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Abstract. Racemic and enantiopure phosphorescent iridium(III)-silver(I) coordination 

polymers are reported. The polymers rac-, L- and D-IrAg were formed, respectively, by the 

assembly of the chiral iridium metalloligands rac-, L- and D-[Ir(mesppy)2(qpy)]PF6 (rac-, L- 

and D-Ir) where mesppy is 2-phenyl-4-mesitylpyridinato and qpy is 4,4':2',2'':4'',4'''-

quaterpyridine, and Ag+ ions through Npy-Ag linear coordination. The polymers have been 

characterized in MeNO2 solution by 1H and 1H DOSY NMR and CD spectroscopies and in the 

solid-state by Scanning Electron Microscopy (SEM); the crystal structures of the racemic 

polymer rac- IrAg has been obtained by X-ray diffraction. The polymers rac-, L- and D-IrAg 

exhibited orange/red emission in solution, in films and as crystals, with intensities comparable 

to those of the corresponding iridium metalloligands rac-, L- and D-Ir. The morphology of the 

enantiopure polymers in the solid-state resemble marigold flower-like nano-porous assemblies 

while the racemic polymer possesses an irregular morphology formation.   

 

Introduction. Crystal engineering is a powerful approach to self-organize ligand molecules 

and metal ions in the solid-state into infinite 1D-, 2D- and 3D- metal-organic supramolecular 

materials through non-covalent interactions.[1]  In recent years, an increased understanding of 
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the main factors controlling the self-assembly of simple metal-organic architectures has been 

gained; appropriate matching of the coordination geometry preferences of metal ion(s), the 

nature and denticity of the ligand scaffold, and the length, angle and flexibility of the linking 

units between binding sites on the ligands generally provide good control on the resulting 

assembly.[1a, 2]   

 

The coordination sphere of Ag+ ions is particularly flexible and Ag+ can adopt a coordination 

number between one and six, corresponding to the coordination geometries of linear,[3]  

trigonal,[4]  tetrahedral,[5]  square planar,[6]  square pyramidal,[7]  trigonal bipyramidal[8]  and 

octahedral.[9]  This geometric flexibility thus gives rise to intricate coordination structures, the 

self-assembly process of which is generally influenced by the modification of the ligand 

functionalities, anions, solvents, ligand-to-Ag ratio, as well as crystallisation conditions.[10]  

The nature of the Ag(I)-Npy interaction is predominantly donation of the pyridine electron lone 

pair to the metal cation and its energy is comparable with that of a strong H-bond (for example, 

47 kJ·mol-1 for Ag(I)-pyridine).[11] Ag(I)-Npy bonding has been exploited quite extensively to 

form linear and zig-zag and helical supramolecular chains.[11-12] Linear structures can be easily 

formed by the assembly a ligand containing two pyridine units disposed in a linear arrangement 

with Ag+ ions in a 1:1 stoichiometry.[13]  On the other hand, if bent ditopic ligands are assembled 

with Ag(I) or if the linear Ag(I) coordination geometry is distorted by coordinating anions or 

solvents, zig-zag chains or polymeric helical motifs are likely to be formed.[12c, 14]  Both linear 

and zigzag chains can further assemble into a network or a macrocycle in the presence of a 

connecting entity such as solvent molecules or anions. 
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Herein we report chiral phosphorescent coordination polymers, rac-, L- and D-IrAg, formed 

respectively through the self-assembly between the iridium metalloligand rac-, L- and D-Ir of 

composition rac-, L- and D-[Ir(mesppy)2(qpy)]PF6 (Figure 1) and Ag+ ions through Npy-Ag 

linear coordination. Although in recent years the use of iridium(III) complexes as luminescent 

components in 3D-assemblies such as Metal-Organic Frameworks (MOFs) and Coordination 

