) ], 2.8883 —— 7] 1960086

@ butterfly, deduced from molecular modelling ; ® parallel 2D-layers ; © two reticulated 1D-chain ; * multiple temperature

available.

Table 18. Structural features of the CuxClxSy-containing materials: cyclic dithioethers/CuCl.

Cu-Cu distance (A) L/M ratio . #CCDC

#  cluster xD-Formula . ef

sensitive?
1 Rhomboid D-[Cu2Cl2(L87)]n 2.809 [77] 1888456
2 Rhomboid D-[Cu2Cl2(L47)2]n 3.0517 —_ [77] 1888477
3 Rhomboid D-[Cu2Cl2(L100)2]n 2.8715 —_ [77] 1888481
4  1D-zig zag ribbon 1D-[Cu2Cl2(L101)]n 2.883 —_ [77] 1888489
5 -Cu-Cl- chain D-[CuCI(L85)]x° - —_ [97] 1533540
6 Rhomboid (proposed) 0D-[CuxCl2(L.142)2][NMes]2 - e [124] -
7 Rhomboid D-[CuxClx(L41)]n 3.178 — [40] 950547

Table 19. Structural features of CuxClxSy-containing materials: acyclic monothioethers/CuCl.
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4 cluster «D-Formula Cu-Cu distance (A) L/M ratio rof #CCDC
sensitive?

| Rhomboid 2D-[CuaCL(L48) ], 2.983 [65.66] 1190129

2 Cu(il)2 Cu(hCls  2D-[Cu(1)Cu(I)2Cls(L54)o]st g';‘ég ——  [116] 1851726

3 Rhomboid 2D-[CuzCla(L134)2],° 3.238 ——  [17] 818801

4 _Cu-Cl-chain  2D-[CuxCl(L143)]s - ——  [117] 818802

2 Cu(I)/Cu(IT) mixed valence, ® ditopic.

Table 20. Structural features of the CuxClxSy-containing materials: cyclic monothioethers/CuCl.

4 cluster «D-Formula Cu-Cu distance (A) L/M ratio rof #CCDC
sensitive?

T Rhomboid  1D-[(CuzCl)x(L56)s]" 2.836 [66,125] 1190131

2 Rhomboid  2D-[(CuzCl)(L56)a]" 2.996 ——  [125] 1246344

3 Rhomboid  2D-[(CusCl)s(L56)a]u 2.906 ——  [125] 1246845

4 -Cu-Cl- chain  2D-[(CurCl)s(L56):], ; ——  [125] 1246846

2in MeOH, P in THF, ¢ in CH2Cly, 4 in DME.

Table 21. Structural features of the CuxClxSy-containing materials: polythioethers/CuCl.

4 cluster «D-Formula Cu-Cu distance L/M.r.atio rof #CCDC
(A) sensitive?
1  Rhomboid ID-[Cu2Cla(L144)2]? 2.816 [112] 1298994
Cyclic- 1D-[CusCl3(L145)2] - e [126] 1172104
2
CusCls
3 Step 1D-[Cu4Cla(L146)2]n 3.005, 2.954, —_— [1271 -
staircase 3.366,3.471
4 Rhomboid 2D-[Cu2Cl2(L147)]a-MeOH 2.655 yes [128] 735303
5 Cu(I1)4Cl3 0D-[Cu(IT)4Cl3(L147)(HCO2)(MeOH)2(H20)]a - yes [128] 735305
(CHCI3)(MeOH)2.7
6 Rhomboid 2D-[Cuz2Cl2(L148)]x -(MeOH)(CHCls)o.5 2.8367 yes [128] 735304
7 Cu(ID4Cls 0D-[Cu(I1)4Cl4(L.148)(MeOH)4]n - yes [128] 735306
2 bidentate.
Table 22. Structural features of the thione-containing/CuxClx materials.
4 cluster «D-Formula Cu-Cu distance (A) L/M.r.atio rof #CCDC
sensitive?
1 Two 1D-zig zag twisted chains  1D-[Cu2Cl2(L149)]x 3.030 [129] 1289810
2 Rhomboid 0D-[Cu2Cl2(L137)4] 3.059 [120] 906821
3 Adamantane-like 0D-[CusCls(L116)4]n - [109] 1450705

7. CuxXxEy species (X =1, Br, Cl; E = Se, Te)

Multiple seleno- and telluroether, and selone ligands were used to prepare various CPs (Table

23; 23 X-ray structures) [70-73,92,130-134]. The ligand structures are placed in Figure 20.

Clear trends are depicted. First, excluding the two MeCN-containing materials, the only two

cluster motifs reported are CuxX:E4 rthomboid and CusX4E4 cubane. This observation is fully
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consistent with the fact that these motifs are also dominant for the CuxIxSy species. Second, the
number of cubane and rhomboid motifs for CuxlxSey species are the same. This observation also
applies to the CuxIxSy species above. Third, for the CuxXxEy species (X = Br, Cl; E = Se, Te), all
SBU motifs are rhomboid, which is also in line with the dominance of this motif when X is Cl or
Br. Fourth, similarly to the thione ligands and despite the very small sampling, the rhomboid was
the only motif reported for the selone ligand (X = I) with no occurrence of cubane. The only
striking difference with the CuxXxSy species is the large propensity of the CuxXxEy (E = Se, Te)
to form discrete complexes (just about the same as the occurrence for 1D CP). Their structural

properties are presented below.
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Figure 20. Structures of seleno- and telluroether, and selone ligands.

Table 23. List of CuxXxEy-containing complexes and CPs where X =1, Br, Cl and E = Se, Te.

#  cluster xD-Formula Cu-Cu distance [average] (A) ref #CCDC
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1 Cubane OD-[Cu4l4(L150)4] 2.997,3.287,3.001, 3.282, 3.205, 3.228 [73] 1835505

[3.167]
2 Rhomboid 1D-[Cuzl2(L162)2]n 2.681 [92] -
1D-[Cuasl4(L156)2]x* 2.673,2.844,2.745,2.673, 2.773, 2.745 [70] 1418330
3 Cubane [2.742]
4 Rhomboid 1D-[Cuzl>(L156)2],° 2.807 [70] 1418329
5 1D-polyrhomboid  2D-[Cusls(L159)2(MeCN)2]a 2.728,2.803 [70] 1418331
6  Rhomboid 0D-[Cuzl2(L164):2] 2.782 [71] 1023397
7 Rhomboid 0D-[Cu2Br2(L164)2] 2.793 [71] 1023398
. 0D-[CuzI2(L165)2] - [71] 1034753
8 Rhomboid (CHaClo)1 25 2.612
9 Cubane 1D-[Cu4l4(L163)2]n -CH2Cl2 2.752,2.893,2.810, 2.887, 2.788, 2.768 [71] 992606
[2.816]
10 Cubane 3D-[Cual4(L153)2]n ‘MeCN 2.780, 2.826, 2.989, 3.040, 3.202, 3.085 [72] 1221768
[2.987]
11 Rhomboid 2D-[Cu2Cla(L151)2]n 3.381 [134] 1308789
12 Step staircase 0D-[Cu4l4(L155)2(MeCN)2] 2.813,3.392 [70,131] 1418326
13 Rhomboid 1D-[Cuzl2(L157)2]n 2.804 [70,131] 1418327
14 Rhomboid ID-[Cuz2Br2(L157)2]a 2.848 [70,131] 1418328
15 Rhomboid 0D-[Cuz2Br2(L154):]¢ 2.919,3.107 [133] 1487838
16 Rhomboid 2D-[CuzI2(L160)2]x 2.908 [131,132] 1823307
17 Rhomboid 2D-[Cu2Br2(L160)2]a 2.906 [131,132] 1823306
18 Rhomboid 1D-[Cuzl2(L161)2]x 3.472 [131,132] 1823308
19  Rhomboid 0D-[Cu2l2(L158)2]¢ 2.757 [131,132] 1823305
20 Rhomboid 0D-[Cu2Br2(L158)2]° 2.696 [131,132] 1823304
21  Rhomboid +2Cul  0D-[Cu2l2(L152)4(u-Cul)2]" 2.607 [130] 804911
” Rhomboid + 0D-[Cu2Bra(L152)4(u-CuBr)2J¢ 5 () [130] 804917
2CuBr '

@ mixed with entry 4 ; ® mixed with entry 3 ; ¢ two polymorph ; ¢ chelating ligand ; ¢ bridging ligand ; f two Se-(Cul)-Se ; & two
Se-(CuBr)-Se.

8. Statistical analysis on the geometry of the SBUs and CP dimensionalities
8.1.  Occurrence of globular and quasi-planar motifs and dimensionalities

The occurrences of globular vs quasi-planar motifs and the various CP dimensionalities of
CuslsSs-cubane vs Cuzl2S4-rhomboid-containing CPs are compared in Table 24 — Table 27,
Figures 21 and 22. From Table 24 and Table 25, the closed Cu4l4Ss-cubane (83%) and Cuzl2Ss-
rhomboid (78% when considering only the thioethers) motifs are significantly more stabilized
than any other motifs. Referring to Tables 1-4, when the effect of the L/M ratio is specifically
tested with the appropriate ratio (i.e. 1:1), the formation of the cubane motif versus another motif,
appears to be good prediction (20 cubanes vs 1 fused open cubane) regardless of the mono-
thioether and polythioether ligands used. Similarly, the formation of the Cuzl>S4-rhombic unit,
again with the appropriate L/M (2:1) ratio (when tested), is systematic using dithio- or polyether
assembling ligands (61 examples found against zero for any other shape). For the thione ligands,

the Cuz12Ss-rhombic motif is often obtained (~50%) but the size of the data bank (

29



Table 10, 15 entries) does not allow us to firmly pin down the key features that promote this

motif.

