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ABSTRACT 

The reaction of pre-assembled Cu(I) bimetallic units {Cu2(dppm)2} and {Cu2(dppa)2} (dppm: 

bis(diphenylphosphino)methane and dppa: bis(diphenylphosphino)amine) with pseudohalide 

linkers (azido, dicyanamide and tricyanomethanide) allows the quantitative and selective 

preparation of three discrete tetrametallic metallacycles of formula [Cu4(µ2-

dppm)4(N3)2](PF6)2, [Cu4(µ2-dppm)4(N(CN)2)2](PF6)2 and [Cu4(µ2-dppm)4((C(CN)3)4]. To 

explore further the impact of the linker on the architecture and dimensionality of the molecular 

edifice, the study was extended to more sophisticated tetradentate cyanocarbanion ligands 

(tcnsMeˉ: 2-(methylthio)-1,1,3,3-propanetetracarbonitrile and tcnsEtˉ: 2-(ethylthio)-1,1,3,3-

propanetetracarbonitrile). Three ladder-like one-dimensional coordination polymers and an 

octametallic metallacycle have been obtained. The careful comparison of the metric and 

geometrical intramolecular and intermolecular parameters observed in this series of seven 

derivatives allows to rationalize their molecular architectures. The subtle balance between the 

length and steric hindrance of the ligand and the formation of non-covalent interaction networks 

greatly influences the topology and dimensionality of the resulting assemblies and will be 
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discussed hereafter. The photophysical properties of these seven polymetallic Cu(I) compounds 

have been also studied.  

 

INTRODUCTION  

A fruitful synthetic approach for constructing complex molecular assemblies consists in the 

spontaneous association of rationally designed individual building blocks into well-defined 

supramolecular architectures. Considering more particularly the use of the metal-ligand 

coordination interaction to connect the building blocks, the coordination driven supramolecular 

(CDS) chemistry approach has been conceptualized,1–4 consisting in the use of pre-organized 

coordination complexes having predefined geometries (being in most cases not accessible from 

single metal center coordination sphere) and vacant coordination positions. It has allowed the 

challenging preparation of a plethora of polymetallic advanced supramolecular architectures 

bearing increased structural complexity and new functionalities. In this powerful bottom-up 

approach, the desired sizes and geometries of the scaffolds obtained are defined and controlled 

by the symmetry of the linking sites of the individual building blocks. Therefore, in complement 

of the selection of the polytopic rigid connecting ligands, this approach presents a preference 

for Pd(II) and Pt(II) metal centers that combine rigid square planar coordination sphere and 

highly directional metal-ligand interactions with a large range of ligating coordination 

groups.3,5–7  

However, after pioneering works, alternatives have highlighted the use of a larger variety of 

metal centers and connecting ligands’ scaffolds8–10 allowing significant degrees of 

conformational flexibility, and questioning somehow the initial ‘rigidity’ paradigms. This 

revealed the importance of secondary non-convalent interactions (such as metallophilic, - or 

-CH interactions) in the selection of thermodynamic stable products that are prepared. In this 
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context, we have used pre-assembled Cu(I) precursors such as the {Cu2(2-dppm)2} bimetallic 

fragment A (Scheme 1, dppm = bis(diphenylphosphino)methane) in self-assembly procedures 

adapted from the CDS syntheses’ principles.11–15 We observed that the typical labile, flexible 

and low-directional coordination sphere of the Cu(I) ion, initially regarded a priori as strongly 

restrictive in conventional CDS chemistry, turned out to be very effective to conduct the 

selective preparation of polymetallic assemblies based on this ion. Thus, we described the 

selective preparation of the sterically constrained and highly emissive tetrametallic Cu(I) 

metallacycle B bearing cuprophilic interactions (Scheme 1; it is generally admitted that such 

interactions are characterized by intermetallic Cu(I)-Cu(I) distance below 2.8 Å16) from the 

self-assembly reaction of the precursor A with cyanide connecting ligands.12 This 

thermodynamically stable tetrametallic assembly presents multiple chelates and metallacycle 

subunits embedding Cu(I) ions whose flexible coordination sphere geometry can be 

advantageously adapted to the topology constraints induced in such scaffolds. Importantly, 

coordinatively unsaturated distorted trigonal planar Cu(I) ions are present within the {Cu2(2-

dppm)2} subunits A. In this scaffold, the metal ions keep a significant degree of flexibility 

allowing the metal centers to evolve to tetrahedral metal centers upon coordination of additional 

donor ligand, making of compound B an appealing precursor that allowed for selective 

preparation of a large variety of polymetallic Cu(I) assemblies. (Scheme 2).12,13,17 
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Scheme 1: Syntheses and schematic representation of derivatives A-I and ligands L1-L2 

A very attractive facet of coordination compounds based on the Cu(I) ion concerns 

luminescence behaviors. Their emission properties cover the full visible light spectrum, 

combined with a large diversity of the radiative relaxation pathways including, but not only, 

very efficient Thermally Activated Delayed Fluorescence (TADF) processes.18–24 In such 

complexes, spatially well separated HOMO and LUMO orbitals induce small lowest energy 

singlet-triplet energy gap allowing, via a reverse intersystem crossing (RISC), thermal 

population of the lowest energy excited singlet state (S1) from the lowest energy triplet excited 

state (T1). This induces efficient radiative relaxation to the ground state and exalted solid-state 

luminescence properties at temperatures close to room temperature (RT). It was initially 

considered that the high flexibility of the coordination sphere of the Cu(I) ion could be highly 

detrimental for the observation of exalted luminescence properties since it would promote major 

structural reorganizations in the excited states associated with detrimental efficient vibration 

modes, favoring the emergence of dominant non-radiative relaxation pathways. However, due 

to the use of specific bulky ligands, a great structural rigidity was imposed to highly sterically 
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encumbered Cu(I) metal centers, allowing observation of exalted luminescence properties in 

the resulting complexes. An alternative approach was introduced by Yam and Lescop with the 

adaptation of coordination-driven supra-molecular (CDS) synthetic principles to the use of the 

bimetallic Cu(I) flexible building-block A (Scheme 1).12–14,25 It allowed the selective 

preparation of highly emissive TADF blue luminophore tetrametallic Cu(I) metallacycle B 

bearing cuprophilic interactions, a derivative that revealed also to be an appealing precursor 

toward preparation of original luminescent polymetallic assemblies. Importantly, in the 

tetrametallic Cu(I) metallacycle B and the related polymetallic assemblies (1-6) obtained from 

this precursor (Scheme  2),12,13,17 the intrinsic significant scaffold rigidity imposed by the 

polycyclic CDS structures, promotes the occurrence of RT luminescence properties. For 

instance, the derivative B reveals to be an efficient TADF luminophore, emitting an eye-

perceived blue light upon photoexcitation with a remarkable RT emission quantum yield of 

72 %.  

