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Mercè Font-Bardia c, Josefina Pons a,* 
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A B S T R A C T   

In this work, two families of Cu(I)-iodide complexes with N-heterocyclic donors ligands bearing amide, phenyl, 
chloro, and methyl substituents have been synthesized to combine two structural directing factors: attractive 
interactions and steric bulkiness. To this aim, we synthesized five Cu(I)-iodide based complexes: two 1D coor
dination polymers [CuI(isn)]n (1) and {[CuI(nic)]⋅ACN}n (2), one tetrameric cubane [CuI(3-phpy)]4 (3), one 
rhomboid dimer [CuI(8-ClQuin)]2 (4) and one monomer [CuI(1-CH3isoQuin)] (5). Interestingly, easy ligand 
dissociation and marked distortions within the molecular structure enabled structural rearrangements between 
the mentioned arrays. Then, we compiled the structures contained in this family of materials and provided a 
shape map and a conversion pathway between the most similar arrays, the cubane and the staircase polymer. 
Finally, the photophysical properties of 1–5 were investigated and electronic transitions were identified and 
supported by DFT and TD-DFT calculations since their photophysical properties are strongly dependent on the 
molecular arrangement and electronic distribution.   

1. Introduction 

Semiconductor based materials are being increasingly exploited for 
their interesting applications as catalysts [1], photocatalysts and 
photo-electrocatalysts [2] but, even more, for their outstanding perfor
mance in the field of solid-state lighting (SSL) as light emitting devices 
(LEDs) [3]. Cu(I) iodide hybrid materials are aimed to be the grounding 
for the next generation of LEDs benefiting from their improved and 
longer lasting electricity to light conversion, solution processability [4], 
cost-effectiveness, and easy preparation [5]. 

The combination of Cu(I) iodide, nurturing from a d10 electron 
configuration and deprived of non-emissive metal-centered transitions, 
with N-, S- or P-donor aromatic ligands have the uniqueness of highly 
tunable photophysical properties with high quantum yields, exhibiting 
emission throughout the entire visible spectra, as well as, UV and near- 
infrared (NIR) edge [6]. Their flexible coordination environment gives 
access to a bounded range of arrangements, rendering coordination 
numbers between two and four, and distorted intermediate geometries 
from linear to tetrahedral. This great structural variety dictates the 

resulting photophysical properties, establishing these materials as a 
prime example of structure-property relationship and highlighting the 
need to get a further understanding of structure-directing factors. 

The most accessible architectures bearing Cu–N dative bonds from 
pyridine and monodentate derivatives in that order are the polymeric 1D 
staircase chain, the cubane tetrameric cluster [Cu4I4(L)4], the rhomboid 
dimer, and the monomer, which tends, per se, to accommodate four 
coordinated Cu(I) centers except for sterically demanding ligands able to 
force trigonal planar geometries [7]. Nevertheless, this set of arrange
ments can be accessed by a single ligand and the formation of the mo
lecular array will be determined by both the experimental conditions 
inter alia temperature, CuI:L ratio or solvent, and the steric requirements 
of the ligand [8]. Hence, their structural versatility and interconversion 
entail that crystal engineering of Cu(I)-iodide materials is still a chal
lenging research field. Indeed, many ligands have exhibited the capa
bility to be arranged into several of the aforementioned arrays [9–11], 
including mixtures of them, and in some cases have even gotten access to 
less common architectures inter alia the octahedral tetramer [12] and 
the hexameric “eared” cubane [13,14]. 
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As stimuli-responsive materials, Cu(I)-iodides are an archetypal 
family of temperature-dependent emitters [15], referred to as thermo
chromic, being their emission markedly sensitive to temperature. This 
has been attributed to the enhancement of cluster-centered (3CC) tran
sitions as a result of shrunk Cu⋯Cu distances in the excited state [16]. 
Indeed, this property is frequently reported for Cu(I)-iodide clusters that 
have the particularity of exhibiting two emission bands, denoted as high 
energy (HE) and low energy (LE). The HE band originates from iodide to 
ligand charge transfer (3XLCT) transitions, with the potential contribu
tion of metal to ligand charge transfer (MLCT), whereas the LE band 
implies 3CC transitions [17]. Variations of their emission properties, for 
instance, their relative intensities or shift of the emission wavelength, 
especially for LE bands, are strongly related to Cu–I bond lengths and 
cuprophilic interactions upon changes in Cu⋯Cu distances below 2.8 Å, 
which is the sum of the van der Waals radii of Cu(I). Interestingly, 
N-donor ligands usually promote shorter Cu⋯Cu distances, which fall 
below this threshold, and enhance emission from 3CC states [18]. This 
behavior can provide access to electronic transitions involving molec
ular orbitals of different natures, caused by rigidification and the 
consequent shortening of Cu⋯Cu and Cu–I distances [19]. Likewise, 
staircase chain CuI(L) arrangements are thought to emit by M(X)LCT 
and can also exhibit dual luminescence arising from 3CC and 1D delo
calized transitions [20]. Besides, cubane and rhomboid dimer arrays 
have already demonstrated superior luminescence performance also 
based on M(X)LCT emission, through reduced nonradiative processes 
due to hindered cuprophilic interactions with longer Cu⋯Cu distances 
[21]. Noteworthy, DFT calculations suggested that electronic properties 
from the clusters are kept when using them as building blocks to achieve 
increased dimensionality [22]. 

The proper synthetic conditions for the arrangement of rhomboid 
dimers, staircase polymers and tetrameric cubanes are still an intriguing 
issue since even mixtures or interconversion between these different 
isomeric forms have been reported and are dependent on subtle changes 
in the synthetic conditions. This could indicate that the different ar
rangements are close in energy and the stabilization of one or another 
can be easily biased towards one specific array. Among them, one-pot 
synthesis provides a straightforward methodology for the synthesis of 
homoleptic Cu(I)-iodide complexes but lacks the control of nuclearity. 
Instead, it usually employs a combination of specific experimental 
conditions such as the reaction ratio, solvent, or concentration, which 
makes it possible to determine the final arrangement. Besides, the 
combination of the strong ionic character of Cu–I bond and the weaker 
nature of the Cu–N bond provides the perfect scenario for structural 
transformations in solution. To avoid these drawbacks, the incorpora
tion of structure directing factors such as strong intermolecular in
teractions or steric effects could confer the required degree of control 
and make feasible the use of one-pot reactions for the synthesis of Cu(I)- 
iodide complexes. 

Our group is working on the structure-property relations of different 
d10 metal complexes bearing N-donor heteroaromatic ligands [23,24] 
and, recently, a new family of N-substituted carboranyl pyrazole based 
Cu(I)-iodide emitters was reported [17]. Continuing with this research, 
we provide the rational synthesis of five Cu(I)-iodide based materials 
containing either pyridine, quinoline or isoquinoline derivatives with 
markedly different photophysical properties. Therefore, we have per
formed the reaction between CuI and 4-pyridinecarboxamide (iso
nicotinamide, isn) or 3-pyridinecarboxamide (nicotinamide, nic) 
benefiting from their strong amide⋅⋅⋅amide homosynthon to bias the 
resulting arrangement. Indeed, the biased assembly of amide⋅⋅⋅amide 
interactions in primary amides template supramolecular polymeric ar
rangements [25]. We also introduced 3-phenylpyridine (3-phpy) that 
should act as an unbiasing ligand. Then, the incorporation of 8-chloro
quinole (8-ClQuin) provided bulkiness but attractive interactions to 
the Cu(I) center whereas the use of 1-methylisoquinoline (1-CH3is
oQuin) exacerbates steric hindrance. Reactions with isn and nic resulted 
in the formation of 1D double stranded coordination polymers [CuI 

(isn)]n (1) and {[CuI(nic)]⋅ACN}n (2), whereas the use of 3-phpy brough 
to a cubane structure [CuI(3-phpy)]4 (3). Interestingly, the addition of 
8-ClQuin or 1-CH3isoQuin forced the arrangement of the rhomboid 
dimer {[CuI(8-ClQuin)]⋅8-ClQuin}2 (4) or the monomer [CuI(1-CH3is
oQuin)2] (5) (Scheme 1). Their photophysical properties were analyzed 
through solid state UV–Vis and fluorescence and better understood by 
TD-DFT calculations. 

2. Experimental section 

2.1. Materials and general details 

Cu(I) iodide (CuI), 4-pyridinecarboxamide (isonicotinamide, isn), 3- 
pyridinecarboxamide (nicotinamide, nic), 3-phenylpyridine (3-phpy), 8- 
chloroquinoline (8-ClQuin) and 1-methylisoquinoline (1-CH3isoQuin) 
ligands, potassium iodide (KI) as well as acetonitrile (ACN), diethyl 
ether (Et2O) and acetone as solvents were purchased from Sigma- 
Aldrich. The water used was MilliQ. Deuterated acetonitrile (ACN-d3) 
was used for the 1H NMR experiments, and it was purchased from 
Eurisotop. All of them were commercially available and used without 
further purification. 