Table 24. Comparison of the occurrence of the various globular CuxIxSy motifs (based on X-ray

data).?
cubane open cubane fused dicubane fused open dicubane hexagonal prism  1D-polycubane other
Table 1 29 - 1 - 1 -
Table 2 11 - - 1 - 1
Table 3 5 1 2 - - 2
Table 4 2 - - - - 1
Table S 5 - - - - -
52
Total (83%) 1 3 1 1 4

aTable 1 = acyclic dithioethers/Cul. Table 2 = cyclic dithioethers/Cul. Table 3 = acyclic mono-thioethers/ Cul.

Table 4 = cyclic monothioethers/Cul. Table 5 = polythioethers/Cul. Structures including a coordinated MeCN or

were not determined by X-ray crystallography are not included.

Table 25. Comparison of the occurrence of the various quasi-planar CuxlxSy motifs (based on X-

ray data). Thioether-containing materials are at the top, and thione-containing species are at the

bottom.?
rhomboid step staircase  1D-acordeon others
Table 6 27 1 3 5
Table 7 19 - 1 6
Table 8 3 - - -
12 2
Table 9 ] i
Total 1 61 (78%) 1 4 13
rhomboid step staircase  1D-acordeon others
4
8 2 1
Table 10
Total 2 69 (74%) 3 5 17
2Table 6 = acyclic dithioethers/Cul. Table 7 = cyclic dithioethers/Cul. Table 8
monothioethers/Cul.

Table 9 = polythioethers/Cul.
Table 10 = thione/Cul. Total 1 is the sum of Table 6 to

Table 9, and Total 2 is the sum of Total 1 and

= acyclic and cyclic

Table 10. Note that all motifs containing coordinated MeCN ligands or were not characterized by X-ray

crystallography are not included, except entry 13 of

Table 9 for which obvious steric hindrance secures the integrity of the trinuclear cluster.
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Figure 21. Pie diagram comparing the occurrence of the various globular CuxlxSy and quasi-

planar CuxlxSy motifs (based on X-ray data).

The occurrence of the fused open dicubane and fused open cubane motifs instead of their closed
versions stems from ring tensions between the Cuxlx-units and the mono- or dithioethers. This
behavior is an experimental evidence that the Cuxlx clusters (here x = 4, 8) try to accommodate
the CP formation by sacrificing a Cu-I bond for the sake a crystal packing of the CP. Parallelly,
this conclusion also suggests that the occurrence of the motifs other than cubane and rhomboid
listed in Table 11 and Table 12 may also result from accommodations of the Cul aggregates.
This suggestion is strongly supported by the fact that non-rhomboid quasi-planar species are
found for CPs for the constraining monothioethers, which are more prone to steric problems
combined with the proximity of the two binding sites on the same Cu atom in the rhomboid
geometry. This change in SBU structure provides the necessary distance for the reduction of the

steric issues and thus the stabilisation of the CuxIxSy motif.

Table 26. Comparison of the occurrence of the various CP dimensionalities of the Cu4lsSs-

cubane-containing CPs (based on X-ray data).?

cubane 0D 1D 2D 3D

Tablel 1 13 15 1
Table2 - 6 5 1
Table3 3 2 - -
Tabled4 1 - - 1
Table5 - 1 1 2

Total 5 22 21 5

2 Table 1 = acyclic dithioethers/Cul. Table 2 = cyclic dithioethers/Cul. Table 3 = acyclic thioethers/Cul. Table 4 = cyclic
thioethers/Cul. Table 5 = polythioethers/Cul. Structures that were not determined by X-ray crystallography are not included.
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Table 27. Comparison of the occurrence of the various CP dimensionalities of the Cuxl>Ss-

rhomboid-containing CPs (based on X-ray data).?

rhomboid 0D 1D 2D 3D
Table 6 4 10 13

Table7 5 9 7 -
Table 8 1 1 1 -
Table 9 4 2 2 4

Table 10° 6 1 1 -

Total 20 23 24 4
*Table 6 = acyclic dithioethers/Cul. Table 7 = cyclic dithioethers/Cul. Table 8 = acyclic and cyclic thioethers/Cul.

Table 9 = polythioethers/Cul.

Table 10 (thione/Cul), the sampling is too. °In these cases, the thione ligands are bidentates acting as a bridge, and

not structurally fit for a chelate geometry. Structures that were not determined by X-ray crystallography are not

included.

Cubane Cu2l2 Cubane Cuglg

3D (6%) 3D (10%) 0D (10%)
0D (28%)

2D (34%)

2D (39%) 1D (41%)

1D (32%)

Figure 22. Pie diagrams comparing the occurrence of the various CP dimensionalities (based on

X-ray data). Left, the Cuzl>S4-thomboid-containing CPs. Right, Cu4l4S4-cubane-containing CPs.

The resulting CP dimensionalities are largely 1D and 2D in similar proportion for CPs containing
CuslsSs-cubane SBUs. This is particularly evident with the dithioether ligands, illustrating the
adaptability of the ligand to exclude chelating situations for flexible ligands. Concurrently, the
rhomboid SBUs is more often encountered in 1D-CPs, although 0D and 2D species are also

observed.
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A similar series of analyses have been performed for the CuxBrxSy- and CuxClxSy-containing
materials (Table 11-Table 22; Figures 23-27), and similar conclusions can be drawn for the
quasi-planar materials. The propensity to generate rhomboid SBUs exhibits negligible variations
whether the ligand is a thioether or a thione and that the ratio of occurrences of Cu2X>S4-
rhomboid vs other quasi-planar SBUs is the same for X = Br and I, and a little smaller for X =
Cl. A graphical representation of these relative trends is provided in Figure 26. Moreover, very
few globular-shaped SBUs in these two series (X = CI, Br) have been isolated (~6%; X = Br, 5
globular vs 58 quasi-planar, X = Cl, 1 globular vs 41 quasi-planar). Even more striking is the
absence of cubane-shaped motifs despite the fact that the CusBrsL4 (L = N- and P-donor ligand)
[135-142] and Cu4ClsL4 (L = N- and P-donor ligand) [143—-147] cubane complexes are quite
common (note that the provided references are not exhaustive since these ligands are not the
subject of this review). The structures of these six globular SBUs (X = Cl, Br) are adamantane

(CusX4S4), flower basket (CusBrsSe) and square pyramidal cluster (CusBrsSs).

Table 28. Comparison of the occurrence (X-ray structures) of the various CuxBrSy motifs.?

rhomboid other motifs

Table 11: acyclic dithioethers/CuxBrxSy CPs 22 4
Table 12: cyclic dithioethers/CuxBrxSy CPs 7 4
Table 13: acyclic monothioethers/CuxBrxSy CPs 2 2
Table 14: cyclic monothioethers/CuxBrxSy CPs 1 0
Table 15: polythioethers/CuxBrxSy CPs 4 2

Total 1 36 (76%) 12
Table 16: thione-containing/CuxBrxSy CPs 3 3

Total 2 39 (72%) 15

aThe other motifs include 2D-step cubane network, 1D-distorted ribbon, -Cu-Br- chain, 1D-zig zag, square chain,
1D-zig zag ribbon, staircase, trinuclear cluster, square pyramidal cluster, two 1D-zig zag twisted chains, flower
basket, and adamantane-like. Total 2 = Total 1 + Table 16. Structures including a coordinated MeCN or were not

determined by X-ray crystallography are not included.
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CuxBrxSy

Other motifs
28%

Rhomboid
72%

Figure 23. Comparison of the occurrence of the various CuxBrxSy motifs (based on X-ray data).

Table 29. Comparison of the occurrence of the various CP dimensionalities of the rhomboid

CuzBr2Ss-containing CPs (based on X-ray data).

rhomboid 0D 1D 2D 3D
Table 11: acyclic dithioethers/CuxBrxSy CPs 4 12 6 1
Table 12: cyclic dithioethers/CuxBrxSy CPs 2 4 2 -
Table 13: acyclic monothioethers/CuxBrxSyCPs 1 - 1 -
Table 14: cyclic monothioethers/CuxBrxSy CPs - - 1 -
Table 15: polythioethers/CuxBrxSy CPs -2 1 1
Table 16: thione-containing/CuxBrxS, CPs 2 - - -
Total 9 8§ 11 2

Structures that were not determined by X-ray crystallography are not included.

Rhomboid Cu2Br2
3D (7%)

0D (30%)
2D (37%)

1D (27%)

Figure 24. Pie diagram comparing the occurrence of the various CuxBrxSy dimensionalities

(based on X-ray data).

Table 30. Comparison of the occurrence (X-ray structures) of the various CuxClxSy motifs.?

rhomboid other motifs
Table 17: acyclic dithioethers/CuxClxSy CPs 11 3
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Table 18: cyclic dithioethers/CuxClxSy CPs 4
Table 19: acyclic monothioethers/CuxClxSy CPs 2
Table 20: cyclic monothioethers/CuxClxSy CPs 3
Table 21: polythioethers/CuxClxSy CPs 3

N = NN

Total 1 23 (70%)

10

Table 22: thione-containing/CuxCIlxSy CPs 1

2

Total 2 24 (67%)

12

2 The other motifs include 1D-zig zag ribbon, Cu-Cl-Cu-Cl chain, cyclic-CusCls, step staircase, two 1D-zig, adamantane-like and

zag twisted chains. Structures including a coordinated MeCN or were not determined by X-ray crystallography are not

included.