Polymers (CP) has become increasingly popular,[15]  to the best of our knowledge, these are the 

first examples of coordination polymers formed through the assembly between an iridium 

metalloligand and silver ions. Phosphorescent silver(I) coordination polymers themselves are 

rare and limited to silver-triazolates,[16]  such as those found by Zhou and co-workers,[16a, 16b]  

consisting of cyanide-containing Ag+ polymers that exhibit broad green emissions located at 

lPL between 500 and 520 nm. The emission from triplet states in these coordination polymers 

is induced by the heavy atom effect of silver(I) ions and is ascribed to a mixture of an 3MLCT 

transition, where electron is transferred from Ag(I) centre to π* orbitals of the triazolates, and 

an 3LLCT, cyanide-to-triazole charge transfer transition. 3D heterometallic coordination 

polymers and MOFs containing Ag(I) nodes were also reported by the groups of Englert,[17]  

Hosseini,[18]  Mahon,[19]  Severin,[20]  Cohen[21]  and Carlucci[22]  by reacting tritopic octahedral 

Fe(III), Al(III), Co(III), Cr(III), In(III) and Ga(III) metalloligands or ditopic tetrahedral Zn(II), 

Cu(II) and Pd(II) metalloligands, all containing 3-cyano acetylacetonato units, with Ag+ metal 

ions. These 3D heterometallic assemblies were found to be either non-emissive or no comment 

is made on their emission properties.   

Results and discussion  

The self-assembly between the metalloligands rac-, L- and D-Ir (Figure 1), previously 

reported by us to form phosphorescent [Pd4Ir8]16+ coordination cages in the presence of Pd2+ 

ions,[23]  and AgPF6 was first investigated at room temperature by 1H and 1H-DOSY NMR 
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spectroscopy in MeNO2-d3, a solvent chosen to not interfere with the linear coordination of the 

distal pyridines present in the metalloligands with Ag+ ions. When a 3.0 mM MeNO2-d3 

solution of any of the metalloligands rac-, L- and D-Ir was mixed for five minutes with one 

equivalent of AgPF6, the proton resonances associated with rac-, L- and D-Ir slightly 

broadened and were shifted (Figure 2a and Figure S1,2). The broad 1H NMR signals are 

indicative of the formation of large structures, the tumbling motion of which is slow on the 

NMR time scale.[24]  

 

Figure 1. Chemical structures of metalloligands rac-, L- and D-Ir. 

For each metalloligand 1H DOSY NMR spectra showed the formation of single and identical 

species in MeNO2-d3 solution with diffusion coefficients of D = 2.84 × 10-10, 2.87 × 10-10 and 

2.86 × 10-10 m2/s for rac-, L- and D-Ir, respectively. These diffusion coefficients are smaller 

than those measured for rac-, L- and D-IrAg in MeNO2-d3 (D = 4.08 × 10-10 m2/s), indicating 

that the assembled structure, rac-, L- and D-IrAg, are larger than the corresponding 

metalloligand (Figure 2b and Figure S3). The corresponding hydrodynamic radii (rs) for rac-, 

L- and D-IrAg in MeNO2-d3 were calculated to each be 12.5 Å, which is approximately 50% 

larger than those calculated for rac-, L- and D-Ir (rs = 8.6 Å). Therefore, rac-, L- and D-IrAg 
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in MeNO2-d3 solution are identical and comprises short Ir-Ag oligomers. The addition of a 

larger amount of AgPF6 (2 or 5 equivalents) to the MeNO2-d3 solution of rac-, L- and D-IrAg 

did not cause any further changes to the 1H and 1H-DOSY NMR spectra of rac-, L- and D-

IrAg, indicating the assembly in solution is formed with a 1:1 stoichiometry between the 

metalloligand and Ag+. 

 

Figure 2. a) 1H NMR spectra of rac-Ir (in blue) and a 1:1 mixture of rac-Ir:AgPF6 (rac-

IrAg, in red); b) 1H DOSY NMR spectra of rac-Ir (in blue) and a 1:1 mixture of rac-Ir:AgPF6 

(rac-IrAg, in red). The NMR spectra were collected in MeNO2-d3 at room temperature at a 

concentration of rac-Ir of 3.0 mM. 
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The CD spectra of L- and D-IrAg revealed that these were homochiral assemblies (Figure 3) 

with mirror image spectra. As expected, when rac-Ir was employed as the metalloligand, a 

racemic polymer (rac-IrAg) was formed. 

 

Figure 3. CD spectra collected in CH2Cl2 at 298 K of rac-IrAg (green line); L-IrAg (blue 

line) and D-IrAg (red line). The CD spectra were collected at a concentration of 1 × 10-5 M. 