Reactions and manipulation were carried out in air at room tem
perature (RT). Elemental analyses (C, H, N) were carried out on a Euro 
Vector 3100 instrument. FTIR-ATR spectra were recorded on a Perki
nElmer spectrometer equipped with a universal attenuated total 
reflectance (ATR) accessory with a diamond window in the range from 
4000 to 500 cm− 1. 1H NMR spectra were recorded on an NMR Bruker 
Ascend 400 MHz spectrometer in ACN-d3 solution at RT. All chemical 
shifts (δ) are given in ppm, referenced to the residual solvent peak and 
coupling constants in Hertz. Multiplets nomenclature is as follows: 
singlet (s); doublet (d); doublet of doublets (dd); broad (br); multiplet 
(m). Solid-state UV–Vis experiments were performed with a Cary 4000 
UV–Vis spectrophotometer between 200 and 800 nm. Solid-state pho
toluminescence measurements were recorded using a Varian Cary 
Eclipse Fluorescence spectrophotometer between 350 and 700 nm. CIE 
1931 chromaticity diagram was generated using Origin Pro 2019b 
software. 

2.2. Synthesis of complexes 1–3 

To a 5 mL ACN solution of CuI (100 mg, 0.525 mmol), 4 mL of an 
ACN solution containing the dPy (isn (1), nic (2) and 3-phpy (3)) were 
added dropwise (64.1 mg, 0.525 mmol (1); 64.5 mg, 0.528 mmol (2); 
and 75.3 μL, 0.525 mmol (3). Immediately after the addition of the dPy, 
a white (1) or yellowish (2 and 3) powder was formed. Then, they were 
sonicated for 10 min. In the case of 2, the suspension was redissolved. 
The solids (1–3) were filtered and washed twice with 10 mL of cold 
acetone. Then they were dried under vacuum for 1 h. 

[CuI(isn)]n (1). Yield: 136 mg (83%). Anal. Calc. for C6H6N2OICu 
(312.57 g mol− 1): C, 23.06; H, 1.93; N, 8.96%. Found: C, 23.01; H, 1.87; 
N, 8.82%. FTIR-ATR (wavenumber, cm− 1): 3415 (m) [υ(N–H)]as, 3293 
(w) [υ(N–H)]as, 3140(m) [υ(N–H)]s, 3088(w) - 3039(w) [υ(C–H)]ar, 
1691(s) [υ(C––O)], 1621(m) [υ(C––C/C––N)], 1605(m) [υ(C––C/ 
C––N)], 1547(m) [δ(N–H)], 1494(w) [υ(C–NH2)], 1415(m) [δ(C––C/ 
C––N)], 1379(s) [δ(C––C/C––N)], 1217(m), 1149(w), 1113(m), 1059 
(m) [δ(C–H)]ip, 1018(m) [δ(C–H)]ip, 846(m) [δ(C–H)]oop, 761(m) 
[δ(C–H)]oop, 688(w), 644(s), 542(m). 1H NMR (400 MHz; ACN-d3; 298 
K): δ = 8.70 [2H, d, 3J = 5.9 Hz, o-H], 7.67 [2H, d, 3J = 6.0 Hz, m-H], 
6.90 [1H, s, -NHsyn], 6.19 [1H, s, -NHanti]. 

{[CuI(nic)]⋅ACN}n (2). Yield: 148 mg (80%). Anal. Calc. for 
C8H9N3OICu (353.62 g mol− 1): C, 27.17; H, 2.57; N, 11.88%. Found: C, 
27.22; H, 2.61; N 11.80%. FTIR-ATR (wavenumber, cm− 1): 3402 (m) 
[υ(N–H)]as, 3316(w) [υ(N–H)]as, 3172(m) [υ(N–H)]s, 3063(w) 
[υ(C–H)]ar, 2991(w) [υ(C–H)]ar, 2935(w), 2781(w), 2287(w) 
[δ(C–H)+υ(C–C)]ACN, 2256(w) [υ(C–––N)]s, ACN, 1689(s) [υ(C––O)], 
1626(m) [υ(C––C/C––N)], 1592(m) [υ(C––C/C––N)], 1572(m) 
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[δ(N–H)], 1474(w) [υ(C–NH2)], 1435(m) [δ(C––C/C––N)], 1393 (s) 
[δ(C––C/C––N)], 1383(s) [δ(C––C/C––N)], 1358(m) [δ(C–H3)]s, ACN, 
1192(m), 1140(m), 1043(m) [δ(C–H)]ip, 1029(m) [δ(C–H)]ip, 991(w), 
960(w), 924(w) [υ(C–C)]ACN, 829(w), 783(br) [δ(C–H)]oop, 722(w), 691 
(s) [δ(C–H)]oop, 654(s) [δ(C–H)]oop, 639(m), 554(s), 511(s). 1H NMR 
(400 MHz; ACN-d3; 298 K): δ = 8.97 [1H, s, o-H-C], 8.69 [1H, d, 3J = 4.1 
Hz, o-H-CH], 8.12 [1H, dd, 3J = 7.9 Hz, 4J = 1.6 Hz, p-H], 7.43 [1H, dd, 
3J = 7.6 Hz, 3J = 4.8 Hz, m-H], 6.83 [1H, s, -NHsyn], 6.10 [1H, s, 
-NHanti]. 

[CuI(3-phpy)]4 (3). Yield: 144 mg (79%). Anal. Calc. for 
C44H36N4I4Cu4 (1382.53 g mol− 1): C, 38.22; H, 2.62; N, 4.05%. Found: 
C, 38.30; H, 2.55; N, 4.11%. FTIR-ATR (wavenumber, cm− 1): 3057(w) - 
3023(w) [υ(C–H)]ar, 2944(w), 1595(w) [υ(C––C/C––N)], 1579(w) 
[υ(C––C/C––N)], 1469(m) [υ(C––C/C––N)], 1446(m) [δ(C––C/C––N)], 
1407(m) [δ(C––C/C––N)], 1391(sh), 1328(w), 1312(w), 1295(w), 1279 
(w), 1242(w), 1225(w), 1191(m), 1177(w), 1152(w), 1131(w), 1104 
(m), 1071(m) [δ(C–H)ip, 1033(m) [δ(C–H)]ip, 1013(m) [δ(C–H)]ip, 994 
(w), 944(w), 930(w), 917(w), 845(w), 813(m) [δ(C–H)]oop, 758(s) 
[δ(C–H)]oop, 699(s) [δ(C–H)]oop, 671(m), 648(m), 624(m), 555(m), 511 
(m), 501(m). 1H NMR (400 MHz; ACN-d3; 298 K): δ = 8.85 [1H, s, o-Hpy- 
C], 8.56 [1H, d, 3J = 4.7 Hz, o-Hpy-CH], 8.00 [1H, dd, 3J = 8.0 Hz, 4J =
1.6 Hz, p-Hpy], 7.66 [2H, d, 3J = 7.1 Hz, 4J = 1.7 Hz, o-Hph], 7.50 [2H, m, 
m-Hph], 7.43 [2H, m, m-Hpy + p-Hph]. 

2.3. Synthesis of complexes 4 and 5 

For the synthesis of 4 and 5, to a 5 mL of a KI saturated aqueous 
solution with CuI (100 mg, 0.525 mmol), 5 mL of an ACN solution of 8- 
ClQuin (134 μL, 1.05 mmol) or 1-CH3isoQuin (140 μL, 1.05 mmol) were 
added dropwise. After the addition of 8-ClQuin or 1-CH3isoQuin, a 
yellowish or brownish milky suspension was formed, respectively, and 
then the suspensions were sonicated for 10 min. Reactions were slowly 
concentrated until half of the volume under vacuum yielding a brownish 
(4) or pinkish (5) crystalline powder which was filtered and washed 
with 20 mL of milliQ water to remove the excess of KI. Then, the pow
ders were dried under vacuum for 1 h. 

{[CuI(8-ClQuin)]⋅8-ClQuin}2 (4). Yield: 244 mg (90%). Anal. Calc. 
for C27H18N3Cl2I2Cu2 (1037.33 g mol− 1): C, 41.68; H, 2.53; N, 5.40%. 
Found: C, 41.54; H, 2.48; N 5.22%. FTIR-ATR (wavenumber, cm− 1): 
3103(w) - 3001(w) [υ(C–H)]ar, 2942(w), 1938(w), 1874(w), 1806(w), 
1729(w), 1611(w), 1592(m) [υ(C––C/C––N)], 1490(m), 1460(m) 
[υ(C––C/C––N)], 1422(m) [δ(C––C/C––N)], 1381(m) [δ(C––C/C––N)], 
1361(sh), 1306(m), 1242(w), 1215(m), 1202(sh), 1160 (w), 1147(m), 
1134(w), 1065(m) [δ(C–H)]ar, 1045(w), 1029(w), 986(m) [δ(C–H)]ip, 
976(s) [δ(C–H)]ip, 954(sh), 902(m), 850(w), 818(s) [δ(C–H)]oop, 807(m) 
[υ(C–Cl)], 783(s) [δ(C–H)]oop, 776(s) [δ(C–H)]oop, 758(s) [δ(C–H)]oop, 
677(m), 656(m), 625(w), 543(m). 1H NMR (400 MHz; ACN-d3; 298 K): δ 
= 8.85 [1H, dd, 3J = 4.2 Hz, 4J = 1.7 Hz, o-Hpy], 8.25 [1H, dd, 3J = 8.3 
Hz, 4J = 1.7 Hz, o-HCl], 7.79 [1H, dd, 3J = 8.2 Hz, 4J = 1.3 Hz, p-Hpy], 
7.76 [1H, dd, 3J = 7.5 Hz, 4J = 1.3 Hz, p-HCl], 7.46 [1H, dd, 3J = 8.3 Hz, 
3J = 4.2 Hz, m-Hpy], 7.41 [1H, dd, 3J = 8.2 Hz, 3J = 7.6 Hz, m-HCl]. 