CUxC|xSy

Other motifs
33%

67%

Rhomboid

Figure 25. Comparison of the occurrence of the various CuxClxSy motifs (based on X-ray data).

Table 31. Comparison of the occurrence of the various CP dimensionalities of the rhomboid

Cu2Cl>S4-containing CPs (based on X-ray data).

rhomboid 0D 1D 2D 3D
Table 17: acyclic dithioethers/CuxClxSy CPs 1 2 6 1
Table 18: cyclic dithioethers/CuxClxSy CPs - 1 3 -
Table 19: acyclic monothioethers/CuxClxSy CPs - -2 -
Table 20: cyclic monothioethers/CuxCLSyCPs - 1 2 -
Table 21: polythioethers/CuxClxSy CPs - 1 2 -
Table 22: thione-containing/CuxClxSy CPs 1 - - -
Total 2 5 15 1

Structures that were not determined by X-ray crystallography are not included.
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Rhomboid Cu2Cl2

3D (4%)

0D (9%)
1D (22%)

2D (65%)

Figure 26. Comparison of the occurrence of the various CuxClxSy dimensionalities (based on X-

ray data).

Figure 27. Relative percentage of the occurrence of CuxX>S4-rhomboid motifs (X = Cl, Br, 1) for
the quasi-planar SBUs (yellow carpet) and of the occurrence of CuslsSs-closed cubane (blue
carpet) when the S-donor ligand is a thioether (back row) and thione (front row). The transparent
portions of the graph (two of them are labelled others) represent SBUs other than CuzX2S4-
rhomboids of CuslsSs-closed cubane. The sums of the colored and transparent portions = 100%.

Note that there are very few or no globular SBUs (X = Cl, Br) for both thioethers and thiones.
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The chalcogenoether ligands where E is Se or Te form exclusively rhomboid and closed cubane
SBUs (Table 23; 22 entries, excluding the two cases with coordinated CH3CN). This observation
represents a major difference with the thioether- and thione-containing ligands (Figure 27). The
relative occurrence of CuzlaSes-thomboid vs CusalsSes-closed cubane is ~50-50%, a ratio that
resembles that of Cuzl>2Ss-rhomboid vs CuslsSs-closed cubane (Table 24 and Table 25, top; 51
vs 61). Two materials containing the selenone-containing ligands have been characterized so far

(Table 23, entries 21 and 22), and in both cases, the rhomboid is observed.

One very interesting observation is the propensity of the CuxX>S4 rhomboid motifs to favor a
given CP structure dimension. Based on geometry alone, the probability of favoring a type of
structure dimensionality should be identical for all three salts, but experimentally, this is not the
case (Figure 28). Indeed, two trends are unambiguous. First, for all four categories of materials,
the formation of 1D- and 2D-CPs are the most probable outcomes. Second, there is a clear
evolution of the propensity of favoring 1D- and 2D-CPs (66, 75, 84 %) over OD- and 3D-
materials (34, 25, 16 %) when going from iodide, to bromide, to chloride, respectively. Again,
this trend is not geometrically related as the motifs are identical but are clearly halide dependent.
The comparison of the trends observed for the closed cubane CuslsSs motif and rhomboid
Cu2bS4 motif (i.e. identical halide) support this conclusion as they are approximately the same
(with the exception of the discrete molecules). The sampling appears to be large enough to trust

these trends but no explanation is possible for the moment.
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closed rhomboid motif Cu,Cl,S,
cubane
motif

Cu,l,S, Cu,l,S,

Cu,Br,S, 60

0D 1D 2D 0D 1D 2D 0D 1D 2D 0D 1D 2D

Figure 28. Graph reporting the percentage of occurrence of 0D-, 1D-, 2D- and 3D- materials for
the closed cubane Cusl4S4 motifs and the rhomboid CuxX>S4 motifs (X = CI, Br, I).

8.2.  Flexibility of the SBU motifs

One of the main conclusions of the statistical analysis is that the closed cubane geometry is the
most encountered geometry among the globular species (83% of occurrence; Table 24)
indicating clearly that this is the most stable structure. Deviation from this structure could often
be rationalized by obvious steric hindrance, ring tension, or both, meaning that the Cul salt can
readily adapt the SBU upon stress within the bulk. The recent evidence for this is the work by
Bai et al where using the same ligand L18 (PhSCH2C=CCH,SPh), two different SBUs were
obtained: hexagonal prism and ribbon [12]. These observations suggest that the SBUs must be
flexible as well. It was recognized earlier that two extreme geometries for Cusls(pyridine)s exist
[148], which are stella quadrangular and closed cubane (Figure 29). These two forms differ
intrinsically in the resulting Cu---Cu separations (shorter for stella quadrangular and longer for
closed cubane) and consequently noticeable from the averaged X-ray Cu---Cu distances. The
closed CuslsS4 cubanes included in this review also exhibit variable averaged X-ray Cu---Cu
distances. Moreover, several investigations reporting the Cu---Cu distances versus temperature

for various globular species demonstrated a significant change with the temperature (Figure 30)
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[24,25,30,36,74]. Moreover, the graph reporting the number of occurrence (population) vs

Cu---Cu distance exhibits a large span going from 2.566 to 2.891 A (A = 0.325 A) with a spread

at half maximum 2.68-2.82 A and average of 2.737 A (Figure 31). This somewhat large

distribution illustrates the flexibility of the closed cubane structure, most likely in order to adapt

to some solid state packing stresses. It is noteworthy that there is no relationship between the

dimensionality of the CPs and the mean Cu---Cu distances (Figure 31, left). Therefore, the fact

that the two 2D-CPs shown in Figure 30 exhibit longer mean Cu---Cu distances than those of the

1D-CP is only coincidental.

stella quadrangular

Figure 29. Representations of the two extreme cases of SBU geometry for the CuslsL4 SBU.
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Figure 30. Mean Cu---Cu distances vs temperature for five closed CuslsSs cubane-containing

CPs.
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Figure 31. Left: Distribution of the number of occurrences (Count) of mean Cu---Cu distance vs
distance for the closed cubanes indicating the dimensionality of the CPs. Right: Number of
occurrences (Count) of a given Cu---Cu distance vs distance for the closed Cu4lsS4 cubane-
containing CPs. Note that most data are for room temperature but on some occasions the reported
data are for a lower temperature. From Figure 30, this difference impacts by ~0.03 A the

extrapolated Cu-Cu distance at room temperature. The sum of the van der Waals radii = 2.80A.

Similarly, the flexibility of the rhomboid Cuz1>S4 motif is evidenced from the long mean distance
of 2.848 A (compared to 2.739 A for the closed CuslsS4 cubanes), and the larger span of 2.582 to
3.367 A (A = 0.785 A; Figure 32, left). These differences are due to the larger number of Cu-I
bonds and the presence of multiple cuprophylic interactions [149,150] in the closed cubane
compared to the rhomboid. Moreover, there is no trend correlating the resulting CP
dimensionality and the Cu---Cu distance for the rhomboid Cul>S4 SBUs as well (Figure 32).
The comparison of these Cuxl2S4 characteristics with those of the CuxX>S4 motifs (X = Cl, Br)
also indicates a large span in Cu---Cu distances. The minimum and maximum Cu:---Cu
separations are respectively 2.655 and 3.290 A for X = Cl (A = 0.635 A; Figure 32, left), and
2.613 and 3.459 A for X = Br (A = 0.846 A; Figure 32, middle). The monitoring of the average
Cu---Cu distances for X = Cl, Br and I, and their comparisons with that of the closed cubane
stresses an evolution of the skeleton flexibility: closed Cu4lsS4 cubane < CuzX>S4 rhomboids (i.e.

from less to more flexible skeleton) and Cuz>Ss < CuBraS4 < CuxClS4 simply illustrating the
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failure of the hybridization theory (and the VSEPR, valence shell electron repulsion pair

repulsions) as one goes down in the periodic table.

22 12 12
Cu,Br,S,

2.8 3.0 . . 2.9 3.0 . 0 27 28 29 30 31 32 33
Mean dCu-Cu (A) Mean dCu-Cu (A) Mean dCu-Cu (A)

Figure 32. Distribution of the number of occurrences (Count) of the Cu---Cu distance vs distance

for the thomboid CuzX>S4 motifs (X = Cl, Br, I) indicating the dimensionality of the CPs.