Aiming to explore further the relationship between the high conformational flexibility exhibited 

by Cu(I) CDS polymetallic assemblies and their luminescence properties, we herein extend our 

investigations by replacing the connecting cyanido ligands initially reacted with the {Cu2(2-

dppm)2} subunit to obtain the metallacycle B. Therefore, we have reacted this {Cu2(2-dppm)2} 

bimetallic fragment with azido N3ˉ, dicyanamide N(CN)2ˉ (dcaˉ), and tricyanomethanide 

C(CN)3ˉ (tcmˉ) anions) (Scheme 1). In addition, these studies further stretched to the use of 

more sophisticated (tcnsRˉ) cyanocarbanions which are able to act as polybridging ligands, 

ranging from 1 to 4 coordination modes (L1 (tcnsMeˉ) = 2-(methylthio)-1,1,3,3-

propanetetracarbonitrile); L2 (tcnsEtˉ) = 2-(ethylthio)-1,1,3,3-propanetetracarbonitrile). L1 and 

L2 ligands were reacted with the precursor A and later with the {Cu2(2-dppa)2} bimetallic 

fragment A’ (dppa = bis(diphenylphosphino)amine) (Scheme 1). As a result of these 

investigations, we report the syntheses, characterizations, X-ray single crystal molecular 



6 

 

structures and solid-state luminescence properties of seven new Cu(I) polymetallic assemblies 

C-I. 

 

Scheme 2: Preparation and schematic representation of the derivative B12 and the polymetallic assemblies 1-6  

obtained from this pre-assembled precursor. 

 

RESULTS AND DISCUSSION  

Synthesis and crystal structure: 

The reaction of two equivalents of diphosphine ligands (dppm and dppa) with two equivalents 

of [Cu(CH3CN)4]PF6 in CH2Cl2 or THF at RT afforded in situ the bimetallic complexes A and 

A’ respectively (Scheme 1). The molecular-clip precursor A was subsequently treated with one 

equivalent of pseudohalide linkers (N3ˉ, dcaˉ or tcmˉ) dissolved in MeOH (Scheme 1) (So far, 

reacting these linkers with A’ did not allow selective preparation of identified new species). 

The resulting homogeneous clear colorless mixtures were vigorously stirred for 2 hours at room 

temperature and then filtered. Homogeneous batches of single crystals were obtained at RT 

from slow pentane or diethyl ether vapor diffusion into the mother solutions affording ionic 

derivatives [Cu4(µ2-dppm)4(N3)2](PF6)2 (C), [Cu4(µ2-dppm)4(N(CN)2](PF6)2 (D) and the neutral 

assembly [Cu4(µ2-dppm)4((C(CN)3)4] (E). The 31P{1H} NMR spectra of the derivatives C and 
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D in CD2Cl2 display broad singlet at - 9.51 ppm and - 10.6 ppm respectively due to diphosphine 

unit. Besides these resonances, a characteristic septet signal was observed due to the PF6ˉ ion 

( = - 144.6 ppm, JP,F = 706 Hz) that reveals the cationic nature of the Cu(I)-based assemblies 

(C and D) obtained (Figures S10-S12). Conversely, the 31P{1H} NMR spectrum of the 

derivative E in CD2Cl2 only displays a broad singlet at - 14.3 ppm, without any signal typical 

of the PF6ˉ ion, suggesting a neutral Cu(I)-based derivative (Figure S14). 

Table 1. Crystallographic data of derivatives C–E 

 C D E 

Empirical 

formula 
C54H52Cu2F6N3OP5 C104H88ClCu4F12N6P10 C58H44ClCu2N6P4 

Formula weight 

(g.mol-1) 
1154.92 2213.66 1075.95 

Temperature (K) 150(2) 150(2) 150(2) 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/n P21/n P21/n 

a (Å) 14.690(1) 16.281(3) 17.515(1) 

b (Å) 27.075(2) 20.440(3) 18.759(2) 

c (Å) 15.048(2) 17.679(3) 17.642(1) 

α (°) 90 90 90 

β (°) 95.325(3) 108.198(5) 92.475(2) 

γ (°) 90 90 90 

V (Å3) 5959.2(10) 5589.1(3) 5791.1(8) 

Z 4 2 4 

ρcalc (g/cm3) 1.287 1.315 1.234 

μ (mm-1) 0.904 0.959 0.885 

F(000) 2368.0 2256.0 2208.0 

Crystal size 

(mm3) 
0.19 × 0.11 × 0.07 0.17 × 0.1 × 0.08 0.18 × 0.15 × 0.10 

Radiation 
MoKα  

(λ = 0.71069) 

MoKα  

(λ = 0.71069) 

MoKα  

(λ = 0.71069) 

2Θ range for data 

collection/° 
3.00 to 55.08 2.98 to 55.02 3.18 to 52.88 

Index ranges 

-19 ≤ h ≤ 19 

-34 ≤ k ≤ 35 

-16 ≤ l ≤ 19 

-21 ≤ h ≤ 18 

-26 ≤ k ≤ 26 

-22 ≤ l ≤ 22 

-21 ≤ h ≤ 21 

-14 ≤ k ≤ 23 

-19 ≤ l ≤ 22 

Reflections 

collected 
39839 45424 47968 

Independent 

reflections 
13639 12703 11841 

Data/restraints/ 

parameters 
13639/0/641 12703/0/643 11841/0/632 

Goof on F2 0.929 0.966 0.944 
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Final R(a) indexes 

[I≥2σ (I)] 

R(b) [I>2(I)] 

R1 = 0.0598 

R2 = 0.1525 

R1 = 0.0879 

R2 = 0.2278 

R1 = 0.0429 

R2 = 0.1162 

Final R indexes 

(all data) 