[CuI(1-CH3isoQuin)] (5). Yield: 208 mg (83%). Anal. Calc. for 
C20H18N2ICu (476.80 g mol− 1): C, 50.38; H, 3.80; N, 5.88%. Found: C, 
50.21; H, 3.64; N 5.72%. FTIR-ATR (wavenumber, cm− 1): 3054(w) 
[υ(C–H)]ar, 3014(w) [υ(C–H)]ar, 2976(w) [υ(C–H)]al, 1624(w), 1597 
(w), 1562(m) [υ(C––C/C––N)], 1504(m) [υ(C––C/C––N)], 1460(w), 
1431(w), 1419(w) [δ(C––C/C––N)], 1392(m) [δ(C––C/C––N)], 1369 
(m), 1331(m), 1271(w), 1246(m), 1203(w), 1165(w), 1144(w), 1024 
(w), 984(w), 960(w), 868(m) [δ(C–H)]ip, 820(s) [δ(C–H)]oop, 777(m) 
[δ(C–H)]oop, 744(s) [δ(C–H)]oop, 712(m), 642(m), 579(m), 538(m). 1H 
NMR (400 MHz; CDCl3; 298 K): δ = 8.23 [1H, d, 3J = 5.9 Hz, o-Hpy (H1)], 
8.05 [1H, ddd, 3J = 8.3 Hz, 4J = 2.1 Hz, 5J = 0.9 Hz, (H6)], 7.74 [1H, d, 
3J = 7.5 Hz, (H3)], 7.60 [1H, ddd, 3J = 8.2 Hz, 3J = 6.9 Hz, 4J = 1.3 Hz, 
(H4)], 7.51 [1H, ddd, 3J = 8.3 Hz, 3J = 6.9 Hz, 4J = 1.4 Hz, (H5)], 7.46 
[1H, d, 3J = 5.9 Hz, m-Hpy (H2)], 2.82 [3H, s, –CH3 (H7)]. See S.I.: 
Fig. S17. 

2.4. X-ray crystallographic data and structural analysis 

Yellow (1 and 4), colorless (2 and 3), or red (5) prism-like specimens 
were used for the X-ray crystallographic analysis. The X-ray intensity 
data were measured on a D8 Venture system equipped with a multilayer 

Scheme 1. Outline of the synthesis of complexes 1–5.  
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monochromator and a Mo microfocus. For 1–5, the frames were inte
grated with the Bruker SAINT software package, using a narrow-frame 
algorithm. The integration of the data with a 0.70 Å resolution gave 
an average redundancy of 1.000 (1 and 4), 11.215 (2), 9.349 (3) or 
9.457 (5), completeness of 99.4% (1), 99.5% (2), 99.8% (3), 99.9% (5) 
and 99.7% (4), an Rsig of 2.06% (1), 1.66% (2), 1.96% (3), 1.86% (4) or 
8.78% (5) and from which 2433 (93.29%, 1), 3206 (96.45%, 2), 6564 
(99.59%, 3), 5203 (98.02%, 4), or 1689 (61.04%, 5) independent re
flections were greater than 2σ(|F|2). 

The structures were solved and refined using the Bruker SHELXTL 
Software Package (version-2018/3) [26]. For 1–5, the final cell con
stants and volume are based upon the refinement of the XYZ-centroids of 
reflections above 20 σ(I). Data were corrected for absorption effects 
using the multi-scan method (SADABS). Crystal data and relevant details 
of structure refinement for compounds 1–5 are reported in Tables 1 and 
2. 

The geometry evaluation of the Cu(I) in the five complexes was 
performed using version 2.1 of SHAPE [27] software, which is based on 
the low continuous-shape measure (CShM) value S [28]. The S value is a 
generalizable structural descriptor, to quantitatively evaluate distortion 
in terms of symmetry and distance from any ideal geometry. The cor
responding atom coordinates were directly extracted from.cif data and S 

values were computed for any potential geometric accommodation 
within the corresponding coordination number. The ideal geometry 
presenting the lowest S value is then used to assign the coordination of 
Cu. Complete information about the crystal structure and molecular 
geometry is available in.cif format and deposited in the CCDC. CCDC 
numbers 2304580 (1), 2304582 (2), 2304581 (3), 2304579 (4), and 
2304578 (5) contain the supplementary data of this paper. Molecular 
graphics were generated using Mercury (version 4.3.1) [29] with 
POV-Ray Package (version 3.7) [30]. Color codes for molecular 
graphics: light slate blue (N), light green (Cl), dark magenta (I), suva 
grey (C), white (H), red-orange (Cu) and red (O). 

2.5. Computational details 

Geometry optimizations were conducted starting from the X-ray 
crystallographic data. All DFT calculations were performed with the 
Gaussian16 package, version B.01 [31]. Geometry optimizations were 
carried out without any geometrical constraint at the CAM-B3LYP 
density functional level [32]. We include the empirical dispersion 
correction D3 of Grimme for dispersive interactions [33]. The use of D3 
was based on our previous experience in modeling coordination poly
mers in solid state [24]. All atoms were represented with the all-electron 
split-valence double-ζ def2SVP basis set [34,35], which also includes 
polarization functions. Test calculations with the larger all-electron 
split-valence triple-ζ def2TVP basis showed that basis set improvement 
does not imply important geometry differences but substantially in
creases the computational cost. Absorption spectra were obtained using 
the TD-DFT approach at the same CAM-B3LYP/def2SVP level of theory. 

Table 1 
X-ray crystallographic data of complexes 1–3.   

1 2 3 

Empirical formula C6H6N2OICu C8H9N3OICu C44H36N4I4Cu4 

Formula weigh 312.57 353.62 1382.53 
T (K) 100(2) 100(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 
System, space 

group 
Monoclinic, P21/ 
c 

Triclinic, P-1 Monoclinic, C2/c 

Unit cell dimensions 
a (Å) 13.4495(13) 4.01960(10) 20.9184(9) 
b (Å) 4.0804(4) 9.5489(4) 13.6718(5) 
c (Å) 16.5443(2) 14.2103(6) 17.4825(7) 
α (◦) 90 99.4590(10) 90 
β (◦) 109.601(4) 91.6200(10) 120.2520(10) 
γ (◦) 90 98.6280(10) 90 
V (Å3) 855.33(15) 531.14(10) 4319.0(3) 
Z 4 2 4 
Dcalc (g cm3) 2.427 2.211 2.126 
μ (mm− 1) 6.105 4.932 4.839 
F(000) 584 336 2624 
Crystal size (mm3) 0.192 × 0.056 ×

0.035 
0.248 × 0.104 ×
0.029 

0.417 × 0.326 ×
0.297 

hkl ranges − 19 ≤ h ≤ 18 
0 ≤ k ≤ 5 
0 ≤ l ≤ 23 

− 5 ≤ h ≤ 5 
− 13 ≤ k ≤ 13 
− 20 ≤ l ≤ 20 

− 29 ≤ h ≤ 29 
− 19 ≤ k ≤ 19 
− 24 ≤ l ≤ 24 

2θ range (◦) 2.568 to 30.590 2.189 to 30.825 1.943 to 30.538 
Reflections 

collected/ 
unique/[Rint] 

2608/2608/ 
0.0343 

37279/3324/ 
0.0317 

61617/6591/ 
0.0376 

Completeness to θ 
(%) 

99.2 99.9 99.7 

Absorption 
Correction 

Semi-empirical Semi-empirical Semi-empirical 

Max. and min. 
transmis. 

0.7461 and 
0.5960 

0.7461 and 
0.5542 

0.7461 and 0.3555 

Refinement 
method 

Full matrix least- 
squares on |F|2 

Full matrix least- 
squares on |F|2 

Full matrix least- 
squares on |F|2 

Data/restrains/ 
parameters 

2608/2/100 3324/0/128 6591/0/253 

Goodness of fit 
(GOF) on |F|2 

1.202 1.093 1.444 

Final R indices [I >
2σ(I)] 

R1 = 0.0350, 
wR2 = 0.0901 

R1 = 0.0115, 
wR2 = 0.0279 

R1 = 0.0190, wR2 

= 0.0556 
R indices (all data) R1 = 0.0374 wR2 

= 0.0911 
R1 = 0.0132, 
wR2 = 0.0282 

R1 = 0.0191, wR2 

= 0.0557 
Extinction 

coefficient 
n/a n/a n/a 

Largest. Diff. peak 
and hole (e Å− 3) 

2.332 and 
− 1.776 

0.506 and 
− 0.522 

0.488 and − 0.967  

Table 2 
X-ray crystallographic data of complexes 4 and 5.   