25 26 27 28 29 3
dCu-Cu (A)

31 32 33 34 35

Figure 33. Comparison of the distribution of the number of occurrences (illustrated as a red
Gaussian issued from the data from Figure 31 and 32) of the Cu---Cu distance vs distance for the
closed Cusl4S4 cubane (blue) and the Cu2X>S4 rhomboids (X = Cl (green), Br (brown), I (purple)).
The rectangles represent the distribution span containing the values in the range of 25-75% of the
data, and the central bars are the average values. The minima and maxima are the bars in the

extremities of the black lines.
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9. Photophysical Properties of the CuxXxEy-containing complexes and CPs

The most reported property for these species is luminescence and this section addresses their
photophysical behavior. Again, the two categories of chromophores are the quasi-planar and
globular species. This structural separation also bears a significant difference in their photophysical
behavior. Indeed, the globular clusters are generally strongly luminescent (Table 32) whereas
the quasi-planar species are moderately emissive or non-emissive (Table 33, including some
rare examples of chloride derivatives). This separation is also based on the nature of the lowest
excited states. The globular chromophores invariably exhibit lower energy cluster-centered
(CC*) triplet excited states whereas the quasi-planar species exhibit metal/halide-to-ligand charge
transfer (M/XLCT). These assignments are based on density functional theory (DFT) calculations
and the references are provided inside Table 32 and Table 33. These conclusions are also
consistent with the well-documented literature and the pioneer work by Peter Ford based on ab
initio calculations at the RHF SCF level on a model cluster Cusls(NH3)s [151]. A small
difference with the CuxXxEy-containing chromophores herein, is that the CuslsLs-cubanes in
solution occasionally exhibit two emission bands labelled high energy and lower energy bands
[152,153]. While the low energy band is assigned to CC*, the high energy one is assigned to
M/XLCT or sometime to halide-to-ligand charge transfer (XLCT). Figure 34 (a) exhibits the
potential energy surfaces explaining the occurrence of the high energy and lower energy bands
and their temperature-dependent relative population. The two examples are Cugls(pyridine)s and
Cusls(2-(diphenylmethyl)pyridine)s. One example of such case is provided in Figure 35 where
the two emission bands are clearly observed upon changing the temperature. The position of
these high energy and lower energy bands is also function of the average Cu-I distance. Figure
34 (b) exhibits the variation of the So, T1 and T> state energies as a function of the Cu-I distances
of the [Cuslspys] complexes and the resulting positions of the triplet emissions where the T1 and

T> energy minima are.

For the globular CuxlxSy species, this high energy band has been scarcely observed. In all cases,
their luminescence bands have been assigned to triplet emissions with no evidence of emitting
singlet states, which is consistent with the expected heavy atom effect accelerating the rate for
the non-radiative intersystem crossing process. The commonly reported photophysical

parameters are the emission maxima (Aem), the full width at half-maximum (FWHM), emission
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quantum yields (®.), and emission lifetimes (t¢). For the globular chromophores (Table 32), the
Aem values of the CC* bands range from 500 to 670 nm, with a tail extending to the near-IR
region on occasion. Only a few ®. data have been reported so far and range from 0.10 to 0.61
(the uncertainties are generally £ 10%), which is considered high and characteristic of these
types of chromophores [154]. Typically, t. ranges from ~0.2 to ~25 us (i.e. the spread is one

order of magnitude).
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Figure 34. a) Potential energy surfaces illustrating *CC (Cluster Centered) and *XLCT (Halide-
to-Ligand Charge Transfer) excited states depending on the Cu-Cu distances inside Cusls cubane
cluster (dpmp = 2-(diphenylmethyl)pyridine). Adapted with permission from Inorg. Chem. 1993,
32, 6, 869-874. Copyright 2021 American Chemical Society. b) Excitation energy vs Cu-I
distance inside [Cu4lspys] cubane cluster for the optimized So, T1 and T, structures. Number in
parentheses are the energy converted to nm for easier reading. Adapted with permission from

Inorg. Chem. 2006, 45, 26, 10576-10584. Copyright 2021 American Chemical Society.

Two very interesting and striking features are the occasional and the somewhat counter-intuitive
blue-shifts of the emission bands and some shortening of the emission lifetimes upon cooling. It
is noteworthy that these two odd behaviors are unrelated. The former behavior is not specifically

associated with the chalcogeno-ligands as other N-donor ligands promote this same behavior
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[153,155]. Normally the Cues-Cu separations in the Cuznlon (n = 1-4) skeletons shrink upon
cooling [24,30,36,74], which leads to a red-shift of the CC* emission band as the HOMO-
LUMO gap decreases. It also causes a depopulation of the upper vibronic levels (following a
Boltzmann distribution) on each vibronic state, thus removing higher energy vibronic transitions
and their corresponding components (sometime called sot bands) from the spectral envelope. This
common phenomenon also results in an apparent red-shift of the emission band upon cooling, as
well as a decrease in FWHM [156]. Indeed, examples of FWHM decreases upon cooling for
CuxI«Sy species are provided in Table 32. However, in the solid state, in addition to the Cus+-Cu
distance shortening and depopulation of the upper vibronic levels, a lattice contraction also
occurs upon cooling. This common trait has a tremendous consequence of the excited state
distortion of the chromophore in the excited state. The nature of these distortions has been
addressed for the cubane Cusls(pyridine)s using DFT calculations [148]. As the medium
becomes more rigid upon cooling the skeleton distortion becomes more difficult to achieve and
the emission band blue shifts [153]. This effect is called rigido-chromism. An example for such
behavior is provided in Figure 35 [27]. As for the second feature where the emission lifetimes
decrease at lower temperature, no explanation was proposed for this counter-intuitive
phenomenon. One can only speculate that as the lattice contraction occurs, closer intermolecular
contacts become more frequent and non-radiative processes through collisions and frictional
motions become more effective. This process would be structure specific. Furthermore, attempts
to correlate the 1. values or any photophysical parameters with the cluster geometry and
structural metrics, namely the CuessCu separations, ligand structure, dimensionality of the CP,
and lattice density, even for small groups of structurally related species, appear futile (Table 32)

[27], for ubiquitous lattice packing reasons.
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Figure 35. Typical behaviour of solid state emission of Cusl4L4 cubane displaying a high and a
low energy band switching intensity with temperature [155]. Reproduced with permission from
Inorg. Chem.2019, 58, 10736—-10742. https://doi.org/10.1021/acs.inorgchem.9b00876. Copyright
(2019) American Chemical Society.
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Figure 36. Left, illustration of the blue shift occurring in the solid state for 2D-[Cusl4(L28)2]n
upon cooling to 77K. Right, illustration of the red shift occurring in the solid state for 2D-
[Cu4ls(L22)2]n upon cooling to 77K. Modified with permission from Inorg. Chem. 59 (2020) 3686—
3708 [27]. https://doi.org/10.1021/acs.inorgchem.9b03275. Copyright (2019) American Chemical

Society.

Table 32. Photophysical parameters of the globular CuxlxSy species (note that examples

reporting only Aem With no other photophysical parameters are not included in this list).
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SBU xD-Formula T(K) Aem (nm) {FWHM} [®e] Te (us) (% contribution) Ref
Cubane 2D-[Cuslu(L33) ] 338 ggg ggggi [0.36] g:z : 8:2 [27]
Cubane 2D-[Cusly(L28)]n I SINY o
Cubane 2D-[Cuala(L25)2]n o8 o ggggi [0-18] SRy
Cubane 2D-[Cuslu(L22)3] 338 2% gggg{ [0.14] lizg N 8:? [27]
1D-polycubane 3D-[Cusla(L15)15]n 328 ggg g;ggi [0.15] ;% i 8(1)(9) [27]
Cubane 2D-[Cusly(L13)]n o8 o o e 122)
Hexagonal prism 3D-[Cusls(L18)3]x %38 gzg ggé i 882 [22]
Cubane ID-[Cualo(L52)3]s o8 ﬁgggi TS [as64]
Cubane 2D-[Cuals(L11)2]n 2 SN )
Cubane 2D-[Cusls(L12)2]n o Yo ios a4
Cubane 2D-[Cusls(LI)]n o8 2 ERa0 8
Cubane ID-[Culi(L19):]s o8 oo g
Cubane ID-[Cuala(L14)2]n 338 228 ;:gg : 8:8(1’ [31]
Cubane 2D-[Cuala(L17)a]n %28 2;8 411:4212 : 8:8? [29]
Cubane ID-[Cusly(L1)2]s 283 SRINE
Cubane ID-[Cuslu(L2)o]n 338 g?g ij : 8:1 [30]
Cubane ID-[Cusla(L5)2]n 338 gig ;2; : 8:; [30]
Cubane 1D-[Cuala(L7)2]n %38 g% 1(5’:3 . 82} [30]
Cubane ID-[Cusla(L3):]n o8 o Saion [0
Cubane ID-[Cuslu(L27)2]n el ggggi RIS ORI Py
Fused dicubane 2D-[Cusls(L30)3]n %38 ggg ﬁgggi g;? i 881 [21]
Open cubane 2D-[Cuala(L48)3]n %38 gg? 12(7)? I 82431 [36]
Closed cubane 1D-[Cuala(L49)3]n %38 228 1‘1‘22 i 82? [36]
Cubane 1D-[Cusls(L50)31s 338 g;“s‘ g:zg : 8:33 [36,41]

298 623 517 +0.01 (27%)

Cubane 0D-[Cuals(L53)4] o e e Egif; [36]
193 £0.01 (16%)
298 618 3.57 +0.01 (85%)

Cubane 0D-[Cusls(L54):] ol 1%:32 : 8:8} 8222‘3 [36]
3.51+0.01 (5%)
298 526 0.45 +0.01

Fused dicubane 0D-[Cuala(L55)4] 77 503 2.12+0.01 (47%) [36]
3.34+0.01 (46%)

Fused dicubane 0D-[CusIs(L55)s] 28 olsl 0262000 ?43;’21) [36]



2.69 £0.01 (51%)
298 515 1.03+0.11

Cubane 2D-[Cuala(L131)2]n 77 560 1324001 [24]
298 533 {3726} [0.21] 2.81+£0.10

Cubane 1D-[Cual4(L29)2]n 77 532 {2087} 5884010 [34]
. 298 519 {3554} [0.19] 2.50+£0.10