R1 = 0.1018 

R2 = 0.1692 

R1 = 0.1566 

R2 = 0.2596 

R1 = 0.0636 

R2 = 0.1250 

Largest diff. 

peak/hole (e.Å-3) 
0.70/-0.62 1.73/-0.62 0.69/-0.33 

CCDC number 2305990 2305989 2305991 
(a)

R = ||Fo|-|Fc||/|Fo|, (b)ωR = [((Fo2-Fc2)2)/((Fo2)2)]1/2 with ω = 1/[(σ2Fo2)+(aP)2+bP] and 

P = (max(Fo2)+2Fc2)/3 

Such chemical shifts range closely similar to the signal recorded for the derivative B (two broad 

singlets at - 8.5 and - 10.5 ppm) and suggest that the initial {Cu2(µ2-dppm)2} moieties are 

maintained in all compounds. In the room temperature 1H NMR spectra, signals typical of the 

phenyl and the methylene protons of the dppm ligands (Figures S9-S11-S13) are observed. 

Worth to note, no signals due to coordinated CH3CN ligands are present, and the infrared (IR) 

spectra of derivatives C, D, and E reveal the presence of pseudohalide linker groups ((N3ˉ) = 

2097 cm-1; (N(CN)2ˉ) = 2179 cm-1; (C(CN)3ˉ) = 2148-2187 cm-1, Figures S25- - S27). 

Interestingly, in agreement with the NMR measurements, the PF6ˉ anions were detected only 

in the solid-state IR spectra of the assemblies C and D ((PF6ˉ) = 831 and 827 cmˉ1 

respectively). Altogether, these spectroscopic data suggest that a substitution of the labile 

acetonitrile ligands of the Cu(I)-dimer A by azido linker (C) or by the ‘C≡N’ ligating moieties 

of the dcaˉ or tcmˉ anions (D and E, respectively) occurs in these reactions affording cationic 

(C and D) and neutral (E) metallacycle assemblies. The molecular structures of compounds C, 

D and E were definitively established by single-crystal X-ray diffraction studies at 150 K (Table 

1). Single crystals suitable for such analyses were obtained from pentane or diethyl ether vapor 

diffusions within THF solution for derivative C and within CH2Cl2 solutions for derivatives D 

and E. The colorless block crystals of derivatives C, D and E crystallize in the same P21/n 

monoclinic space group. These species can be described as based on tetrametallic metallacycles 

of general formula C: [Cu4(µ2-dppm)4(N3)2](PF6)2, D: [Cu4(µ2-dppm)4(N(CN)2](PF6)2 and E: 
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[Cu4(µ2-dppm)4((C(CN)3)4], resulting from the connection of two {Cu2(µ2-dppm)2} fragments 

by two pseudohalide ligands acting as ditopic linkers.  

 

Figure 1. ‘Top’ and ‘side’ views of the molecular X-ray structures of the dicationic derivatives a) C, b) D and c) 

the neutral assembly E. H atoms, counter-anions and included solvent molecules have been omitted for clarity.  

In these three derivatives, the four Cu(I) centers lie in the same plane defining centrosymmetric 

metallacycles. Regarding first the ionic assemblies C and D, for compound C the asymmetric 

unit contains one half of a metallacycle, one PF6
ˉ anion and one THF solvent molecule weakly 

coordinated to one copper center (d(Cu‒O) = 2.302(3) Å), the entire supramolecular assemblies 

being generated via symmetry operation associated with the P21/n space group. The asymmetric 

unit of compound D is mostly similar to the one in C but no coordinated solvent molecule is 

observed. Counter-ions are located outside the self-assembled structure and interact weakly 

with the phenyl groups of the dppm ligands. The Cu…Cu distances within the dicationic 

{Cu2(µ2-dppm)2} cores (3.0128(10) Å (C) and 2.9256(9) Å (D), Table 2) are longer than 

observed in the crystal structure of the analogous tetrametallic metallacycle B (2.8670(6) Å).12 

The intermetallic distance for the compound D is close to the upper limit of 2.8 Å generally 

considered for cuprophilic interactions.16,26 In compound C, the azido linkers are adopting a 

1,1,3 coordination mode, with on one side a semi-bridging nitrogen atom (Table 2, d(Cu2-N) = 
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2.096(3) Å and d(Cu1-N) = 2.146(3) Å) that connects the two Cu1 and Cu2 centers of the 

{Cu2(µ2-dppm2)} core, and on the other side one nitrogen atom that is connected only to the 

Cu1’ ion (d(Cu1-N) = 2.114(3) Å, Figure 1a). Therefore, the Cu1 metal centers present a 

distorted P2N2 tetrahedral coordination sphere while the Cu2 centers have a distorted P2N1O1 

tetrahedral coordination sphere (as a result of the weak coordination of a THF solvent 

molecule). The azido linkers in the metallacycle are parallel to each other and they are slightly 

deviated from the plane defined by the four metal centers, inducing a chair-like conformation 

to the central cyclic fragment (N1‒Cu1‒N3 = 94.10°, Figure 1a). In compound D, the dcaˉ 

anions are bridging the Cu1 and Cu2 centers of each fragment in end-on/end-on fashion with 

terminal coordinated atoms coordinated to a single metal center, similarly than in the compound 

B (Cu1 ions are located at the vertices of the acute angles and Cu2 ions are at the vertices of 

the obtuse angles of the tetrametallic metallacycle D, Figure 1b) with the central nitrogen atoms 

of these linkers being free from any coordination on a metal center. 