4 5 

Empirical formula C36H26Cl4N4I2Cu2 C20H18N2ICu 
Formula weigh 1037.29 476.80 
T (K) 100(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 
System, space group Triclinic, P-1 Monoclinic, C2/c 
Unit cell dimensions 
a (Å) 8.7802(7) 12.5063(16) 
b (Å) 9.2507(8) 8.2735(11) 
c (Å) 11.3802(10) 18.019(2) 
α (◦) 95.242(3) 90 
β (◦) 97.437(3) 103.470(4) 
γ (◦) 107.599(3) 90 
V (Å3) 865.29(13) 1813.2(4) 
Z 1 4 
Dcalc (g cm3) 1.991 1.747 
μ (mm− 1) 3.356 2.910 
F(000) 502 936 
Crystal size (mm3) 0.305 × 0.180 × 0.072 0.132 × 0.027 × 0.018 
hkl ranges − 12 ≤ h ≤ 12 

− 13 ≤ k ≤ 13 
0 ≤ l ≤ 16 

− 13 ≤ h ≤ 17 
− 11 ≤ k ≤ 11 
− 25 ≤ l ≤ 25 

2θ range (◦) 2.332 to 30.558 2.324 to 30.541 
Reflections collected/ 

unique/[Rint] 
5308/5308/0.0298 26168/2767/0.1425 

Completeness to θ (%) 99.9 99.9 
Absorption Correction Semi-empirical Semi-empirical 
Max. and min. transmis. 0.7461 and 0.5684 0.7461 and 0.4672 
Refinement method Full matrix least-squares 

on |F|2 
Full matrix least- 
squares on |F|2 

Data/restrains/parameters 5308/1/205 2767/0/111 
Goodness of fit (GOF) on | 

F|2 
1.097 1.055 

Final R indices [I > 2σ(I)] R1 = 0.0567, wR2 =

0.1448 
R1 = 0.0578, wR2 =

0.1000 
R indices (all data) R1 = 0.0573, wR2 =

0.1452 
R1 = 0.1322 wR2 =

0.1270 
Extinction coefficient n/a n/a 
Largest. Diff. peak and 

hole (e Å− 3) 
4.430 and − 2.278 1.185 and − 1.504  
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We included between 150 and 300 states, depending on the system, to 
account for all transitions in the UV–Vis region. 

The different structures were represented starting from individual 
units to models including the vicinal units that interact with the central 
monomer, dimer, cubane, or polymer until the geometry of the com
plexes was similar to the X-Ray structures and the UV–Vis spectra were 
well reproduced. The S values of the optimized geometries were calcu
lated and compared to the experimental structures to ensure minimal 
geometrical variations (S.I: Table S1). 

For the sake of comparison, geometry optimization and LUMO en
ergy calculations of the free ligands were conducted at the B3LYP den
sity functional level [36], including empirical dispersion D3 [33] and all 
atoms were represented with the all-electron triple-ζ 6–311++G(3df, 
3pd) basis set [37]. 

3. Results and discussion 

In this contribution, we have performed the synthesis of five Cu(I)- 
halide based materials with five N-heterocyclic donor ligands (isn, nic, 
3-phpy, 1-CH3isoQuin and 8-ClQuin). All these reactions were per
formed in ACN at room temperature, except for 1-CH3isoQuin and 8- 
ClQuin, which were synthesized in a mixture of a KI-saturated H2O so
lution and ACN in a 1:0.3 ratio. The reactions containing the amide 
functionality have resulted in the formation of two staircase polymers 
with general formulas [CuI(isn)]n (1) and {[CuI(isn)]⋅ACN}n (2), 
whereas the reaction with 3-phpy yielded the cubane [CuI(3-phpy)]4 
(3). Finally, the incorporation of 8-ClQuin resulted in the rhomboid 
dimer {[CuI(8-ClQuin)]⋅8-ClQuin}2 (4) while 1-CH3isoQuin formed the 
monomer [CuI(1-CH3isoQuin)] (5). The synthesis of complexes 1–3 was 
assayed in a 1:2 (CuI:isn/nic/3-phpy) molar ratio, and the synthesis of 4 
and 5 was performed using the 1:1 (CuI:8-ClQuin/1-CH3isoQuin) molar 
ratio. For 1–3, reactions proceeded as for the 1:1 M ratio whereas in the 
case of 4, the introduction of an excess of 8-ClQuin provided better 
crystalline materials since, as revealed by the X-ray structure, an addi
tional ligand is stacked within the dimers in a pillared arrangement. 
Hence, the synthesis of 1–3 was performed in 1:1 M ratio whereas 4 and 
5 were obtained in the 1:2 M ratio. 

From all the reported examples of Cu(I)-iodide complexes containing 
N-heteroaromatic ligands, it is inferred that reactions with the 1:1 M 
ratio in acetonitrile tend to arrange tetrameric cubanes whereas in a KI- 
saturated H2O solution usually lead to the staircase polymer array [5]. 
The less sterically demanding ligands (isn, nic and 3-phpy) are suitable 
to arrange into the tetrameric cubane, so to compare between them the 
effect of the amide substituent, we performed the synthesis of 1–3 in 
ACN. As previously reported, the reaction with the unbiased ligand, the 
3-phpy, resulted in the formation of the tetrameric cubane 3. Instead, 
the reaction with either isn or nic resulted in the arrangement of the two 
staircase polymers 1 and 2, and this result was achieved regardless of the 
molar ratio, since 1:2 reactions also led to the same arrangements. Then, 
considering that the two bulky ligands (8-ClQuin and 1-CH3isoQuin) are 
not prone to form the tetrameric cubane, but there are reported exam
ples of quinoline and derivatives forming staircase polymers, we per
formed the synthesis of both in a KI-saturated H2O solution. 
Interestingly, the structural directing effect of the synthetic conditions 
was overcome by the effect of the substituents, and the dimer 4 and the 
monomer 5 were obtained. Therefore, these one-pot syntheses achieved 
a certain degree of control, which is the most important drawback to 
makes them feasible in the preparation of Cu(I)-iodide complexes. 

Suitable crystals for the X-ray crystallographic analysis were grown 
via recrystallization of 1 (0.0101 g) or 2 (0.0081 g) in 5 mL of ACN at 
75 ◦C and slow cooling down until 25 ◦C for 10 h. Suitable crystals 3 
were obtained by slow evaporation of the mother liquors, whereas 
layering an ACN solution of 8-ClQuin or 1-CH3isoQuin over a KI- 
saturated aqueous solution of CuI resulted in crystals 4 and 5, respec
tively. The quality of single crystals 4 was poor but an X-ray diffraction 
analysis could be carried out and clearly revealed the structure of the 

complex. 
General characterization. The five complexes were characterized 

by PXRD, elemental analysis (EA), FTIR-ATR and 1H NMR spectros
copies, and single crystal X-ray diffraction. Besides, their photophysical 
properties in solid state were analyzed by UV–Vis and solid-state pho
toluminescence at room temperature. 

The phase purity of the samples was confirmed by PXRD (S.I.: 
Figs. S1–S5). For better comparison, the FTIR-ATR of isn and nic ligands 
was added to the S.I.: Figs. S6–S7. The FTIR-ATR spectrum of complexes 
1–5 can be observed in the S.I.: Figs. S8–S12. The υ(C––O) wavenumbers 
of amides bounded in region I (1800-1600 cm− 1) are sensitive to 
hydrogen bonds (HBs) and dipole-dipole interactions, whereas solvent 
exchange is better traced by changes in region II over 1570-1470 cm− 1. 
In addition, the formation of HBs is reflected as a downfield-shifted 
υ(N–H) vibration [38]. In complexes 1 and 2 both symmetric and 
asymmetric [υ(N–H)] vibrations suffer an upfield shift of 52 cm− 1 and 
37 cm− 1 (1) or 49 cm− 1 and 27 cm− 1 (2), respectively, ascribed to a 
change in the assembly of the amide functionalities (S.I.: Figs. S6–S9). 
Additional bands from the v[C––C/C––N] vibrations from isn and nic 
appears between 1379 and 1113 cm− 1 [39]. Then, bands at 2287 and 
2256 cm− 1 attributable to the presence of ACN molecules [40] were also 
identified in the spectrum of 2. This band corresponds to a mixture of 
[δ(C–H)+υ(C–C)] vibrational modes while the less energetic band be
longs to the symmetric [υ(C–––N)] vibration [41]. Besides, symmetric 
[δ(C–H)3] at 1358 and [υ(C–C)] at 924 cm− 1 in 2, [υ(C––C/C––N)] from 
aromatic rings in 3–5 (S.I.: Figs. S10–S12) as well as [υ(C–Cl)] vibration 
[42] at 807 cm− 1 in 4 have been assigned (S.I.: Fig. S11). In addition, the 
fingerprint region of both 4 and 5 show the characteristic double bands 
between 820 and 699 cm− 1 of the monosubstituted aromatic rings. 
Further identification of vibrational modes [43,44] can be found in the 
experimental details. 

1H NMR spectra of 1–5 were performed in ACN-d3 at 298K (S.I.: 
Figs. S13–S17). The signal corresponding to the o-H aromatic protons 
appeared at 8.70 (1), 8.97 (2), 8.85 (3 and 4), and 8.23 (5) ppm. The 
most downfield-shifted signal in 2 agrees with the presence of the 
carbonyl group in ortho position with respect to the H atom. The 
remaining aromatic signals from pyridyl and phenyl rings can be found 
between 8.69 and 7.41 ppm. Besides, the protons of the amide func
tionalities from the –NH2 moiety in 1 and 2 emerged between 6.10 and 
6.90 ppm. The partial double bond character of the C–N bond in amides 
hinders free rotation i.e. with an energy barrier of 12.9 kcal/mol in nic 
or 14.1 kcal/mol in isn [45]. The rotation of both amide functional 
groups is affected by steric repulsion between the amide N-Hanti proton 
and an H atom from the pyridyl ring. Besides, resonance effects within 
the aromatic ring of isn and nic ligands distribute positive charge over 
the three carbon atoms in nic, while two m-H and the N atom are 
affected in isn. This less favorable delocalization in isn is reflected as a 
less stabilization and therefore, the double bond character in isn is 
decreased. This can be confirmed by the longer C–N bond length of isn 
(1.364(8) Å) with respect to nic (1.333(1) Å), which reflects a less 
double bond character. Despite isn having a higher rotational barrier, it 
presents a lesser double bond character by delocalization [45].  