Cubane 1D-[Cuala(L29)2]n*EtCN 77 530 {1992} 4934010 [34]
298 561 {3881} [0.40] 5.11+£0.10

Fused dicubane 2D-[CuslIs(L30)3]n 77 555 {2470} 5.23+0.10 (50%) [34]
77 555 8.37 £ 0.10 (50%)
. . 298 530 {4230} [0.56] 2.72£0.10

Fused dicubane 2D-[Cusls(L30)3]n*MeCN 77 538 {1820} 5274010 [34]
. . 298 539 {3853} [0.10] 1.09+£0.10

Fused dicubane 2D-[Cusls(L30)3]n*EtCN 77 551 {1953} 488 40.10 [34]
298 585 {3800} [0.37] 8.94+0.30

Cubane 2D-[Cual4(L10)2]n 77 588 {2300} 836 = 0.30 [18]
. 298 534 {5900} [0.36] 241

Fused open dicubane  3D-[Cusls(L47)4]n 77 574 {2900} 251 [74]
293 519 12.1

Cubane 3D-[Cual4(L56)2]n 77 578 104 B71
. 293 552 23.7

Cubane + rhomboid ~ 1D-[Cuioli0(L56)7(MeCN)]a 77 575 155 [37]
293 590 19.1

Cubane O0D-[Cu4l4(L56)4] 77 583 15.0 [37]
545 9.97
293 541 6.60

Cubane O0D-[Cu4l4(L56)4] 77 529 8.99 [37]
576 15.5

Although much less common than the CuslsLs species (L = N-, P-, S- and Se-donors), closed
cubane CusBrsLs-containing materials (L = N- and P-donors) are also occasionally found to be
luminescent with parameters similar to their iodide congeners [139,146,157—-161]. Concerning
CusX4E4 cubanes (X = Br, Cl; E =S, Se, Te), no examples have been observed so far (see text

above).

The second category of chromophores consists of quasi-planar CuxXxSy species (Table 33; X =
Cl, Br, [; note that no luminescence was reported for CuxXxEy-containing materials where E =
Se, Te). The number of examples for which luminescence is observed for this type of
chromophore is significantly less than that of the globular clusters because they are often weakly
emissive or not at all. In contrast with the globular species, which exhibit specific windows of
photophysical parameters (i.e. 500 < Aem < 670 nm, ~0.2 < e < ~25 us), the emissive rhomboids
and quasi-planar species show much larger ranges of Aem (378 < Aem < 640 nm, X =I; 380 < Aem
<560 nm, X = Br; 423 < Aem < 592 nm, X = Cl) and the emission lifetimes may be as short as 30
ps and as long as 0.54 ms, and often their emission decays are multi-exponential. Noteworthy,

the number of Br-containing species that have been reported to be emissive surpasses
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overwhelmingly those for X = Cl and I. The reason remains unknown. The nature of the emissive
excited state of the Cuxl>S4 rhomboids imbedded inside the 1D-chain of [Cuzla(p-cyclic-
S(CH2)4S)]n was addressed by DFT computations and was assigned to an M/XLCT triplet
excited state [80]. This conclusion is consistent with that of earlier theoretical calculations on a
series of rthomboid-shaped complexes of formula [AgrX>(dmb):] (X = I, Br, Cl; dmb = 1,8-
diisocyano-p-menthane) [162], suggesting that the outcome is largely structure based, when the
halide-containing tetravalent metal has a d'° electronic configuration and there is no significant
M-M interactions. The role of the halide in the filled frontier MOs is well demonstrated by the
conclusion drawn by theoretical calculations on the lowest energy excited states of the
{IM(dmb)2](Y)}n polymers, which has no halide (M = Cu(l), Ag(I); Y = BFs, PF¢,
NO3~,Cl047,CH3CO;™; metal-to-ligand charge transfer, MLCT) [163].

The first two entries of Table 33 provide extreme cases. The long emission lifetimes of ~0.54 ms
reflect the lesser heavy atom effect of the chloride ligands compared to bromide and iodide. The
particularly short lifetimes (ps-ns) exhibit poly-exponential decays (see starred data). This
behaviour arise from triplet-triplet annihilation as demonstrated by the quadratic power
dependence of the emission intensity and lifetimes [17,18]. This behavior is associated with
efficient excitation energy migration across the lattice where the thomboids are closely spaced.
This is the case for the isostructural 3D-[CuxX2(L)]n polymers (X = Br, Cl) where the lattice is
built upon 2D-layers of Cu»X>S4’s bridged by a S-atom of a EtS(CH:)4SEt ligand, which
interconnect the layers. The excitation energy migration occurs because of the short separation
between the rhomboid clusters. These investigations are interesting as they were reporting,
surprisingly for the first time, the presence of an excitation energy migration between
coordination entities. Normally such photophysical behaviour occurs for organic chromophores
and inorganic solids only. Other CPs also exhibit short-lived emission poly-exponential decays,
notably the 1D-[CuBr2(L)2]n CPs (L = ArS(CH2)mSAr; Ar = Ph, p-Tol, m = 3,5), but the
quadratic dependence of the emission intensity and lifetimes was not verified in these cases [28].
This behavior disappears when the pendent group on the S-atom imposes some steric restrictions
as observed for the 1D-[CuxX2(L)2]n CPs (X =1, Br; L = CyS(CH2)3SCy) [31]. It is noteworthy
that no cubane or globular species exhibit efficient excitation energy migration. This absence is

due to the generally large distances between the clusters. Except of a few exceptions, the other T
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data range between 0.4 to 26 us, which resemble to that for the Cusl4S4 cubanes and the related
globular clusters and is typical of triplet emission of coordination complexes. Similarly, attempts

to correlate the photophysical parameters with the structure prove difficult.

Table 33. Photophysical parameters of the Cuzl>S4 rhomboids and other guasi-planar CuxIxSy
species (note that one globular specie (2D-[CusBrs(MeSPr)3],) is included).

SBU xD-Formula T(K) hem (nm) {FWHM} Te (11S) Ref
. . 298 592 {5650} 53241
Linked rhomboid 2D-[Cu4Cls(L78)]n 77 525 {2380} S44+1 [29]
298 434 {3600} 0.00003*
. 0.00093*
Rhomboid 3D-[CuzCl2(L10)]n 77 423 (3100} 0.00102* [17]
0.00352*
298 442 <0.1
Step staircase + rhomboid ~ 2D-[(CusBr3)(L49)3]n 77 440 498 £0.07 [36]
510 (sh.) 8.29+£0.20
298 425 0.89 £0.01
550 0.78 £0.01
Open-[CusBrs]+ [CuzBr2]  1D-[CusBr3(L50)3]n 77 440 2.5340.05 [48]
550 1.47 £0.02
%
Rhomboid D{CuBRLIO)h o0 e gzggi e 18]
298 385 1.34 £0.01
Square pyramidal cluster ~ 2D-[(CusBrs)(L50)3]n 77 400 1.08 £0.01 [41]
525 (sh.) 2.70 £0.01
298 420 0.64 £0.01
. 470 1.32+0.03
Rhomboid 2D-[Cu2Br2(L16)2]n 77 370 3434007 [24]
470 Not measured
. 298 448 1.58 £0.02
Rhomboid 0D-[Cu2Br2(L131)2] 77 459 1854005 [24]
Rhomboid 7D-[Cu2Bra(L75)2]n 298 450 2.98+£0.01 [24]
77 456 4.05+0.08
Rhomboid 2D-[Cuz2Br2(L74)2]n 298 444 1.75+0.20 [24]
77 463 6.62£0.10
Rhomboid 1D-[Cu2Br2(L9)]a 298 380 10.0+0.1
503 12.0+0.1 [28]
77 410 11.5+0.2
550 11.3+0.1
1D-[Cuz2Br2(L)2]n 298 380 242 +0.1
[CuaBr] BzS(CH:)3SBz 77 410 262+13 B0
. 298 480 0.00015*
Rhomboid 1D-[CuzBr2(L9)]n 77 490 0.00020* [28]
Rhomboid 1D-[CuzBr2(L19)]a 77 470 0.00002*  [28]
Rhomboid ID-[CuBra(L20)]. 77 470 0.00024*  [28]
298 425 491 +0.08
Rhomboid ID-[Cu:Bra(L14)2]s 77 425 517+0.10 [31]
480 8.66 +0.01
298 510 4.13£0.10
Rhomboid 1D-[Cuzla(L14)2] o 77 422 534+0.02 [31]
530 9.30£0.10
298 378 1.04 £0.01
Rhomboid 1D-[Cuzl2(L.99)2]n 77 fﬁ; (1)3; i 883 [80]
640 1.49 £0.04
Step staircase 2D-[Cual4(L83)3]n 298 481 (@ =0.17) 0.43 (47%) [23]
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1.52 (53%)

77 499 1.88 (94%)
12.3 (6%)
Step staircase 3D-[Cuala(L123)s5]n 298 550 9.13 [110]

*Other components exist and the te’s vary with the laser power due to triplet-triplet annihilation.

Copper Halide-Chalcogenoether and -Chalcogenone

For comparison purposes with 0D CuX complexes and coordination polymers built upon N- and
P-containing ligands and to slightly enlarge the scope of this section on the photophysicl
properties of the copper halide-chalcogenoether networks, several reports on the recent advances
on organonitrogen and organophosphorus ligand-containing networks are now described. Indeed,
there is an increasing interest in the optical properties of this related systems and their uses in

material science [75].