Table 2. Selected bond lengths [Å] and angles [°] of the supramolecular assemblies B–E 

 B12 C D E 

Cu–P 

2.243(1) 

2.264(1) 

2.259(1) 

2.256(7) 

2.2585(12) 

2.2438(13) 

2.2588(12) 

2.2491(13) 

2.2505(13) 

2.2359(13) 

2.2557(14) 

2.2438(14) 

2.2562(9) 

2.2634(9) 

2.2408(9) 

2.2362(9) 
     

Cu–N/C 
1.92(2) 

2.00(3) 

2.114(3) 

2.146(3) 

2.096(3) 

 

1.9190(6) 

1.9457(6) 

2.162(3) 

2.012(2) 

2.007(2) 
     

Cu…Cu 2.867(1) 3.0128(10) 2.9256(9) 3.0948(5) 
     

Cu–Cu–N/C 
67.9(7) 

130.0(9) 

44.09(8) 

138.2(1) 

66.29 

126.41 

47.65(7) 

139.67(7) 

140.07(7) 
  

Within the metallacycle E, two of the four tcmˉ ligands act as ditopic linkers bridging two 

{Cu2(µ2-dppm)2} subunits with two terminal nitrile groups, with the remaining third nitrile 

group being uncoordinated and pointing outside of the assembly (Figure 1c). These two tcmˉ 
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ligands are slightly bent out of the plane defined by the four Cu(I) ions (deviation of 0.611 Å) 

most probably to fit with the steric hindrance of the P-phenyl substituents of the dppm ligands 

that are orientated toward the center of the metallacycle (Figure 1c). The two others tcmˉ 

ligands have a terminal ligand behavior and are only coordinated to the Cu1 center on side 

position (Figure 1c), pointing in opposite directions regarding the ‘Cu4’ plane. The presence of 

these four tcmˉ anions maintains the electro-neutrality of the supramolecular assembly. The 

Cu1 metal centers present a distorted P2N2 tetrahedral coordination sphere while the Cu2 

centers have a P2N1 trigonal coordination sphere. The intermetallic Cu…Cu distance is slightly 

larger compared to the values observed in B, C and D derivatives (d(Cu-Cu) = 3.0948(5) Å for 

E being above the upper limit considered for cuprophilic interaction, Table 2).  

These results illustrate the versatility of the supramolecular synthesis of metallacycles reacting 

U-shape molecular clip A with this series of pseudo-halide anions congeners, affording in total 

three cationic metallacycles (B, C and D) and a neutral species E. Surprisingly, in the latter 

case, the external monodentate tcmˉ linkers do not lead to the formation of oligomeric or 

polymeric species, through a connection of the free ‘C≡N’ ligating moieties to a Cu(I) ion of 

an adjacent tetrametallic metallacycle. It is noteworthy that using an excess of clip A, only the 

metallacycle E is formed showing that the molecular clip A cannot coordinate the external 

pendant nitrile groups. Instead, networks of weak non-covalent interactions are formed between 

the hanging ‘C≡N’ branches of the external tcmˉ and the phenyl rings and the methylene groups 

of the dppm ligands (Figure S37). One hypothesis to rationalize the selective formation of the 

neutral metallacycle E can be assigned to the shape and steric hindrance of the {Cu2(µ2-dppm)2} 

molecular subunits that cannot be coordinated on the scaffold of E due to the too short length 

of the pseudohalide linker tcmˉ.  

To explore further the formation of polymetallic assemblies based on the bimetallic subunits A, 

we have extended this study to the reaction of the ligands L1 and L2 (Scheme 1). These anionic 
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ligands have been selected for their four terminal nitrile functions that can lead to a tetratopic 

coordination mode, and have been reacted with A. Additionally, the ligands L1 and L2 were 

also reacted with the pre-assembled subunit A’ {Cu2(µ2-dppa)2} to probe the impact of a slight 

variation in the structure of the diphosphane assembling ligand of the Cu(I) bimetallic units 

(dppm versus dppa ligand, the central –CH2– methylene moiety lying between the phosphorus 

centers of the dppm ligand is formally replaced by a –NH– secondary amino group). The 

molecular-clip precursors A and A’ formed in DCM solution were subsequently treated with 

half equivalent of L1 or L2 linkers dissolved in MeOH (Scheme 1). The resulting yellow 

mixtures were vigorously stirred overnight at room temperature and then left upon diethyl ether 

vapor diffusion, affording homogeneous polycrystalline batches after one-week. These 

reactions afforded after crystallization in good yields (80-90%) the species 

{[Cu2(µ2-dppm)2(Lm)PF6]}n (F for m = 1 and G for m = 2), {[Cu2(µ2-dppa)2(L2)PF6]}n (H) and 

[Cu8(µ2-dppa)8(L1)4(PF6)4] (I) as light yellow polycrystalline powders (Scheme 1). The 

31P{1H} NMR spectroscopic data in CD2Cl2 display broad singlet at - 9.13 ppm (F), - 9.89 ppm 

(G), 45.84 ppm (H), which are signals typical of the phosphorous atoms of dppm and dppa 

ligands in such Cu(I) dimers,12–14,27 and reveal the formation of cationic Cu(I) species as typical 

PF6ˉ anion signal is observed at ca. - 144 ppm (Figures S16-S18-S20). The cationic nature of 

these complexes is also confirmed by the presence of characteristic PF6ˉ peak by solid-state IR 

analysis ((PF6ˉ) ~ 835 cmˉ1) that also reveals the presence of the anionic connecting ligands 

L1 and L2 in these derivatives (Figures S28-S29). The bimetallic subunits’ scaffolds are 

preserved within these assemblies as supported by the room temperature 1H NMR spectra 

(Figures S15-S17-S19)), in which no signals due to coordinated CH3CN ligands are observed, 

and solid-state IR spectra suggest the presence of the L1 or L2 ligands. 
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Table 3. Crystallographic data of derivatives F–I 

 F G H I  

Empirical 

formula  
C116H93ClCu4F12N8P10S2 C59H49ClCu2F6N4P5S C57H47ClCu2F6N6P5S C224H180ClCu8FN24P16S4 

 

Formula 

weight (g.mol-

1) 

2454.96 1242.01 1244.00 4340.00 

 

Temperature 

(K)  
150(2) 150(2) 150(2) 150(2) 

 

Crystal system  Triclinic Monoclinic Monoclinic Orthorhombic  

Space group  P-1 P21/c P21/n I41/a  

a (Å)  14.763(2) 14.178(2) 16.796(1) 22.5260(4)  

b (Å)  19.194(3) 34.848(4) 14.731(1) 22.526  

c (Å)  22.667(4) 14.501(2) 26.421(2) 45.9578(12)  

α (°)  88.665(5) 90 90 90  

β (°)  84.394(5) 111.601(4) 95.757(2) 90  

γ (°)  89.507(4) 90 90 90  

V (Å3) 6390.4(17) 6661.4(20) 6504.2(8) 23319.9(7)  