Molecular and supramolecular structures of [CuI(isn)]n (1) and {[CuI(nic)]⋅ 
ACN}n                                                                                           (2) 

Complex 1 crystallized in the Monoclinic, P21/c, whereas 2 crystal
lized in the Triclinic, P-1 space groups and both accommodate double- 
stranded staircase 1D polymeric structures along a or b axis, respec
tively. The Cu(I) centers display [CuI3N] cores bearing slightly distorted 
tetrahedral geometries with S values of 1.569 (1) and 1.512 (2) and isn 
(Fig. 1a) or nic (Fig. 1b) monodentate ligands. 

Cu⋯Cu distances evince the presence of cuprophilic interactions, 
Cu1⋯Cu1 2.824(1) Å in 1 or Cu1⋯Cu1 2.7176(3) Å and Cu1⋯Cu1 
2.7747(3) Å in 2. Bond lengths, angles, and cuprophilic interactions are 
within the range of similar double-stranded staircase 1D polymeric 
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structures (Cu⋯Cu, 2.709(2)-2.7791(5) Å; Cu–N, 2.055 Å; 56.96(8)◦- 
133.8(14)◦) [46,47] (Tables 3 and 4). 

Interestingly, the inclusion of acetonitrile molecules into the crystal 
structure of complex 2 allows to minimize rotation of the amide func
tional group by fixing the N-Hanti (C3–C4–C6–N2 torsion angle of 9.47◦). 
Instead, the greater C4–C3–C6–N2 torsion angle of 32.43◦ in 1 is prob
ably caused by the interaction of N-Hanti proton with an iodide atom 
from neighboring chains that are slipped to improve the packing of the 
polymeric chains. This increased planarity of nic could favor electronic 
delocalization within the aromatic ring. 

The assembly of the structures of 1 and 2 is unavoidably directed by 

the amide⋅⋅⋅amide homosynthon that usually displays one of the stron
gest interaction patterns with stabilization energies up to − 157 kJ/mol 
[48]. Therefore, amide synthon forms supramolecular straight chains 
along the [1 1 2] direction (1) or zigzag chains along c axis (2), caused 
by the different positions of the amide functionalities. In the case of 1, 
N-Hanti and m-H atoms interact with consecutive iodide atoms from the 
neighboring polymeric chains combined with C–H⋯O interactions be
tween o-H and the carbonyl O atom (Fig. 2a), joining the supramolecular 
layers into a 3D net. The further expansion in 2 is set by tetrel bonds 
(TBs) between the methyl group of ACN and the carbonyl from nic as 
well as between the N-Hanti and the N atom from ACN (Fig. 2b). These 
ACN molecules act as a bridge between nic ligands by associating be
tween themselves through C–H⋯N interactions (Fig. 2c). In addition, 

they are located within supramolecular channels of 40.35 Å
3 

(Fig. 2d), 
representing 7.6% of the unit cell volume (calculated using a probe 
radius of 1.2 Å). These associations define the 3D supramolecular 
structure of 2. 

Typical TBs happen between an electrophilic region on a tetrel 
element (group 14) and a nucleophilic region in another atom. Since 
they are exacerbated for elements further down group 14, which are 
more electrophilic, the C atom usually needs to be attached to an 
electron-withdrawing group as nitrile, which polarizes it and decreases 
its electron density [49]. Hence, the more electropositive nature of this C 
atom facilitates its engagement, which can be further evaluated by two 
broadly employed straightforward parameters R (distance between C 
and the nucleophile) and θ (angle between the atom directly attached to 
the C atom, the C atom, and the nucleophile), where 2.8 < R < 3.2 Å and 
θ ⁓ 180◦ stands for purely TB whereas θ ⁓ 110◦ corresponds to a linear 
C–H⋅⋅⋅acceptor (O/N/S) HB [41]. Thus, from a structural point of view, 
the interaction between ACN and the O atom from nic stands for a TB 
(Table 4). 

Besides, structural features agree with the spectroscopic data. 
Despite both ligands are displaying analogous double head-to-head in
teractions, the N-Hanti differs in 1 by interacting with an I atom whereas 
in 2 it interacts with an N from an acetonitrile molecule, therefore dis
rupting the common pattern in the original structure of the ligands. 
Likewise, the carbonyl group in the complexes replaces the N–H⋯O 
interaction with a weak C–H⋯O interaction in 1 or a TB in 2. Therefore, 
the shift of the corresponding υ(C––O) frequency in 1 is larger moving 
from a strong to an almost negligible interaction whereas the presence of 
TB in 2 reduces this shift. Thorough studies were reported on the distinct 
effect of TBs and HBs into vibrational modes, so this spectroscopic data 
can be supported by comparison with their structural features. Bending 
modes as symmetric CH3 deformation are more sensitive to TB forma
tion with a consequent increase in wavenumber (from 1375 cm− 1 of free 
ACN to 1358 cm− 1 in 2), whereas stretching vibrations are less sensitive 
with red-shifted values (from 918 cm− 1 of free ACN to 924 cm− 1 in 2).  

Molecular and supramolecular structure of [CuI(3-phpy)]4                      (3) 

Complex 3 crystallized in the Monoclinic, C2/c space group and is 
composed of tetranuclear Cu4I4 cubane-like clusters with four mono
dentate 3-phpy ligands that present torsion angles (χ) of 52.47◦ and 
46.02◦ (Fig. 3a). Each Cu(I) displays a [CuI3N] core (Fig. 3b) and exhibits 
a slightly distorted tetrahedral geometry with S values of 1.990 (Cu1A) 
and 1.790 (Cu2A). 

Considering that the sum of the van der Waals radii of Cu(I) is 2.8 Å, 
Cu⋯Cu distances evidence the presence of cuprophilic interactions [50] 
being Cu1A⋅⋅⋅Cu1A 2.6174(7) Å, Cu2A⋅⋅⋅Cu2A 2.6141(4) Å, 
Cu1A⋅⋅⋅Cu2A 2.7181(5) Å and Cu1A⋅⋅⋅Cu2A 2.6539(4) Å. These values 
are in the range of similar Cu4I4 cubane clusters with pyridine de
rivatives (2.604(1)-2.810(2) Å) [51–53]. The absence of significant 
hydrogen bond donors, in combination with the torsioned aromatic 
rings, results in discrete molecules from which only two weak C–H⋯I 
interactions are found (Fig. 3c–Table 5).  

Fig. 1. Molecular structure of complexes (a) 1 and (b) 2. In detail, CuI3N cores 
with the labelling scheme. 

Table 3 
Bond lengths (Å), bond angles (◦) and intermolecular interactions present in 1.  

Bond lengths 

Cu(1)–I(1)a1 2.5997(7) Cu(1)–I(1)a2 2.6940(7) 
Cu(1)–I(1) 2.6375(7) Cu(1)–N(1) 2.023(4) 
Bond Angles 
Cu(1)a1-I(1)-Cu(1) 91.0(2) I(1)-Cu(1)-I(1)a1 113.76(3) 
Cu(1)a1-I(1)-Cu(1)a2 100.84(2) N(1)-Cu(1)-Cu(1)a1 118.15(12) 
Cu(1)-I(1)-Cu(1)a2 63.956(19) I(1)a2-Cu(1)-Cu(1)a1 124.77(4) 
N(1)-Cu(1)-I(1)a2 115.45(12) I(1)-Cu(1)-Cu(1)a1 56.73(3) 
N(1)-Cu(1)-I(1) 107.62(12) I(1)a1-Cu(1)-Cu(1)a1 57.049(16) 
I(1)a2-Cu(1)-I(1) 116.99(3) N(1)-Cu(1)-Cu(1)a2 133.21(13) 
N(1)-Cu(1)-I(1)a1 101.04(12) I(1)a2-Cu(1)-Cu(1)a2 58.017(17) 
I(1)a2-Cu(1)-I(1)a1 100.84(2) I(1)-Cu(1)-Cu(1)a2 58.99(3)  

Intermolecular Interactions H⋅⋅⋅A (Å) D⋅⋅⋅A (Å) D-H (Å) >D-H⋅⋅⋅A (◦) 

N(2)-H(2A)⋅⋅⋅O(1) 1.980 2.86(1) 0.880 178 
N(2)-H(2B)⋯I(1) 2.9151 3.764(6) 0.880 163 
C(4)–H(4)⋅⋅⋅I(1) 3.1231 4.067(5) 0.951 172  

a 1 -x,y+1/2,-z+3/2 #2 -x,y-1/2,-z+3/2. 
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Molecular and supramolecular structure of {[CuI(8-ClQuin)]⋅8-ClQuin}2  (4) 

Complex 4 crystallizes in the Triclinic, P-1 space group and it is 
composed of rhomboid Cu2I2 dimers with two additional 8-ClQuin li
gands (Fig. 4a). The S values of the Cu(I) centers suggest a better fitting 
to a trigonal planar geometry rather than the four coordinated (S =
1.132 for trigonal planar (TP-3) and S = 3.008 for vacant trigonal 
bipyramid (vTBPY-4)) and define a [Cu2I2N2] core, in which chlorine 
atom is capping one available coordination site by Cu⋯Cl interaction 
(Cu1⋯Cl1, 2.599(2) Å, Table 6). Therefore, the 8-ClQuin ligands 
simultaneously force the arrangement of tricoordinate Cu(I) centers and 
the slight pyramidalization of the geometry being the Cu(I) center 0.288 
Å out of the plane formed by the coordinated donor atoms (N1–I1–I1) 
(Fig. 4b). Usually, 2-substituted ligands promote longer Cu⋯Cu dis
tances than 3- and 4-substituted, due to steric effects but Cl substituent 

behaves more like a chelating ligand through the attractive Cl⋯Cu 
interaction. Besides, bulky or chelate ligands usually promote a closing 
of the L-Cu-L’ angle (L = ligand) and the consequent opening of the 
I–Cu–I angle, which in 4 is of 120.57◦, larger if compared to previously 
reported complexes ranging between 110.57(2)◦ and 114.92(1)◦ [21]. 
This is reflected as a significantly short Cu⋯Cu distance of 2.5595(12) Å, 
compared to analogous complexes which display values around 2.607 
(2) Å and 2.664(1) Å [21]. 