An interesting phenomenon reported for CunX, (generally X = I) SBUs stabilized by
organophosphorus and organonitrogen ligands is the possible thermally activated delayed
fluorescence (TADF) in the solid state [164] where an emissive singlet excited state is thermally
populated by a non-emitting triplet states. This process is called reversed intersystem crossing
(rISC) as illustrated in Figure 37. The requirement for this process to be possible is that the
energy gap between S; and T be small enough so that the external thermal energy is sufficient to
populate Ty from S;. This process differs from delayed fluorescence: T1 + T1 — So + S; + heat.
For example, the OD-[Cu(I)(POP)(pz2BH>2)] complex is a blue/white-blue phosphor (POP =
bis(2-(diphenylphosphanyl)phenyl)ether, pz2BH> = bis(pyrazol-1-yl)borohydrate; Figure 38, a)
[165,166]. This complex is described to be a good candidate for singlet harvesting in OLED
technologies [164,167,168] as its S state (lifetime = 30 ns) is easily accessible from thermal
activation at room temperature. TADF is reported to be the dominant deactivation phenomenon,
even though, the lifetime of the 0D-complex’s triplet state is reported to be rather long (20 us at
300K) rendering its application the OLEDs non ideal.
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Figure 37. State diagram showing the photophysical events processes for TADF bearing species
after absorption of light.

A solvent-free thermal method to access Cuzlz containing discrete complexes that could be easily
implemented as thin films for OLEDs applications was also designed for the 0D-complexes
[Cu2l2(pyrpy)2(PR3)2] (pyrpy = 4-pyrrolidinopyridine; PR3 = triphenylphosphine (Figure 38, b),
tri-m-tolylphosphine and tri-p-tolylphosphine) which display blue TADF centered at 450 nm
with respectable emission quantum yields (0.24, 0.31 and 0.51 respectively) [169].

This behaviour was also observed for the coordination polymers 1D-[Cuzl>(PPhs3)2(3-tpyb)]n (3-
tpyb = 1,3,5-tris(3-pyridyl)benzene) [170] and 2D-[Cuz12(4,4"-bpy)2]n [171] (Figure 38, c and d).
These two motifs exhibit a thomboid Cwl> core with blue-to-yellow and weak red TADF
respectively coming from the MLCT* (metal-to-ligand charge-transfer excited state) mixed with
XLCT* (halide-to-ligand charge-transfer excited states). After grinding, these materials were
found to display mechanochromism properties with an emission band characteristic from
phosphorescence arising from a *CC* (triplet cluster centered excited state). This allows for a

switch between TADF and phosphorescence upon mechanical stimuli.
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1D-[Cu,l,(PPh,),(3-tpyb)],

Figure 38. X-ray structures of a) 0D-[Cu(I)(POP)(pz2BH>)] (C¢Hs groups on phosphines were
omitted for clarity), b) 0D-[Cul2(pyrpy)2(PR3)2], ¢) 1D-[Cu2l2(PPh3)2(3-tpyb)]n and c¢) 2D-
[Cuzl2(4,4'-bpy)2]n. Color code: Cu, orange ; I, purple ; P, light orange ; C, grey ; N, blue ; O, red
; B, beige ; Hydrogen atoms were omitted for clarity. The images were reproduced using the cif
files from the Cambridge Crystallographic Data Centre; CCDC number: a) 851397, b) 1821141
c) 1843261 and d) 1886408.

Other 0D- complexes constructed with mono- and bis-arylphosphine are more prone to the Cusls
cubane formation with similar spectral properties as the one constructed with chalcogenoethers.
For example, Perruchas highlights the different photophysical properties of this complexes with
insight on their thermo- and mechanochromic properties [172—174]. The alkoxysilane phosphine
PPh(CH2)2Si(CH3)2(OCH2CH3) ligand reacts with Cul, and after an hydrolysis-condensation to
forming a chelating ligand, a Cu4ls cubane SBU was formed. Two polymorphic crystals of 0D-
[Cusls(PPh2(CH2)2(CH3)2S10Si1(CH3)2(CH2)2PPhy)2] were obtained displaying green and yellow
emissions (Aexe = 312 nm; Figure 39, a). Upon grinding, the “green” polymorph changes its
emission color to yellow mimicking the spectral behaviour of the yellow polymorph probably
induced by the harmonisation of the Cu-Cu distances as suggested by the authors [172]. A series
of cubane-containing 0D-[Cu4l4(PR3)4] complexes were prepared by reacting Cul with PArs (Ar
=4-CsHsCF3,4-C¢Hs0OMe, 4-CsHsMe) [173]. A photophysical study of these complexes revealed
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that their optical properties could be tailored by controlling the electron withdrawing ability
induced by the substituents. Thermochromism was also deteced within the range of 8 to 290K
(Figure 39, b). More recently, Utrera-Melero et al. [174] reported another discrete complexe 0D-
[Cusl4[PPh2(CsH4OMe)]4]-3THF] with mechanochromic behaviour (Figure 39, c).

Aex =365 Nm

Figure 39. a) Top, comparison of the two polymorphs of 0D-[Cu4l4(PPh2(CH2)2(CH3)2Si0Si-
(CH3)2(CH2)2PPhy)2]. Bottom, emissions under UV-light (green structure = green polymorph and
red structure = yellow polymorph). Adapted with permission from J. Am. Chem. Soc. 2014, 136,
32, 11311-11320. Copyright 2021 American Chemical Society. b) Top, X-ray structure of 0D-
[Cusl4(PR3)4] (R =PhCF3;, PhOMe, PhMe). Bottom color of the crystals under visible and UV-
light at room temperature and 77 K. Reprinted with permission from Inorg. Chem. 2018, 57, §,
4328-4339. Copyright 2021 American Chemical Society. ¢) Top, X-ray structure of 0D-
[Cusls[PPh2(CeH4OMe)]4]-3THF]. Bottom, crushed and crystalline samples of 0D-
[Cusls[PPh2(CsH4OMe)]4]-3THF] under visible and UV-light at room temperature. Adapted with
permission from /norg. Chem. 2020, 59, 18, 13607—13620. Copyright 2021 American Chemical
Society. Color code: Cu, orange ; I, purple ; P, light orange ; C, grey ; F, green ; O, red ;
Hydrogen atoms were omitted for clarity. The images were reproduced using the cif files from
the Cambridge Crystallographic Data Centre; CCDC number: a) 980393-980394, b) 1582204-
1582206 and c¢) 2005965.
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It is also worth mentioning that the high fluxionality of the coordination sphere of the copper(I)
ions and the presence of Cu-Cu interactions are highly connected and impact greatly the
structure and the photphysical properties of this class of compounds. For further references, one
can consults the work of Lescop [175-177] and Steffen [178,179] as well as the short review by

Tsai focussing on the cuprophilic interactions [150].

10. Related topics and comments

The first section of this review focused on the occurrence of globular and quais-planar SBUs in
the reported 0D-, 1D-, 2D- and 3D-species. In comparison with the seleno- and telluro-analogues,
the thioether and thione assembling ligands have been overwhelmingly used. This observation
may be related to the high toxicity of the former two elements. Based on the basic research
performed in this field, several patents were also deposited. For recent examples, the 3D CP
[Cusls(L166)4]n (166 = 2-mercaptobenzothiazol) was successfully used for selective sensing of
o-nitrophenol in waste water (Chair form copper iodine cluster (Cuss(Etmbt)y) and its
application in selective recognition of o-nitrophenol in wastewater, CN 110054638 A 20190726)
[181], and a series of 1D and 2D CPs of a general formula [CumXmLa]n (X = Br, [; L =
ferrocenyl-E-R-E-ferrocenyl; E = Se, Te; R = (CH»)x, 1,4- and 1,3-C¢Hs; m and a > 1) were used
as homogeneous catalysts for catalytic coupling reaction of carbon-nitrogen (ferrocene cuprous
cluster catalyst for catalytic coupling reaction of carbon-nitrogen, and preparation method
thereof, CN 107803223 A 20180316) [182]. The use of CuCN and AgX salts (X = CL, Br, I), and
design and coordination of metal-containing chalcogenide ligands, are obvious alternatives or
extensions to this chemistry. Surprisingly, literature proves that examples are extremely rare

(below).
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Figure 40. Other selected ligands.

10.1. Silver species
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Despite the expected similarity in the chemistry of the silver and copper salts, the literature based
on silver halides drastically differs from copper as precursors of chalcogenoether and -
chalcogenone materials. Indeed, and to the best of our knowledge, no network or CP have been
reported with the silver salts, excluding some ditopic ligands. Moreover, the number of discrete
complexes that were isolated and characterized turns out to be extremely limited. In earlier days,
two AgsX4L564 cubanes (X = Br, I; L56 = tetrahydrothiophene, THT), were prepared and
characterized by large angle X-ray crystallography [183,184]. The structure is assigned as a
stella quadrangular with distances that slightly differ from the copper homologues (Ag4l4L.564:
Ag-l, 2.799(4); Ag-Ag, 3.072(6), I-1, 4.638(19) A, AgiBrsL56s: Ag-Br, 2.592(3); Ag-Ag,
2.866(5) and Br-Br, 4.25(4) A) [183]. The sum of the van der Waals radii is 3.74 A, which
suggest that Ag===Au interactions are present. The structure of L.156 is in Figure 40. Recently,
two rhomboid-shaped complexes, [Ag:Cla(u-L157)2(L157)2] and [Aga(u-Br)2(L158)4] were
prepared with the thione ligands L157 and L158 and were examined for antimicrobial activity
against Gram positive, Gram negative and a yeast (Figure 41) [185]. Both complexes show high
activities (low minimum inhibitory concentration), somewhat better than that obtained for some

the copper(I)-containing species in some cases. There seems to be room for further studies.