Z  2 4 4 4  

ρcalc (g/cm3)  1.276 1.238 1.270 1.236  

μ (mm-1) 0.878 0.843 0.864 0.914  

F(000)  2502.0 2536.0 2536.0 8912.0  

Crystal size 

(mm3) 
0.21 × 0.08 × 0.06 0.25 × 0.07 × 0.06 0.25 × 0.11 × 0.08 0.23 × 0.19 × 0.07 

 

Radiation  MoKα (λ = 0.71073) MoKα (λ = 0.71069) MoKα (λ = 0.71069) MoKα (λ = 0.71069)  

 limit (°)  4.04 to 55.1 4.16 to 55.0 4.10 to 55.0 2.02 to 55.0  

Index ranges 

hkl 

-18 ≤ h ≤ 19 

-24 ≤ k ≤ 24 

-29 ≤ l ≤ 29 

-18 ≤ h ≤ 18 

-45 ≤ k ≤ 40 

-18 ≤ l ≤ 16 

-21 ≤ h ≤ 21 

-15 ≤ k ≤ 19 

-34 ≤ l ≤ 34 

-27 ≤ h ≤ 20 

-14 ≤ k ≤ 29 

-59 ≤ l ≤ 59 

 

Reflections 

collected  
254018 68074 96134 53359 

 

Independent 

reflections  
29383 15276 14937 13371 

 

Data/restraints/ 

parameters  
29383/0/1339 15276/0/696 14937/0/686 13371/0/625 

 

Goof on F2  1.067 1.037 1.108 0.923  

Final R(a) 

indexes  

[I≥2σ (I)] 

R(b) [I>2(I)] 

R1 = 0.1230 

R2 = 0.2423 

R1 = 0.0485 

R2 = 0.1047 

R1 = 0.0785 

R2 = 0.1408 

R1 = 0.0527 

R2 = 0.1360 

 

Final R 

indexes  

(all data) 

R1 = 0.1811 

R2 = 0.2690 

R1 = 0.0714 

R2 = 0.1111 

R1 = 0.1041 

R2 = 0.1495 

R1 = 0.0872 

R2 = 0.1483 

 

Largest diff. 

peak/hole (e.Å-

3) 

1.93/-0.95 0.77/-0.62 0.89/-0.93 0.59/-0.63 

 

CCDC number 2305985 2305984 2305986 2305987  
(a)

R = ||Fo|-|Fc||/|Fo|, (b)ωR = [((Fo2-Fc2)2)/((Fo2)2)]1/2 with ω = 1/[(σ2Fo2)+(aP)2+bP] and 

P = (max(Fo2)+2Fc2)/3 
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The molecular structures of compounds F-I were determined thanks to single-crystal X-ray 

diffraction studies performed at 150 K (Table 3). Single crystals suitable for such analyses were 

obtained from diethyl ether vapor diffusions within CH2Cl2 solutions of each of these 

derivatives. In these derivatives, L1 and L2 ligands bridge the Cu(I) ions of the {Cu2(µ2-dppm)2} 

or {Cu2(µ2-dppa)2} fragments by two parallel ‘C(CN)’ branches involving two ‘internal’ CN 

moieties of the L1 and L2 ligands, to form a cyclic Cu‒N‒C5‒N‒Cu moiety within {Cu2(µ2-

dppm)2Lm} subunits (Figure 2 and 3). For F, G and H, two ‘external’ nitrile functions are 

coordinated to one Cu(I) ion of two different adjacent bimetallic subunits allowing, as a result 

of the self-assembly of these {Cu2(µ2-dppm)2(Lm)} fragments, the formation of supramolecular 

one-dimensional ladder-type polymeric assemblies (Figure 2). Conversely, in the derivative I, 

only one of the two ‘external’ nitrile group of the {Cu2(µ2-dppa)2L1} subunit is coordinated to 

one Cu(I) ion of an adjacent similar bimetallic fragment, leading to the formation of a 

octametallic metallacyclic cationic backbone adopting a twisted-square shape (Figure 3).  One 

‘external’ nitrile fragment for each of the four individual L1 ligand involved in the structure of 

I is left free from coordination and is pointing outside the assembly (Figure 3c).  
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Figure 2. Molecular X-ray structures of derivatives F, G and H: ‘Top’ and ‘side’ views of the cyclic [Cu2(µ2-

dppm)2Lm]+ (m = 1 or 2) and [Cu2(µ2-dppa)2L2]+ subunits (a, d and g); side view (b, e and h); view of the 1D-

ladder coordination polymers along their propagation axis (c, f and i). H atoms, counter-anions and included 

solvent molecules have been omitted for clarity.  

Table 4. Selected bond lengths [Å] of the supramolecular assemblies F–I 

 F G H I 

Cu–P 

2.246(2), 2.283(2) 

2.243(2), 2.265(2) 

2.248(2), 2.253(2) 

2.254(2), 2.272(2) 

2.2701(8) 

2.2581(9) 

2.2592(9) 

2.2829(9) 

2.2498(12) 

2.2664(12) 

2.2485(13) 

2.2687(13) 

2.2718(10) 

2.2960(10) 

2.2063(10) 

2.2327(11) 
     

Cu–N 

2.038(6), 2.080(6) 

2.019(6), 2.088(7) 

2.007(8), 2.072(7) 

2.038(7), 2.122(7) 

1.996(2) 

2.125(2) 

1.991(2) 

2.192(2) 

2.004(3) 

2.097(4) 

2.047(3) 

2.106(4) 

2.061(3) 

2.112(3) 

1.945(3) 
     

Cu…Cu 3.739(1), 3.721(1) 3.766(1) 3.403(6) 2.929(8) 
     

 Note: In derivatives G, H and I, the two Cu(I) ions occupy two crystallographic independent sites and are denoted Cu1 and Cu2 (Figures S34-

S35-S36). In compound F, the repeating unit contains two symmetrically independent {Cu2(µ2-dppm)2(L1)}+ fragments that are part of two 

different chains leading to four copper centers with different crystallographic environments (Cu1, Cu2, Cu3 and Cu4, Figure S33).  