The structure of 4 is assembled into stacked layers of dimers and free 
8-ClQuin molecules through complementary π⋅⋅⋅π interactions in an 
alternated manner (8-ClQuin⋅⋅⋅dimer⋅⋅⋅dimer⋅⋅⋅8-ClQuin). Dimers and 
free 8-ClQuin associate between themselves by triple π⋅⋅⋅π stackings, 
featuring a pyridyl-pyridyl (Cg1⋅⋅⋅Cg3), pyridyl-phenyl (Cg1⋅⋅⋅Cg2 and 
Cg2⋅⋅⋅Cg3) and phenyl-phenyl (Cg2⋅⋅⋅Cg4) fashion along [011] direction 

Table 4 
Bond lengths (Å), bond angles (◦) and intermolecular interactions present in 2.  

Bond lengths 

I(1)–Cu(1) 2.63072(19) I(1)–Cu(1) #2 2.66032(16) 
I(1)–Cu(1) #1 2.65894(16) Cu(1)–N(1) 2.0529(9) 
Bond Angles 
Cu(1)-I(1)-Cu(1)#1 63.274(6) N(1)-Cu(1)-Cu(1)#2 124.51(3) 
Cu(1)-I(1)-Cu(1)#2 61.810(5) I(1)-Cu(1)-Cu(1)#2 59.630(5) 
Cu(1)#1-I(1)-Cu(1)#2 98.168(5) I(1)#1-Cu(1)-Cu(1)#2 125.057(8) 
N(1)-Cu(1)-I(1) 106.30(3) I(1)#2-Cu(1)-Cu(1)#2 58.560(6) 
N(1)-Cu(1)-I(1)#1 109.45(3) N(1)-Cu(1)-Cu(1)#1 125.82(3) 
I(1)-Cu(1)-I(1)#1 116.726(5) I(1)-Cu(1)-Cu(1)#1 58.859(5) 
N(1)-Cu(1)-I(1)#2 107.53(3) I(1)#1-Cu(1)-Cu(1)#1 57.867(5) 
I(1)-Cu(1)-I(1)#2 118.190(5) I(1)#2-Cu(1)-Cu(1)#1 125.733(8) 
I(1)#1-Cu(1)-I(1)#2 98.167(5) Cu(1)#2-Cu(1)-Cu(1)#1 94.077(8)  

Intermolecular Interactions H⋅⋅⋅A (Å) D⋅⋅⋅A (Å) D-H (Å) >D-H⋅⋅⋅A (◦) 

N(2)-H(2A)⋅⋅⋅O(1) 2.06 2.9362(13) 0.880 174 
C(17)–H(17)⋅⋅⋅O(9) 2.23 3.0834(16) 0.880 164 
C(8)-H(8B)⋯O(1) 2.5064 3.474(1) 0.980 169 
N(2)-H(2B)⋯N(3) 2.227 3.083(2) 0.880 164 
O(1)⋅⋅⋅C(8) R = 3.064(2) Å θ = 174.9(9)◦

#1 -x-1,-y+1,-z+1 #2 -x,-y+1,-z+1. 

Fig. 2. Supramolecular structure of complexes 1 and 2. (a) amide⋅⋅⋅amide, amide⋅⋅⋅I and C–H⋯O interactions in 1. (b) Amide⋅⋅⋅amide and amide⋅⋅⋅ACN interactions 
as well as C⋯O TBs, highlighted with dotted dark lines, in 2. (c) Association between nic and ACN and ACN molecules themselves. (d) Supramolecular channels of 3. 
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(Fig. 5a), and designing 2D layers within the (100) plane (Fig. 5b).  

Molecular and supramolecular structure of [CuI(1-CH3isoQuin)2]            (5) 

Complex 5 crystallizes in the Monoclinic C2/c space group, and it 
contains two monodentate 1-CH3isoQuin ligands in a [CuN2I] core with 
a slightly distorted trigonal planar geometry (S = 0.830) (TP-3 = 0.830), 
exhibiting angles of 137.9(3)◦ and 111.06(14)◦, forced by the steric 
hindrance between the ligands. Indeed, the Cu(I) center is perfectly 
accommodated on the plane defined by the coordinated atoms (Fig. 6a). 
The 1-CH3isoQuin ligands are arranged almost perpendicular with a 
(C9–N1–N1–C9) torsion angle of 86.0(6)◦ probably guided by the bulky 
methyl groups in ortho position. 

This almost perpendicular disposition of the 1-CH3isoQuin ligands 
forces the monomeric units to assemble into 2D layers through double 
π⋅⋅⋅π interactions between pyridyl-phenyl rings (Cg1⋅⋅⋅Cg2) and vice 
versa (Fig. 6b). The monomeric units are further associated by double 
C4–H4⋯I1 interactions between the o-H from the pyridyl rings and the 
iodide atom along c axis (Fig. 6c). Selected distances and angles are 
listed in Table 7. 

3.1. Crystal engineering of tetracoordinate Cu(I)-iodide complexes 

Considering the aforementioned tendency of Cu(I)-iodide systems to 
suffer molecular rearrangements after external stimuli, and the distor
tions displayed by complexes 1–5, we performed a search in the CSD 
[54] to analyze distortions in the most common arrangements. Within 
the plethora of accessible architectures reported, we trimmed down the 
structural data to those structures bearing Cu(I)-iodide and mono
dentate pyridine derivative ligands (L) that should minimize geometric 
constraints from the ligands, assuming that only μ3-iodine geometric 
restrictions are present in polynuclear complexes. This search has 
revealed that 80 examples ( ) hold the polymeric 1D staircase chain 
[CuI(L)]n, whereas 30 structures ( ) accommodate the cubane 

Fig. 3. (a) Molecular structure of 3 highlighting the torsion angle between 
phenyl and pyridyl rings. (b) Inset of the cubane-like arrangement with labeling 
scheme. Hydrogen atoms have been omitted for clarity. (c) Supramolecular 
assembly of 3. Only hydrogen atoms involved in the intermolecular interactions 
are shown. 

Table 5 
Bond lengths (Å), bond angles (◦) and intermolecular interactions present in 3.  

Bond lengths 

I(1A)-Cu(1A) 2.6436(3) I(2A)-Cu(2A) 2.6910(3) 
I(1A)-Cu(2A) 2.6608(3) I(2A)-Cu(2A)a1 2.7260(3) 
I(1A)-Cu(1A)a1 2.7882(3) Cu(1A)-N(1A) 2.0280(18) 
I(2A)-Cu(1A) 2.6461(3)   
Bond Angles 
Cu(1A)-I(1A)-Cu(2A) 60.040(8) I(2A)-Cu(1A)-I 

(1A)a1 
110.076 
(10) 

Cu(1A)-I(1A)-Cu(1A)a1 57.541(11) Cu(2A)-Cu(1A)-I 
(1A)a1 

107.379 
(11) 

Cu(2A)-I(1A)-Cu(1A)a1 59.791(8) Cu(2A)a1-Cu(1A)-I 
(1A)a1 

57.777(8) 

Cu(1A)-I(2A)-Cu(2A) 59.631(8) N(2A)-Cu(2A)-Cu 
(2A)a1 

137.88(5) 

Cu(1A)-I(2A)-Cu(2A)a1 60.769(8) N(2A)-Cu(2A)-Cu 
(1A) 

149.93(5) 

Cu(2A)-I(2A)-Cu(2A)a1 57.701(10) Cu(2A)a1-Cu(2A)-Cu 
(1A) 

62.120(10) 

N(1A)-Cu(1A)-Cu(1A)a1 135.20(5) N(2A)-Cu(2A)-I(1A) 109.52(5) 
N(1A)-Cu(1A)-I(1A) 107.88(5) Cu(2A)a1-Cu(2A)-I 

(1A) 
112.504(6) 

Cu(1A)a1-Cu(1A)-I(1A) 64.005(11) Cu(1A)-Cu(2A)-I 
(1A) 

59.659(8) 

N(1A)-Cu(1A)-I(2A) 111.19(5) N(2A)-Cu(2A)-I(2A) 106.02(5) 
Cu(1A)a1-Cu(1A)-I(2A) 112.434(6) Cu(2A)a1-Cu(2A)-I 

(2A) 
61.823(11) 