Figure 41. X-ray structure of the two dimeric silver complexes [Ag>Cla(u-L157)2(L157)2] left
and [Agx(u-Br)2(L158)4] right. Ag, dark grey; Cl, green; S, yellow; Br, deep red; N, blue ; C,
grey, Hydrogen atoms were omitted for clarity. The images were reproduced using the cif files

from the Cambridge Crystallographic Data Centre; CCDC numbers: 1956609 and 1956611.

10.2, The thioether within multitopic ligands
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One of the key issues is the relative propensity of Cu-S bonds to be formed relative to other
copper-ligand coordination linkages, namely Cu-N and Cu-P. Many examples of multitopic
ligands binding CuX salts (X = CI, Br, 1) involving thioether moieties, exist, but just almost
systematically no Cu-S bonds is formed. Indeed, multiple examples of phosphine-containing
ditopic ligands exists and the Cu-P bond is uniquely formed stressing the well-known stronger
ligand properties of the phosphines [186—188]. Similarly, pyridyls and imines are also
dominantly favored over the thioethers [189—-196] and selenoethers [197] in such ditopic ligands.
On some occasions when placed in a chelating geometry, both the pyridyl and thioether moieties
combined to link the Cu(I) atom of the SBU to form mixed coordination 0D complexes and 1D-,
2D- and or 3D-CPs [198-200]. Similarly, the (2-pyridyl-Se).CH: ligand also binds a staircase
Cusls via two Cu-N and two Cu-Se bonds [197]. This mixed-ligand binding scheme is
occasionally found with the solvent molecule MeCN as N-donor ligand (several examples were
provided in this review). To the best of our knowledge, there are only two reports where the
thioether ligand binds the Cu-containing species but not the imine residue (i.e. 1D-[Cu4ls(L36)2]n
[33] entry 1, Table 2 and 2D-[Cuzl2(L.113)], [100] entry 13,

Table 9).

Similarly, several examples of thione-containing multitopic ligands are also provided in this
review and again systematically the electron rich thione function binds the copper(I) metal first,
even before thioethers [108,121,122,129]. Interestingly, this weaker affinity for the thioether
ligands to competitively bind the Cu(I) center of the (CuX), SBUs (X = Cl, Br, I) in comparison
with some common heteroatomic donors, namely phosphines, imines, pyridyls, and amines, and
even thiones, makes the corresponding discrete complexes and CPs (for example 1D-
[Cusls(LL36)2]n), particularly special. Concurrently, the use of multitopic ligands containing
thioether and ether groups systematically leads to the formation of Cu-S coordination bonds
demonstrating that the softer Lewis base is favorably interacting with the electron rich and softer
Lewis acid copper(I). Moreover, the recently demonstrated selectivity for the thioether group
over the ethynyls in (MeS)>CsH4C=C-9,10-anthracenyl-C=CC¢H4(SMe). [201], MeSCcH4C=C-
C=CCsHsSMe [23], and p-MeCsH4SCH,C=CCH>SC¢H4-p-Me [25], two soft ligands with the
possibility of back-bonding, for the copper atoms of the CuCN chains, staircase Cusls SBU, and

Cuyls cubane unit in their respective 2D networks is interesting. Indeed, an opposite trend was
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observed with the organometallic ligands containing the negatively charged ethynyl moiety
(RC=C-) (see section on the organometallic ligands). A recent example of an organometallic
ligand, trans-MeSCsH4C=CPt(PMe3),C=N, where the hierarchy of affinity has been well
demonstrated (Cu-N=C > Cu-(n2-C=C) > Cu-S) [202].

10.3. (CumXm+n)™ halogenocuprates

One of the main conclusions of the preliminary structural survey is that the cubane Cu4ls and
rhomboid CuxX> (X = Cl, Br, I) are generally favored as SBUs and that steric reasons could often
account for this outcome. This observation indicates that the weaker Cu-X coordination bonds
play an adaptive role in the stabilisation of the crystalline state. Regardless the nature of the
ligand, the (CumXm+n)"™ halogenocuprates are often generated upon creating a stoichiometric
imbalance between the Cu” and X~ ions [203-205]. The number of thioether-containing ligands
exhibiting Cu-S bonds is very small. One example uses an excess of I” ions (as Nal salt) and a
2D CP, [NayCusls(L91)2(MeCN)4]y, is obtained in which the SBU is a Cugls®” anion (adopting a
pseudo staircase geometry) and the excess of Na' cations are captured by the ether-thioether-
containing macrocycle (Figure 42) [79]. Using this same approach, ligand L.44 and KI react with
Cul to form a non-emissive CP [KCua2sls25(1L.44)(MeCN)2o(CH2Cl2)0.75]n where the SBU
consists of a 1D distorted ribbon and the K" cations are trapped inside the macrocycle (Figure
43) [46]. Moreover, the use of 1,7-dithia-18-crown-6, L.93, with Cul and an excess of KI or CsI
also form 1D CPs formulated as [cation2Cuelg(1L93)]n (cation = K* or Cs"), in which the cations
are captured by the macrocycle as well and the Cuels* cuprates are employed as SBUs (Figure
44) [86]. It is worth noting that these Cuels®> SBUs differ structurally from that shown in Figure
42. Concurrently, the 2D [RbCu4ls(L43):]n and 3D [CsCusls(LL43)2]n CPs are formed when the
1,10-dithia-18-crown-6 ligand, L.43, is reacted with Cul in the presence of respectively Rbl and
Csl (Figure 45) [206]. L43 acts as a trapping agent thus creating cuprate SBUs, Culs™. The
polyanionic SBU of the former CP is composed of Cusls units (like opened cube) bridged by
iodides. The latter CP also exhibits the Cuals open cubes as SBUs but these are bridged by ICul
units. The use of macrocycle trapping agent appears to be a good way to provoke this imbalance

as other examples appeared [76].
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Figure 42. (a) Schematic representation of the [NaxCuslg(L91)2(MeCN)s], CP. MeCN molecules
are omitted for clarity (b) X-ray structure of the [Na;Cuslg(LL91)2(MeCN)s], CP. Na, lavender ;
O, red, ; S, yellow; Cu, orange ; I, purple ; N, blue ; C, grey, Hydrogen atoms were omitted for
clarity. The image was reproduced using the cif files from the Cambridge Crystallographic Data
Centre; CCDC number: 965571.

Figure 43. (a) Schematic representation of the [KCus.25l5.25(L44)(MeCN)2¢(CH2Cl2)o.75]n CP. (b)
X-ray structure of the 1D-[KCus251525(L.44)(MeCN)2¢(CH2Cl2)0.75]a CP. K, lavender ; O, red, ; S,
yellow; Cu, orange ; I, purple ; N, blue ; C, grey, Hydrogen atoms and CH>Cl, molecules were
omitted for clarity. The image was reproduced using the cif files from the Cambridge

Crystallographic Data Centre; CCDC number: 787696.
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Figure 44. X-ray structures of the 1D CP [cation2Cusl3(1L93)]n (cation = K7, left; or Cs™, right).
K, lavender ; Cs, dark lavender ; O, red, ; S, yellow; Cu, orange ; I, purple ; C, grey, Hydrogen
atoms were omitted for clarity. The images were reproduced using the cif files from the

Cambridge Crystallographic Data Centre; CCDC number: 207826 and 207827.

Figure 45. X-ray structure of the 2D [RbCuals(L43)2]n (left) and fragment of the 3D
[CsCusls(L.43)2]n CPs (right). Rb and Cs, dark lavender; O, red ; S, yellow; Cu, orange ; I, purple
; C, grey, Hydrogen atoms were omitted for clarity. The images were reproduced using the cif

files from the Cambridge Crystallographic Data Centre; CCDC number: 177278 and 177279.

The doping with elemental iodine can also be performed in the presence of Cul and a thioether to
form CPs containing halogenocuprates such as the CP [Cusls(dodecylMeS)s](dodecylMe>S)*
[62]. The Cusls~ SBU appears as a cubane missing a Cu atom. The general observations are as
follows. First, the number of discrete complexes and CPs built upon halogenocuprates as SBUs

is rather very limited compared to the neutral species. Second, these examples appear to be
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solely found for the Cul salt. Third, the structures of the (CumXm+n)" SBU is highly variable in
stoichiometry (m = 3-6) and structure (for an identical m). And fourth, neither an emission nor

other property or applications was reported in most cases.

10.4. Relevant particularities

The adaptability of the (CuX), SBUs (X = Cl, Br, 1) is remarkable, not only in metal/ligand
stoichiometry (n) and geometry (Cusls cubane, open cubane, opened cube, step staircase for
example), but also in bidentate connectivity. This latter feature can have a direct consequence on
the dimensionality of the resulting CP. An example for such a case concerns the 14-membered
ring dithioether ligand L90 (Figure 46) [82]. In this example, the SCH2CH2S-moiety can form
chelates and bridges respectively leading to a OD-complex and 1D-CP with the same
metal/ligand ratio. Another example is the dithioether ligand XCsH4S(CH2)sSCsH4X (X = H,
Me), which forms 1D CP of general formula [(Cu2Br2)(XCsH4S(CH2)sSCeHaX)2]n with the
particularity that the two bridging ligands coordinating the next rhomboid unit may come from

the same Cu atom or two different copper metals (Figure 47) [30].
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Figure 46. Left: Structure of L90. Right: Structures of the two products obtained during the
reaction between L90 and Cul. O, red ; S, yellow; Cu, orange ; I, purple ; C, grey, Hydrogen
atoms were omitted for clarity. The images were reproduced using the cif files from the

Cambridge Crystallographic Data Centre; CCDC number: 790793 and 790794.
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Figure 47. Scheme showing the two different connectivity patterns employed by the Cu:Br»
rhomboid SBU to secure the 1D-dimensionality upon changing H for Me in the bridging ligand
XCeH4S(CH2)sSCsHaX.