In the one-dimensional coordination polymers F, G and H, the coordination spheres of the Cu(I) 

ions adopt a P2N2 tetrahedral geometry occupied by two phosphorous atoms from dppm or dppa 
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ligands and two nitrogen atoms from L1 or L2 linkers. The orientation of these bimetallic units 

is alternated all along the propagation axis (Figure 2) inducing the ladder-like conformation to 

the one-dimensional coordination polymer. The coordination mode of the tetratopic L1 and L2 

ligands increases the intermetallic distances Cu…Cu ranging in between 3.4035(7) ‒ 

3.7660(7) Å (Table 4) compared to the values observed in the series B ‒ E (Table 2). The 

ladder-chains in the crystal packing are parallel to each other and separated by a layer of 

counter-anions that are weakly interacting with the phenyl rings of the dppm or dppa ligands.  

 

Figure 3. Molecular X-ray structure of derivative I. a) General view from the ‘top’ of the metallacycle and 

simplified views (phenyl rings have been omitted for clarity) from b) the ‘top’ and c) the side of the metallacycle.  

In the octanuclear metallacycle I, Cu1 centers have a distorted P2N2 tetrahedral coordination 

sphere and Cu2 centers a trigonal P2N1 one and intermetallic distances (d(Cu-Cu) = 2.9297(9) 

Å) are shorter than those observed in the F ‒ H derivatives (Table 4). The ‘Cu8’ metallacyclic 

assembly can be described as adopting a ‘1,3-alternated’-like molecular structural conformation 

(Figure 3c). Importantly, in the crystal packing, each assembly is engaged in a H-bonds network 

connecting it with four neighboring molecules (Figure 4 and S38) via a double set of NH…NC 

interactions involving all pendant free ‘external’ nitrile fragment and one over the two NH 

moieties of each {Cu2(µ2-dppa)2} subunits. Interestingly, a PF6ˉ counter-anion is found trapped 

inside the cavity generated inside the macrocyclic backbone (Figure 4c) while the other 
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remaining PF6ˉ counter-anions are located between adjacent assemblies together with solvent 

molecules. 

 

Figure 4. a) View of the H-bonds connecting locally two neighboring assemblies I; b) Stick and ball and CPK 

views of a central metallacycle (in red) and the four surrounding assemblies (blue, light blue, green and light green) 

involved in H-bonding interactions; c) Stick and ball and CPK views highlighting the PF6ˉ counter-anion (light 

green) located in the cavity of the solid-state structure of derivative I and the optimal fit of the S-methyl group of 

L1 in the volume available between the phenyl rings. 

Therefore, reactions of the pre-assembled {Cu2(2-dppm)2} bimetallic fragment A with the 

series of anionic polytopic pseudohalide linkers (N3ˉ, dcaˉ or tcmˉ) and the L1 and L2 ligands 

afford selectively five new polymetallic assemblies C-G. In addition, the {Cu2(2-dppa)2} 

bimetallic precursor A’ upon its reaction with the tetratopic L1 and L2 ligands allows obtaining 

two additional derivatives H and I. Together with the previous description of the tetrametallic 

compact metallacycle B, these syntheses confirmed the high ability of Cu(I) pre-assembled 

bimetallic precursors stabilized by Ph2P-X-PPh2 (X = CH2, NH) diphosphine ligands to direct 

selective self-assembly reaction toward well-defined extended molecular scaffolds, in which 

the conformational flexibility of the Cu(I)-based precursors can tolerate significant alterations 
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such as intermetallic distances ranging from 2.867(1) Å (B)12 up to 3.766(1) Å (G) while the 

coordination numbers of the two metal centers increase from 3:3 (B and D) to 3:4 (C, E and I) 

and finally to 4:4 (F, G and H).  

Along this series of compounds, a large diversity in the dimensionalities and geometries of 

these assemblies is generated. Indeed, on the one hand, cationic tetrametallic derivatives C and 

D have global molecular scaffolds that compare the compact metallacycle framework observed 

in B.12 On the other hand, the assembly E based on the tcmˉ ligand exhibits a significantly 

different structure as an additional pseudo-halide ligand coordinates as monotopic terminal 

ligand one of the two Cu(I) metal centers, affording a neutral tetrametallic assembly. Compared 

to the CNˉ, N3ˉ, and dcaˉ fragments whose scaffolds’ connectivity, in the first glance, is prone 

to promote their coordination as ditopic linkers, the tritopic molecular structure of the tcmˉ 

anion might appear more suitable for the construction of higher nuclearity networks. However, 

CNˉ, N3ˉ, and dcaˉ ligands have been reported frequently to coordinate to more than two metal 

centers due to the formation of bridging coordination modes (as also observed for the N3ˉ anion 

in the derivative C, Figure 1a) affording assemblies of high nuclearities. In addition, in the 

molecular backbone of E, the tcmˉ ligands act either as ditopic linkers or terminal monotopic 

ligands. These observations suggest that the fate of the self-assembly processes conducted from 

the A precursor are mostly directed by the sterical constraints imposed by this building block 

regardless of the geometry and connectivity of the anionic pseudo-halides used. In our previous 

study,28 the driving force leading to selective formation of compact tetrametallic metallacycles 

based on ‘short’ pseudohalide linkers was assigned to a 'sterical protection effect'. This effect 

relies on the shape and the steric hindrance of the bimetallic subunits {Cu2(µ2-dppm)2} that 

forbid subsequent interconnection of the metallacycle backbones through the coordination of 

an additional equivalent of linker due to sterical repulsion. According to the results described 

herein, such process very likely stands also for the reaction of the N3ˉ and dcaˉ fragments with 
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the A precursor. However, as the tcmˉ anion is reacted, one additional equivalent acting as 

monodentate terminal ligand is coordinated to one of the Cu(I) metal center of each bimetallic 

unit, but assembly of higher nuclearity cannot be isolated. Noteworthy, in a previous study, 

when longer neutral nitrile-capped linear ditopic -conjugated linkers were reacted with the 

fragment A, 1D-coordination polymers were obtained, alternating related tetrametallic 

metallacycles connected by the linkers used.29 This supports the assumption of a dependance of 

the dimensionality of the networks formed with the length of the linkers.  