I(1A)-Cu(1A)-I(2A) 111.852 
(10) 

Cu(1A)-Cu(2A)-I 
(2A) 

59.344(9) 

N(1A)-Cu(1A)-Cu(2A) 155.56(5) I(1A)-Cu(2A)-I(2A) 109.910 
(10) 

Cu(1A)a1-Cu(1A)-Cu(2A) 62.077(10) N(2A)-Cu(2A)-Cu 
(1A)a1 

145.72(5) 

I(1A)-Cu(1A)-Cu(2A) 60.301(9) Cu(2A)a1-Cu(2A)-Cu 
(1A)a1 

59.662(9) 

I(2A)-Cu(1A)-Cu(2A) 61.026(9) Cu(1A)-Cu(2A)-Cu 
(1A)a1 

58.303(13) 

N(1A)-Cu(1A)-Cu(2A)a1 141.46(5) I(1A)-Cu(2A)-Cu 
(1A)a1 

62.433(9) 

Cu(1A)a1-Cu(1A)-Cu 
(2A)a1 

59.623(9) I(2A)-Cu(2A)-Cu 
(1A)a1 

107.953 
(11) 

I(1A)-Cu(1A)-Cu(2A)a1 109.768 
(11) 

N(2A)-Cu(2A)-I 
(2A)a1 

101.27(5) 

I(2A)-Cu(1A)-Cu(2A)a1 61.070(9) Cu(2A)a1-Cu(2A)-I 
(2A)a1 

60.476(11) 

Cu(2A)-Cu(1A)-Cu(2A)a1 58.220(12) Cu(1A)-Cu(2A)-I 
(2A)a1 

108.802 
(11) 

N(1A)-Cu(1A)-I(1A)a1 97.06(5) I(1A)-Cu(2A)-I 
(2A)a1 

111.553 
(11) 

Cu(1A)a1-Cu(1A)-I(1A)a1 58.456(10) I(2A)-Cu(2A)-I 
(2A)a1 

117.848 
(10) 

I(1A)-Cu(1A)-I(1A)a1 117.785 
(11) 

Cu(1A)a1-Cu(2A)-I 
(2A)a1 

58.161(9) 

Torsion Angles 
C11(A)-C(6A)-C(4A)-C 

(5A) 
52.5(3) C16(A)-C15(A)-C17 

(A)-C5(A) 
46.02 

Intermolecular Interactions H⋅⋅⋅A (Å) D⋅⋅⋅A (Å) D-H (Å) >D-H⋅⋅⋅A (◦) 
C(8A)-H(8A)⋅⋅⋅I(2A) 3.1356 3.910(2) 0.930 141.9 
C(3A)-H(3A)⋅⋅⋅I(2A) 3.3269 3.891(3) 0.930 121.2  

a 1 -x+1,y,-z+1/2. 
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tetrameric cluster [Cu4I4(L)4], 31 hits ( ) display the molecular 
rhomboid dimer [Cu2I2(L)n] (n = 1 or 2), and 22 hits ( ) have a 
monomeric arrangement (Fig. 7) [54]. 

It is widespread knowledge that, from the geometric possibilities of 

tetracoordinate transition metal ions, those with d8 electron configura
tion prefer square-planar geometry, whereas d0 and d10 tend to be 
tetrahedral. Such a rule of thumb is ideal and usually intermediate ge
ometries are found. In fact, previous studies on tetracoordinated Cu(II) 
and Pt(II) halide complexes show intermediate geometries between 
tetrahedron and square. A profound analysis of geometrical distortions 
of [CuCl4]2- and [CuBr4]2- structures evinced that the specific tetrahe
dral to square planar distortive mode that leads tetracoordinated species 
to interconvert from square to tetrahedron and vice versa fits the spread 
planarization route [55]. Besides, geometrical distortions of unit blocks, 
including [Tl(Pb)X4]2- structures (X = Cl, Br) were previously detected 
for several thallium and lead chlorides and bromides [56–58]. Despite 
Cu(I) meeting the required d10 electron configuration which is one of the 
contributors to the tetrahedral geometry [59], Cu(I)-iodine complexes 
seem to follow a distinct pathway and should be considered as a 
particular case. 

Hence, we decided to provide a shape map represented as a two- 
dimensional scatterplot of the two polyhedral that better fit, the tetra
hedral (T-4) or the vacant trigonal bipyramidal (vTBPY-4) geometries 
(Fig. 7). Besides, S values for rhomboid dimers and monomers with the 
mentioned geometries are added. 

The generated shape map displays that distortions are overtly 
accentuated for cubanes, which accommodate intermediate geometries 
with S values from (vTBPY-4 1.370; T-4 1.868) to (vTBPY-4 1.994; T-4 
1.855) but bounded to a narrow range of distortions. Instead, stairstep 
polymers and rhomboid dimers better fit to a T-4 geometry, further from 
intermediates. Finally, monomeric arrangements should be sorted apart 
since despite presenting intermediate geometries all are guided by 
pincer trischelate ligands, which orientate the three coordinated N 
atoms [60], and thus, ligands themselves force the distortion. The S 
value calculations of tetracoordinate [CuI3N] cores for square (SP-4) and 
seesaw or sawhorse (SS-4) geometries gave high distortions with respect 
to T-4 and vTBPY-4, and therefore, we pose that [CuI3N] cores follow a 
pyramidalization or umbrella distortion conversion path [61]. 

The confined distortions in cubanes are probably induced by the 
cluster itself where bridging μ3-iodine atoms force pyramidalization of 
tetrahedral geometry leading to distorted vTBPY-4 geometries but 
minimizing the accessible distortions in concert. Besides, these inter
mediate geometries instead of the preferred tetrahedral for the 
remaining arrangements could be triggered by cuprophilic interactions, 
which attract the Cu(I) centers to the center of the cubane and place 
them over the μ3-iodines plane, thus favoring the vTBPY-4 geometry. It 
is also reflected that geometries between polymers and cubanes are the 
most similar, and this could allow easier interconversion between these 
arrays. Indeed, conversion between cubane and stair step polymers is 
commonly found [10,62]. 

Fig. 4. (a) Molecular structure of 4. (b) Highlighting of the Cu(I) out of N1–I1–I1 plane displacement towards Cl1 atom.  

Table 6 
Bond lengths (Å), bond angles (◦) and intermolecular interactions present in 4.  

Bond lengths 

I(1)–Cu(1) 2.5732(7) Cu(1)⋅⋅⋅Cu(1)#1 2.5595 
(12) 

I(1)–Cu(1)#1 2.5903(7) Cu(1)⋅⋅⋅Cl(1) 2.5987 
(17) 

Cu(1)–N(1) 2.065(3)   
Bond Angles 
Cu(1)-I(1)-Cu(1)#1 59.43(2) I(1)-Cu(1)-I(1)#1 120.57(2) 
N(1)-Cu(1)-Cu(1) 

#1 
158.90(11) N(1)–Cu(1)⋅⋅⋅Cl(1) 79.98(11) 

N(1)-Cu(1)-I(1) 118.55(11) Cu(1)#1⋅⋅⋅Cu(1)⋅⋅⋅Cl(1) 120.75(5) 
Cu(1)#1⋅⋅⋅Cu(1)–I 

(1) 
60.62(3) I(1)–Cu(1)⋅⋅⋅Cl(1) 110.84(4) 

N(1)-Cu(1)-I(1)#1 116.56(11) I(1)#1-Cu(1)⋅⋅⋅Cl(1) 98.73(4) 
Cu(1)#1⋅⋅⋅Cu(1)–I 

(1)#1 
59.95(3)    

Intermolecular 
Interactions 

H⋅⋅⋅A (Å) D⋅⋅⋅A 
(Å) 

D-H (Å) >D-H⋅⋅⋅A 
(◦) 

C15–H15⋯O9 2.318 3.229 
(9) 

0.950 160.4 

C17–H17⋯O9 2.441 3.340 
(10) 

0.950 158.3 

π interactions 
Cg(I)⋅⋅⋅Cg(J) Cg⋅⋅⋅Cga αb β, γc Cg(I)_Perp,Cg 

(J)_Perpd 
Slippagee 

Cg(1)⋅⋅⋅Cg(2) 3.692 
(3) 

1.2 
(4) 

23.7, 
24.8 

3.3514(15), 
3.382(2) 

1.484 

Cg(1)⋅⋅⋅Cg(3) 3.725 
(2) 

2.3 
(2) 

22.3, 
24.5 

3.3903(15), 
3.4463(18) 

1.413 

Cg(2)⋅⋅⋅Cg(2) 3.596 
(3) 

0 20.0, 
20.0 

3.379(2), 
3.379(2) 

1.230 

Cg(2)⋅⋅⋅Cg(3) 3.704 
(3) 

3.2 
(2) 

19.3, 
22.2 

3.4297(18), 
3.496(2) 

1.224 

Cg(2)⋅⋅⋅Cg(4) 3.707 
(3) 

4.2 
(2) 

15.9, 
20.0 

3.485(2), 
3.5648(18) 

1.016 

Cg(3)⋅⋅⋅Cg(4) 3.679 
(3) 

1.3 
(2) 

24.1, 
23.3 

3.3788(18), 
3.3576(18) 

1.502 

Cg(4)⋅⋅⋅Cg(4) 3.510 
(3) 

0 15.8, 
15.8 

3.3778(18), 
3.3779(18) 