The fact that the sulfur atom bears two lone pairs makes it prone to use one or both during the
formation of the CPs. This feature is well illustrated by the rigid ligands L83 forming 2D-
[Cusls(LL83)3]n [23] and 2,4,6,8-tetrathiaadamantane L.146 forming 1D-[CusClsa(1L146)2], [127] in
which both SBUs adopt the step staircase geometry (Figure 48). The adamantane structure may
promotes the chelate connectivity whereas L83 does not. The consequence is that a single S-
atom may use both of its lone pairs (for steric reasons) to bridge two SBUs. The use of both lone
pairs is indeed common for monothioethers (see Table 3, Table 4, Table 8, Table 13, Table 14,
Table 19, Table 20). This point is important since the S-donor differs from the common
phosphine, amine, imine and pyridyl ligands, and hence leading to better adaptability of the S-
containing ligand towards CuX salts and consequently to a larger scope of corresponding CPs.
However, there are a few scarce exception of bridging phosphane ligands coordinated with

CunXy (X=Cl, Br, I) clusters [207-209].

/

AN AN
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Figure 48. Comparison of the S-connectivity between 2,4,6,8-tetrathiaadamantane 1.146 and
L83. Right, 1D-[CusCl4(LL146)]n, left, 2D-[Cusla(L83)3]n. S, yellow; Cu, orange ; I, purple ; CI,

green ; C, grey, Hydrogen atoms were omitted for clarity. The X-ray images were reproduced
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using atomic coordinates from ref [127] and using the cif file provided in supplementary data of

ref [23].

During the course of this survey, a few studies showing attempts to vary the metal/ligand ratio in
order to monitor its outcome on the SBU geometry and perhaps the dimensionality of the
resulting CP, were performed. Among a few studies, one investigation focussed more on this
parameter [28]. Interestingly, when the salt is Cul, a 2/1 and 1/1 ratios generally lead to Cuasls
and rhomboid Cuxl, SBUs, respectively, which in turn helps to predict the geometry of the SBU.
Concurrently, when the salts are CuBr and CuCl, there is no or very little effect of this ratio on
the resulting geometry of the SBU, where the rhomboid geometry is largely observed. This trend
certainly helps predict the nature of the anticipated SBU, but literature proves that this trend is
not absolute. Indeed, about 80% of the reported structures of the CuxBrxSy motifs are thomboids
(Table 28), and concurrently about 67% of the reported CuxClxSy motifs were also rhomboid
(Table 30). These ratios mean that about 20% and 33% are other quasi-planar motifs,

respectively.

One of the parallel features is that many 0D complexes and 1D-, 2D- and 3D-CPs containing
chalcogenoethers or chalcogenothiones also bear coordinated monodentate MeCN ligand (just a
few examples were listed in this review). Beside the solubility issue meaning that such species
are reaction intermediates, the main obvious reason is the easier crystallisation process with this
geometrically small and stronger ligand. The understated advantage is that new CPs bearing their
own specificity, properties, and applications become accessible, but the disadvantage is that
higher dimensionality CP is not possible since this monodentate ligand is simply not prone to act

as a bridging ligand.

The quasi-absence of MOFs or highly porous CPs is chronic, but not totally absent, with this
family of materials. Indeed, a very large number of rigid ligands were investigated, and yet, the
quest proved difficult, but not illusive. The main reason is again the large adaptability of the

(CuX)n SBUs to adapt to ring stresses and solid-state packing.

One of the notable missing neutral SBU in this review is the Cualn where n = 7. It has previously
been observed for a P-donor ligand (0D-[Cu7l7(P(CsH4CF3)3)s(MeCN)]) [210], a tridentate N-
donor ligand (2D-[Cu7I7((3-Py-NH)3(P=S))]s) [211], and a ditopic N,S-ligand (0D-[Cu7I7(2-Py-
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CH>CH>StBu)3]) [212]. In these three cases, the structure consists of layers exhibiting the 1 Cu /
3L/3Cu/3L/3Cu/lL geometry where the tetravalent metals exhibit more or less Cu===Cu
interactions of Cu-Cu bonding. The tetrahedral geometry of the ligands (P(CsH4CF3)3) and (3-
Py-NH)3(P=S) must definitely play a role in the outcome of the Cusl7 stoichiometry. One may
also suspect that the 0D-[Cusl7(2-Py-CH2CH2StBu)s] complex, which exhibit no strong Cu===Cu
interactions, was obtained serendipitously by changing the reaction stoichiometry M/L from 7:3

to 1:1, which lead to the rhomboid species 0D-[Cuzl>(2-Py-CH2CH>S¢Bu):].

11. Conclusion

The networks built upon chalcogenothioether and chalcogenone ligands and copper salts are a
research topic of growing interests (Figure 1). The large survey and analysis conducted in this
review indicated that structurally predetermined rigid, free of potential steric issues, and
preferably multidentate ligands (> 2 thioethers or thiones), whether they are strictly bridging or
very prone to chelation, along with an appropriate L/M stoichiometry, can lead to a quasi-
predictable outcome of both the SBU and CP dimensionality, and thus often of the resulting
properties and potential applications as well. Indeed, multiple investigations indicated that the
1:1 and 2:1 L/M ratio respectively led to the formations of globular, generally significantly
emissive, and quasi-planar SBUs, which are generally modestly emissive or simply silent. The
copper iodide salt exhibits a strong tendency to generate the closed cubane CuslsSs cluster with
an occurrence of 83% among the globular motif, and the Cuz12S4 rhomboid with a probability of
80% among the quasi-planar motifs. This larger propensity for this particular structure, therefore
higher stability, appears to be related to the presence of multiple Cu-I bonds and of multiple
weak cuprophylic interactions. By examining the nature of the ligands, the formation of other
structures and geometries different from closed cubane and rhomboid stems from the sometime
obvious ring stress and the presence of steric hindrance. This observation leads to the important
conclusion that the SBU adapts its size and structure consequently. Further evidence for this
large flexibility and adaptability of the SBUs arises from the comparison of the Cu===Cu
distances in the closed Cusl4S4 cubanes and CuxX»S4 rhomboids (the two most encountered
motifs). Indeed, the span is very large between the smallest and largest reported Cu===Cu

distances (d= 0.325, 0.785, 0.508 and 0.635 A for Cu4lsSsand CuxX2Ss; X = I, Br, Cl,
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respectively). It is noteworthy that there is no relationship between the Cu===Cu distances and the
resulting dimensionality of the CP, thus indicating that the structural property must be directed
by the nature of the ligand. However, the largest piece of evidence for this conclusion on the
adaptability of the SBU (structure and Cu===Cu distance) is that of seleno- and telluroether
ligands, excluding the CPs containing coordinated acetonitrile, only the closed cubane and
rhomboid motifs have been observed as SBUs (Table 23). Conversely, the copper bromide and
copper chloride salts do not form closed cubane CusX4E4 clusters at all (X = CL, Br; E = S, Se,
Te) and are not prone to generate globular SBUs (respectively 2.4 and 8.6% of occurrence when E
=S, and 0% when E = Se, Te). This observation comes as a surprise since many closed cubane
CusXsLs clusters where X = Cl, Br and L = N- and P-donors are known. Moreover, the quasi-
absence of globular species characterized by X-ray crystallography for the Se- and Te-containing
materials seems to suggest that the longer Se-C and Te-C bonds provide the room necessary for
the CP to form without causing too much stress on the most stable SBUs (closed cubane and
rhomboid). In addition, the multitopic ligands bearing two types of heteroatoms show that the
very large tendency where a given heteroatom or function will bind the Cu(I) center but not the
thioether. This observed trend is Cu-P > Cu-N > Cu-S and consistent with the relative ligand
strength. Very rare examples (i.e. 2) where the thioether bonded the Cu(I) metal, but not the N-
donor. These two cases may reveal that more favorable crystal packing is obtained when Cu(I)
binds the thioether. Similarly, the neutral acetynyl function, R-C=C-R, is considered to be a
stronger ligand than the thioether and yet all examples in this review (L17, L18, L78, L83) show
that the thioether fragment binds the metal and not the acetynyl group. This observation also

applies for the cis- and trans-ethylene (L16, L74, L75 and L130).

In general, the most encountered dimensionalities of the resulting CPs are 1D- and 2D-CPs.
However, the most astonishing observation is the evolution of this trend of forming 1D- and 2D-
CPs in comparison with that of 0D-complexes and 3D-CPs for an identical geometry of SBU
(rhomboid CuxX>S4). Indeed, the survey indicates that the probability of forming 1D- and 2D-
CPs increases going from I — Br — Cl and inversely for the 0D-species and 3D-CPs. This
counter intuitive observation remains unexplained. For the selenoether, telluroether and selone
ligands, the sampling is too small for any reliable trends, but the 1D-CP case occurs most often

(Table 23).
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