 

Single crystals of rac-IrAg suitable for X-ray diffraction were obtained through a slow 

diffusion over 10 days of diethyl ether into a 3 mM DCM solution rac-Ir (1 mL) layered with 

a 1:1 DCM/MeOH mixture (1 mL) and then with a MeOH solution of AgPF6 (1 mL). rac-IrAg 

crystallised in the triclinic space group P1", with two independent Ag(I) ions situated on 

inversion centers, coordinating the two Nqpy atoms of one molecule of Ir. The inversion 

symmetry leads to a linear coordination geometry at Ag(I) and gives rise to a racemic, 1D zig-

zag coordination polymer (Figure 4) where every Ag(I) is coordinated by one L-Ir and one D-

Ir enantiomer. The Nqpy···Ag···Nqpy distances [2.141(19) and 2.156(19) Å] are similar to the range 

of Npy···Ag···Npy distances (1.9 – 2.1 Å) reported for the X-ray structures of related silver(I) 

coordination polymers.[12a]  However, in many of these literature structures the linear Ag(I) 
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coordination (Npy···Ag···Npy) is distorted by the presence of coordinating or weakly interacting 

anions (PF6-, BF4-, AsF6- or ClO4-) or solvent molecules.[10, 25]  This is not the case for rac-IrAg. 

Indeed, for rac-IrAg, despite the presence in the crystal lattice of weakly coordinating PF6– 

anions, the Ag(I) centres coordinate to the Nqpy atoms with a perfect symmetry-induced linear 

geometry without any interaction with the fluorine atoms of PF6-. 

 

The packing of the 1D chains of rac-IrAg shows weak hydrogen bonds between the fluorine 

atoms of the PF6- counterions and C–H hydrogen atoms of several pyridine rings of the mesppy 

moieties of the metalloligand [C–H···F–PF5– distances of 2.36 – 2.50 Å, with corresponding 

C···F separations of 3.13(2) – 3.35(5) Å]. This gives rise to weakly hydrogen-bonded layers in 

the ab-plane. However, rac-IrAg does not show any direct chain-to-chain intermolecular 

interactions, such as π-π stacking, likely due to the presence of the bulky mesityl substituents. 

The Ir···Ir separations between two adjacent metalloligands connected by the Ag(I) bridge is 

22.409(3) Å while the Ir···Ir distance between two iridium complexes located in parallel 1D 

chains mediated by PF6- counterions is less than half of this, at 10.8838(18) Å. However, 

shorter Ir···Ir distances are found between Ir centers in adjacent sheets, at 8.806(16) Å. rac-

IrAg packs to form a complex three-dimensional network of narrow pores, giving a total free 

space of approximately 1285 Å3 (~33 % of the volume of the unit cell).  
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Figure 4. a) Representation of the structure of the zig-zag coordination polymer rac-IrAg. 

The mesppy C^N ligands have been omitted for clarity; b) View of the X-ray structure of one 

1D chain of rac-IrAg. Hydrogen atoms, solvent molecules and counterions have been omitted 

for clarity. 

Although apparently single crystals of the enantiopure polymers L- and D-IrAg could also 

be grown following the same crystallisation condition used for rac-IrAg, and were examined 

by X-ray diffraction, their diffraction was too weak and was not being amenable to refinement. 

We then turned our attention to investigate the morphologies of the crystals of L- and D-IrAg 

by SEM. The crystals were grown on a silicon surface through a slow diffusion of diethyl ether 

into 3 mM DCM solutions of L- and D-Ir (1 mL) layered with a 1:1 DCM/MeOH mixture (1 

mL) and then with a MeOH solution of AgPF6 (1 mL). Interestingly, the SEM images show 
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that L- and D-IrAg are assembled in the solid-state into porous nanospheres with diameters 

ranging from 20 and 40 μm and with shapes reminiscent of marigold flowers (Figure 4 and 

Figure S6,7).  

 

Figure 5. a) SEM images of the crystals of D-IrAg and b) SEM images of the crystals of L-

IrAg. Insets are zoomed images of the nanospheres with representations of Marigold flowers.  