In line with these observations and assumptions, as the longer tetradentate ligands L1 and L2 

are reacted with the pre-assembled A subunit, polymeric assemblies F and G were obtained, 

which have higher dimensionality than the discrete derivatives B-E. Their molecular 

architectures are significantly different, as compact tetrametallic metallacycles are no longer 

observed. However, one can note that within the extended one-dimensional frameworks of F 

and G, there is the formation instead of analogous cyclic Cu‒N‒C5‒N‒Cu units. Interestingly, 

as the {Cu2(2-dppa)2} bimetallic precursor A’ is reacted with the tetradentate L2 ligand, the 

one-dimensional coordination polymer H is obtained (Figure 2c) bearing the same molecular 

architecture than the equivalent dppm-based one-dimensional coordination polymer G (Figure 

2b). Conversely, when the tetradentate L1 ligand is reacted with A’, a discrete octametallic 

metallacyclic structure is isolated that is markedly different from the one-dimensional 

coordination polymer F. Such a discrepancy highlights how subtle changes in the backbone of 

the building-block introduced in these self-assembly reactions can have major impact on the 

resulting molecular structures. Indeed, the tetradentate L1 and L2 ligands only differ by the 

nature of the aliphatic groups carried by the central pendant S-atom (L1: methyl versus L2: 

ethyl, Scheme 1) which do not impact the fate of the self-assembly processes taking place as 

these ligands are reacted with bimetallic precursor A. However, with the dppa ligand, 

intermolecular H-bonds are generated between the isolated discrete assemblies of I bearing the 
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L1 ligand but do not appear in the one-dimensional coordination polymer H bearing the L2 

ligand. As it can be seen in the Figure 4c, the S-methyl group of the L1 ligand in the molecular 

structure of I optimally fit the volume available over the internal cavity that contains the 

encapsulated PF6ˉ anion. This would not be possible with the bulkier S-ethyl group of the L2 

ligand which very likely disfavors in this case the formation of an octametallic metallacycle to 

the benefit of the formation of 1D ladder structures observed. Moreover, the formation of 

derivative I is also promoted by the formation of the intermolecular H-bond network involving 

the pendant free ‘external’ nitrile fragments of the L1 ligand and the NH fragment of the dppa 

ligand and the encapsulated PF6ˉ counter-anion, weak cumulated stabilizing contributions that 

cannot take place with the precursor A based on the dppm ligand. 

Photophysical properties: 

The tetrametallic metallacycle B is an efficient TADF luminophore (quantum yield of 72 %) 

which emits an eye-perceived intense blue light in the solid state at RT upon photoexcitation.12 

The related tetrametallic metallacyclic structure adopted by derivatives C, D and E encouraged 

us to investigate their photophysical properties in solid-state. The crystals of these derivatives 

are colorless under visible light and they display under UV irradiation (λex = 365 nm) very weak 

yellowish (C and E) and greenish (D) eye-perceived emissions at RT and at 80 K in solid-state.  

Absorption spectra at room temperature of these derivatives show a broad band in the near UV-

region centered at 332 nm (C), 316 nm (D) and 288 nm (E), typical of MLCT transitions12 

(Figure S39). No absorption is observed in the visible region of these spectra which is in 

agreement with the colorless aspect of the polycrystalline powder samples obtained. These 

derivatives are characterized with a very weak RT intensity of emitted light in the solid state 

upon photoexcitation that precludes conducting systematic extensive variable-temperature 

(VT) studies of their photophysical properties in order to highlight the radiative relaxation 

processes taking place. Therefore, only the low temperature properties are reported herein for 



21 

 

derivatives C and E. The excitation spectra at 80 K of these three derivatives show large 

excitation domain in the near UV region with one maximum and one shoulder for each 

compound respectively (Figure 5a). Upon excitation at 398 nm (C), 324 nm (D) and 362 nm 

(E) at 80 K, polycrystalline batches of these three compounds exhibit broad and featureless 

emission bands characterized by max = 540 nm (C), 489 nm (D) and 522 nm (E) (Figure 5a) 

with biexponential decay times of  205 µs and 45 µs for C and 233 µs and 71 µs for E, and with 

monoexponential decay time of 198 µs for D (Table 5).  

Table 5. Photophysical data for derivatives B‒I in solid-state. 

 ex (nm) em
80K (nm) em

300K (nm) 80K (ms) 

B12 320 486 457 
0.200 

0.040 

C 398 540 ‒ 
0.205 

0.045 

D 324 489 475 0.198 

E 362 522 ‒ 
0.233 

0.071 

F 420 595 492 
7.6 

4.3 

G 440 555 502 
11 

20 

H 440 554 500 
10 

3.5 

I 408 506 483 
9.2 

5.9 

 

The temperature dependent emission behavior of derivative C was investigated only between 

80-150 K (at higher temperature the intensity of the signal was too weak to be measured, Figure 

5S42). The emission intensity smoothly increases upon cooling down the temperature with no 

variation of the wavelength of the emission maximum. The temperature dependent emission 

behavior of derivative D was studied between 80 K and 300 K. It shows a decrease of intensity 

upon heating up the sample from 80 K to room temperature (Figure S42) associated with a 

slight blueshift of the emission maximum (Figure 5b) which is centered at 475 nm at 300 K. 



22 

 

The thermal-variation of its decay time was studied from 80 K to 260 K. It decreases 

progressively from 80 K to 180 K and then abruptly drops down to reach 9 µs at 260 K (Figure 

5c). The thermochromic emission behavior and the sigmoidal profile afforded by the VT 

lifetime decay are typical of a TADF radiative relaxation process.18 Tentatively, by fitting the 

VT decay time to Eq (S1) in the ESI, the values of E(S1–T1) = 1371 cmˉ1, (T1) = 192 µs and 

(S1) = 3.6 ns could be obtained (Figure S42). However, since it was not possible to reach a 

plateau in the high temperature regime (above 260 K) for the measurements of the decay time 

due to the weakness of the signal, the values obtained from this fit should be considered with 

caution.  
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Figure 5. a) Excitation spectra (doted lines) and emission spectra (bold lines) of derivatives C (ex = 398 nm), D 

(ex = 324 nm) and E (ex = 362 nm) at 80 K in solid-state. b) Temperature-dependent normalized emission spectra 

of derivative D upon excitation at 324 nm in solid state. c) Decay-time temperature variation of derivative D upon 

excitation at 330 nm. 
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The crystals of derivatives F, G, H and I are yellow colored under visible light and they display 

an eye-perceived yellowish emission in solid-state at RT under UV irradiation (λex = 365 nm). 