The porous and spherical morphology exhibited in the solid-state by L- and D-IrAg is often 

observed for inorganic nanostructures[26]  such as metal oxide nanoparticles,[27]  gold[28]  and 

silicon nanoparticles,[29]  but it is very rare for metal-based coordination polymers.[30]  On the 

other hand, the crystals of rac-IrAg, which require the presence in the lattice of both the L and 

D enantiomers to form the polymer chain illustrated in Figure 4b, exhibit a different 

morphology compared to that of the crystals of L- and D-IrAg. SEM analysis revealed that 

rac-IrAg forms a flake-shaped nanostructure and square shaped crystals (Figure S5). 

Therefore, the chirality of the metalloligand rac-, L- and D-Ir plays a key role in the resulting 

morphology of the polymer assemblies in the solid-state.  

 

Emission properties 
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The emission properties of the rac-, L- and D-Ir metalloligands and rac-, L- and D-IrAg 

coordination polymers were investigated in deaerated MeNO2, as crystals and in thin films 

(Table 1). In deaerated MeNO2, all three metalloligands exhibit an emission centered at 

lPL = 614 nm, with identical photoluminescence quantum yields, FPL, of 12% and similar 

photoluminescence lifetimes, tPL, of 284, 290 and 297 ns, respectively. These emission 

properties match with those seen in deaerated DCM.[23]  The emissions of the coordination 

polymers rac-, L- and D-IrAg in deaerated MeNO2 are all slightly broader and red-shifted at 

646 nm, with slightly higher FPL of 15%, 14% and 15% and slightly longer tPL of 375, 382 and 

379 ns compared to the corresponding metalloligand (Figure 5 and Figure S8). The red-shifted 

emission of rac-, L- and D-IrAg compared to rac-, L- and D-Ir is the result of the coordination 

of the metalloligands to the Lewis-acidic Ag(I), which stabilizes the metalloligand-centred 

LUMO of in rac-, L- and D-IrAg, resulting in a smaller HOMO-LUMO gap and a 

correspondingly stabilized triplet excited state. The radiative rate constant, kr, calculated for 

rac-, L- and D-IrAg of 4.0 × 105 s-1 is similar to that of rac-, L- and D-Ir while its non-radiative 

rate constant, knr, of 2.3 × 106 s-1 is slightly lower (for rac-, L- and D-Ir kr = 4.2 × 105 s-1, knr = 

3.9 × 106 s-1), which we attributed to a rigidification of the iridium luminophores assembled 

into organized chains. Thus, the silver ions do not adversely affect the emission properties of 

IrAg in MeNO2, where, as evidenced by 1H DOSY NMR measurements, short coordination 

oligomers are present. The emissions exhibited by the crystals of rac-, L- and D-IrAg, 

respectively, at 665, 661 and 664 nm (Figure 6a and S9) are red-shifted compared to those 

collected in MeNO2 solution, with lower FPL of 4.6%, 9.2% and 8.9% and shorter 

biexponential tPL of 63, 181 ns and 79, 192 ns and 83, 208 ns (Table 1). It is interesting to note 

that the irregular flake-shaped nanostructures and square shaped crystals of rac-IrAg exhibited 

lower FPL compared to those exhibited by the porous nanospheres of L- and D-IrAg, which 
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showed almost identical emission properties. The lower FPL of rac-IrAg was attributed to the 

formation of irregular and compact morphologies, which promote stronger intermolecular 

interactions between the iridium complexes with the concomitant enhancement of their 

emission quenching. The emissive nature of rac-, L- and D-IrAg both in solution and as 

crystals contrast with the behavior reported by Hosseini and co-workers for an Ir-Cu 

coordination network,[31]  which was found to be non-emissive both in solution and in the 

crystalline state, indicating that the Cu+ metal ions completely quenched the luminescence of 

the Ir metalloligand [Ir(ppy)2(py-bpy)]PF6 (ppy is 2-phenylpyridinato and py-bpy is 5,5’-

bis(pyridin-4-ylethynyl)-2,2’-bipyridine), which itself exhibited a FPL of 19% in deaerated 

THF and of 2% in the solid state. The Ir-Cd network, reported by the same group,[32]  exhibited 

a weak emission (FPL of 1%) in the crystalline state, which was, as observed for rac-, L- and 

D-IrAg, slightly red-shifted (Dl = 6.67 × 105 cm-1, 15 nm) and of similar intensity when 

compared to the solid-state emission of the corresponding Ir metalloligand D-, rac-

[Ir(ppy)2(py-bpy)]PF6. In neat film the emissions of rac-, L- and D-IrAg was broader and blue-

shifted, respectively, at 592, 592 and 598 nm with slightly reduced FPL of 3.9%, 3.4% and 

3.6% and shorter bi-exponential tPL of 32, 142 ns; 42, 165 ns and 41, 161 ns (Figures S10-

S16). 
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Figure 6. a) emission spectra of D-Ir (solid blue line) and D-IrAg (solid red line) in deaerated 

MeNO2 and of crystals of D-IrAg (dotted red line) collected at 298 K, lexc = 360 nm and b) 

emission lifetimes of D-Ir (blue line) and D-IrAg (red line), lexc = 378 nm collected in 

deaerated MeNO2 at 298 K.  

 

Table 1. Photophysical properties of rac-, L- and D-Ir and rac-, L- and D-IrAg. 
 

   lem / nm 

 

       FPL / %  tPL / ns 
 DCMa

 

 

Crys
tals 

 Filmb DCMc Crys
talsc 

  Filmb,d  DCMa       Crystals            Filmb,e 

rac-Ir 
 

614 - 621 12 - 7.6        284 - 241 (0.77), 
591 (0.23) 

 
 
 

D-Ir 
 

614 - 620 12 - 7.1 290 - 160 (0.73), 
474 (0.27) 

L-Ir 614 - 619 12 - 6.9 297 - 183 (0.80), 
436 (0.20) 

 
 
 
 

rac-
IrAg 

646 665 592 15 4.6 3.9 375 
 

63 (0.53), 
181 (0.47) 

32 (0.52), 
142 (0.48) 

D-
IrAg 

 

646 661 592 14 9.2 3.4 382 79 (0.40), 
192 (0.60) 

42 (0.56), 
175 (0.44) 

L-
IrAg 

 

646 664 598 15 8.9 3.6 379 83 (0.52), 
208 (0.48) 

41 (0.59), 
161 (0.41) 

a Measurements in degassed MeNO2 at 298 K (lexc = 360 nm). b Thin films formed by spin-coating on a 
pristine quartz substrate. c FPL measurements were carried out in degassed MeNO2 under nitrogen (lexc = 
360 nm) using quinine sulfate as the external reference (FPL = 54.6% in 0.5 M H2SO4 at 298 K).[33]  d Values 
obtained using an integrating sphere. e Values in parentheses are pre-exponential weighting factor, in 
relative % intensity, of the emission decay kinetics (lexc = 378 nm).  

 

Conclusions 

 

We have herein reported the first examples of phosphorescent coordination polymers formed 

through the self-assembly between the iridium complexes rac-, L- and D-
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[Ir(mesppy)2(qpy)]PF6 and Ag+ metal ions through Nqpy-Ag coordination. The structure of the 

racemic rac-IrAg, elucidated by X-ray crystallography, shows a zigzag coordination polymer 

formed by through linear coordination of Ag(I) metal centres with the ditopic qpy moiety of 

the iridium metalloligand. In the solid-state, rac-IrAg assembles into nanostructures of 

irregular morphologies while enantiopure L- and D-IrAg form porous nanospheres resembling 

the shape of marigold flowers. The silver metal ions promoted a red-shift in the emission of 

the coordination polymers both in MeNO2 and as crystals but do not adversely influence the 

photoluminescence quantum yields and lifetimes. We therefore believe that the assembly of 

suitably functionalised phosphorescent metal complexes with Ag+ ions as structural 

components opens up the possibility to prepare a wide range of supramolecular architectures 

such as coordination polymers, networks and macrocycles, that retain the optoelectronic 

properties of the photoactive complexes. 

 

Supplementary materials 

Experimental section, characterization of iridium complexes and coordination polymers, 

crystal structure of rac-IrAg, Scanning Electron Microscopy measurements and supplementary 

optoelectronic data. 
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