The UV–visible absorption spectra of these derivatives (Figures S40-S41) present broad bands 

centered at 396 nm for F and G, at 382 nm with a shoulder at ca. 416 nm for H, and at 376 nm 

with a shoulder at ca. 434 nm for I. These bands are assigned to typical MLCT transitions.12 

Absorption spectra display also some signal intensity in the visible region which is in agreement 

with the yellow color of the polycrystalline powder samples obtained. Upon excitation at 

420 nm (F), 440 nm (G and H) and 408 nm (I) at 300 K (see excitation spectra Figure S43), 

their emission spectra exhibit a large and asymmetrical band centered at 492 nm (F), 502 nm 

(G), 500 nm (H) and 483 nm (I) suggesting HE/LE mixed-emission (HE: high energy; LE: low 

energy). Upon cooling from 300 to 80 K, a gradual drop of intensity of these HE bands along 

with an appearance of a low energy bands (LE) is observed affording at 80 K LE emission 

maxima centered at 595 nm, 555 nm, 554 nm and 506 nm for F, G, H and I respectively (Figure 

6). The decay times were determined focusing on the emission of the LE excited state, while 

the lifetime of the HE bands revealed to reach value of the nanosecond order, which is above 

the measuring threshold set-up. These emission decay times were treated by biexponential fits 

affording at 80 K 1 and 2 of millisecond order (7.6 ms and 4.3 ms (F), 11 ms and 2.0 ms (G), 

9.2 ms and 5.9 ms (H), 10 ms and 3.5 ms (I), Figure 6 and Table 5). The temperature-

dependent variation decay time profiles (depending of the derivatives, measurements of the 

decay time could not be performed at higher temperatures due to the weakness of the signal) 

show a progressive decrease upon heating up and the lifetimes reach 26 µs and 1 µs at 300 K 

for F, 3.3 ms and 0.39 ms at 160 K for G, 2.0 ms and 0.46 ms at 170 K for H and 0.89 ms and 

0.28 ms at 250 K for I (Figure 6 and Table 5).    
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Figure 6. Emission spectra at variable temperature of derivatives F (ex = 420 nm (a)), G (ex = 440 nm (b)), H 

(ex = 440 nm (c)) and I (ex = 408 nm (d)) together with their temperature dependent decay time variation upon 

excitation at 404 nm. 

 

The solid-state luminescence study for these derivatives F-I confirms the presence of 

thermochromic behaviors in these systems, even though the spectral shifts are very moderate 

(Figure 6). This clearly suggests temperature-dependent competitive relaxation processes with 

very likely Lm (m = 1, 2) metal-perturbed ligand centered fluorescence of the HE bands 

observed in the high temperature regime and 3MLCT phosphorescence centered on the 

bimetallic {Cu2(2-dppx)2} (x = m, a) subunits for the LE bands observed in the low 

temperature domain. However, a thorough understanding of the origin of these emission 

behaviors cannot be provided by these experimental measurements and would benefit extended 

TD-DFT calculations. Yet, the large size of these assemblies, the influence of the solid-state 

packing on their geometries12,14,17 and the weak RT photoluminescence intensities they exhibit 

did not trigger us to perform full DFT geometry optimization of their excited states to get deep 
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insights about the electronic causes of these different photophysical properties. Likely, the very 

moderate photoluminescence properties recorded at RT in the solid-state for the new derivatives 

C-I30 are due to efficient non-radiative relaxation processes associated with vibrational modes 

carried by the ligating moieties of the linkers used. Indeed, it is worth to note that the typical 

infrared bands of the pseudo-halide ligands in the infrared spectra of derivatives C-I (Figure 

S25-S29) present intensities that are much stronger than the band observed for the CN 

stretching of the cyano ligand in the reference compound B.12 This very likely indicates 

vibrational modes that are much more active for the anionic ligands in the series of derivatives 

C-I than in the compound B and corelate with the much more intense emission properties of 

the latter. Indeed, in the case of derivatives C-I, very efficient non-radiative relaxation pathways 

due to the vibrations lying on the connecting ligands are likely taking place which results in a 

weakening of the emission efficiencies of these compounds (in addition, cuprophilic are also 

much more intense in derivative B12 than in any compound of the series C-I which also very 

likely is another parameter that promotes more efficient radiative relaxation processes in 

derivative B12). However, all in all, the photophysical properties exhibited by the series of 

compounds C-I are coherent regarding those recently reported in the case of RT moderately 

luminescent Cu(I) assemblies ranging from TADF18 in the case of the derivative D to 

phosphorescence in the case of the other compounds C, E-I.12–15,20–23,26,27,31–51 

CONCLUSION  

The ability of bimetallic molecular clips A and A’ to assemble through polytopic linkers 

selectively within supramolecular metallacycles or coordination polymers is confirmed with 

this study. The selective formation of the tetrametallic metallacycle backbones observed in the 

derivatives C, D and E using the ‘short’ pseudohalide linkers N3ˉ, dcaˉ and tcmˉ could be 

assigned to a ‘sterical protection effect’ resulting from the large steric hindrance and specific 

shape of the bimetallic fragments. In contrast, larger bridging ligands L1 and L2 formed 
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supramolecular assemblies having higher nuclearity and dimensionality with A and A’, whose 

scaffolds differ from those of the tetrametallic subunits observed in the derivatives B12-E. These 

results reveal how the steric hindrance of the Cu(I) bimetallic precursors (A or A’), the 

properties eventually carried by the diphosphine dppm or dppa ligands (such as a possibility of 

H-bonding) and the dimension of the anionic ligands can play a crucial role toward the 

formation of polymetallic Cu(I)-assemblies characterize by specific backbones. All these 

derivatives, conversely to the derivative B,12 present weakly intense RT solid-state 

photoemission properties. However, regarding the various luminescent multifunctional 

derivatives that have been obtained so far from the tetrametallic metallacycle B (Scheme 2), a 

strong interest should be devoted in the future in conducting analogous studies of the reactivity 

of the assemblies C-I. 
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Graphical abstract: 

 

Bimetallic Cu(I) building blocks react with pseudohalide ligands to form luminescent 

polymetallic assemblies whose various architectures can be rationalized considering intra- and 

inter- molecular interactions.     

 