0.954 

#1 -x+1,-y,-z+1; aCg⋅⋅⋅Cg = distance between ring centroids given in Å; aCg⋅⋅⋅Cg 
= distance between ring centroids (Å); bα = dihedral angle between Planes I and 
J (◦); cOffset angles: β = angle Cg(I)-Cg(J) and normal to plane I (◦) and γ = angle 
Cg(I)-Cg(J) and normal to plane J (◦) (β = γ, when α = 0); dPerpendicular dis
tance (Å) of Cg(I) on plane J and perpendicular distance (Å) of Cg(J) on plane I 
(equal when α = 0); eSlippage = Horizontal displacement or slippage between 
Cg(I) and Cg(J) (equal for both centroids when α = 0). Cg(1) =

N1–C1–C2–C3–C4–C9; Cg(2) = C4–C5–C6–C7–C8–C9; Cg(3) =

N2–C10–C11–C12–C13–C18; Cg(4) = C13–C14–C15–C16–C17–C18. 
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3.2. Photophysical properties: experimental and theoretical calculations 

3.2.1. Solid-state UV–Vis and photoluminescence 
Previously reported cases stand for intermolecular interaction 

modification [19] or isomeric conversion after grinding [13]. To avoid 
changes in the photophysical properties of the complexes upon the 
preparation of the samples for the UV–Vis and photoluminescence 
measurements [63], the PXRD patterns of the samples after grinding are 
provided in the S.I.: Figs. S1–S5. In addition, Fig. 8 provides a visual 
inset of the samples under UV irradiation before and after grinding, also 
suggesting no significant changes in the emission color. Besides, the 
potential thermochromic behavior associated with these materials is 
attributed to changes in the cuprophilic interactions, exhibited by those 
holding distances below the sum of the vdW radii of 2.8 Å (Table 8). 
Therefore, we provide an inset of the samples irradiated under the same 
conditions immersed in liquid nitrogen (Fig. 8). Upon cooling, samples 2 
and 3 present changes in the emission color as would be expected 

considering that Cu⋯Cu distance is below 2.8 Å. Cubane arrangements 
are prone to present this behavior due to the enhancement of the 
emission from the LE band, instead, staircase polymers have less ten
dency since usually display longer distances [19]. 

Upon the UV–Vis radiation exposure at 298K, the samples 1–5 
(Fig. 9) display broad absorption bands up to 500 (1 and 4), 450 (2), 400 
(3), and 525 (5) nm, with absorption maxima at 415 (1), 325 (2), 275 
(3), 380 (4), and 375 (5) nm. Complexes 2 and 5 have additional less 
intense bands from 450 to 700 nm (2) and 525–700 nm (5). These un
structured absorption spectra are usually related to charge transfer 
processes, which is in agreement with the reported excitation pathways 
for Cu(I)-iodide materials. 

The emission spectra of complexes 1, 2, 3, and 5 (Fig. 10) display 
broad bands with emission maxima (λem-max) at 529 (1), 479 (2), 552 
(3), and 600 nm (5), and full width at half maximum (FWHM) values 
between 62.7 and 119.1 (Table 9). Instead, the emission spectrum of 4 
displays well-defined bands with FWHM of 7.5 with the emission max
ima at 413 nm. Interestingly, the spectra of 1, 2, and 5 display additional 
bands at 650 nm (1), 360 nm, and 550 nm (2), at 423 nm and up to 700 

Fig. 5. (a) supramolecular assembly of 8-ClQuin throughout [011] direction supported by complementary π⋅⋅⋅π interactions. (b) Layered structure of 4 along 
(100) plane. 

Fig. 6. Molecular structure (a) and supramolecular structure assembled by π⋅⋅⋅π 
(b) and C–H⋯I (c) interactions of 5. 

Table 7 
Bond lengths, angles and intermolecular interactions in complex 5.  

Bond lengths 

I(1)–Cu(1) 2.5757 
(13) 

Cu(1)–N(1)#1 1.965(5) 

Bond Angles 
N(1)-Cu(1)-N(1)#1 137.9(3) N(1)#1-Cu(1)-I(1) 111.06 

(14) 
Intermolecular 

Interactions 
H⋅⋅⋅A (Å) D⋅⋅⋅A 

(Å) 
D-H (Å) >D-H⋅⋅⋅A 

(◦) 
C(4)–H(4)⋅⋅⋅I(1) 3.1195 4.061 0.950 171.29 
π interactions 
Cg(I)⋅⋅⋅Cg(J) Cg⋅⋅⋅Cga αb β, γc Cg(I)_Perp, 

Cg(J)_Perpd 
Slippagee 

Cg(1)⋅⋅⋅Cg(2) 3.876(4) 2.2(3) 22.7, 
22.4 

3.585(2), 
3.575(3) 

1.496 

Cg(1)⋅⋅⋅Cg(2) 3.703(4) 2.2(3) 15.4, 
16.9 

3.544(2), 
3.570(3) 

0.985 

Cg(2)⋅⋅⋅Cg(1) 3.876(4) 2.2(3) 22.4, 
22.7 

3.576(3), 
3.584(2) 

1.476 

Cg(2)⋅⋅⋅Cg(3) 3.704(4) 2.2(3) 16.9, 
15.4 

3.570(3), 
3.544(2) 

1.075 

#1 -x+1,-y,-z+1; aCg⋅⋅⋅Cg = distance between ring centroids given in Å; aCg⋅⋅⋅Cg 
= distance between ring centroids (Å); bα = dihedral angle between Planes I and 
J (◦); cOffset angles: β = angle Cg(I)-Cg(J) and normal to plane I (◦) and γ = angle 
Cg(I)-Cg(J) and normal to plane J (◦) (β = γ, when α = 0); dPerpendicular dis
tance (Å) of Cg(I) on plane J and perpendicular distance (Å) of Cg(J) on plane I 
(equal when α = 0); eSlippage = Horizontal displacement or slippage between 
Cg(I) and Cg(J) (equal for both centroids when α = 0). Cg(1) =

N1–C1–C2–C3–C8–C9; Cg(2) = C3–C4–C5–C6–C7–C8. 
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nm (5). Complexes 1–5 display emission within the range of the corre
sponding architectures with N-heteroaromatic donors. Staircase poly
mers usually exhibit emission between 530 and 630 nm, tetrameric 
cubanes between 555 and 625 nm, dimers between 466 and 620 nm, and 
monomers between 460 and 650 nm [6,54,64,65]. For the sake of 
comparison, some relevant parameters of the archetypal analogues with 
pyridine are reported in Table 9. The values of Stokes shifts are related to 
rigidity of the complexes and planarity of the ligands since planar 
molecules usually display small Stokes shifts. Thus, the reported com
plexes 1–3 display larger Stokes shifts compared to the pyridine ana
logues. Instead, complex 4 with a more rigid 8-ClQuin ligand show 
significantly small Stokes shift. This is in agreement with the energy of 
the HOMO from 4 which is of − 6.3261 eV, whereas the LUMO is at 
− 1.6207 eV. Thus, the LUMO from 8-ClQuin at − 2.0493 eV provides an 
accessible low-lying MO triggering relaxation from coordinated 
8-ClQuin to occluded 8-ClQuin ligand instead of returning to the Cu2I2 
core. The CIE chromaticity diagram of complexes 1–5 (S.I.: Fig. S18) 

highlights the tunable emission of the complexes covering the whole 
range of the visible spectrum. 

Interestingly, several studies for rhomboid dimers inferred that the 
incorporation of ligands with higher LUMO energies results in more 
energetic emission bands [21]. The calculated LUMO energies are 
− 1.9870 eV for isn, − 1.7720 eV for nic, − 1.3987 eV for 3-phpy, 
− 2.0493 eV for 8-ClQuin, and − 1.6912 eV for 1-CH3isoQuin. Besides, 
reported data provides a LUMO energy of 0.4890 eV for pyridine [67]. 
Considering our results, it seems that staircase polymers follows the 
same trend as rhomboid dimers, since LUMO energies of the ligands are 

Fig. 7. Shape map of the tetracoordinated cores containing Cu(I)-iodide with 
pyridine derivatives bearing T-4 or vTBPY-4 geometries. 

Fig. 8. Samples of 1–5 under 365 nm UV lamp exposure at 298K before (top), after (middle) grinding, or at 100K (bottom).  

Table 8 
Selected Cu⋯Cu distances (in Å) of complexes 1–5.  

1 2.824(1) 4 2.5595(12) 

2 2.7176(3), 2.7747(3) 5 7.498 
3 2.6174(7), 2.6141(4), 2.7181(5), 2.6539(4)  

Fig. 9. Solid-state UV–Vis spectra of complexes 1–5 recorded at 298K from 200 
to 800 nm. 
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ordered as py > nic > isn and the recorded emission wavelengths are 
ordered as py < nic < isn (Table 9). 

One of the most demanded LEDs are white emitters, which are 
usually achieved by combination of blue LEDs (450–480 nm) usually 
coated with yellow (around 540 nm) single or multicomponent phos
phors. Therefore, 1 and 3 could be used as coating phosphors for blue 
emitting LEDs whereas 2 directly provides white light since the inherent 
emission is the combination of two emission bands at 479 and 550 nm 
[5]. 

4. Calculations 

Aiming to understand these properties, we performed DFT and TD- 
DFT calculations at the CAM-B3LYP level of theory with def2SVP basis 
sets for all elements (see computational details for further information). 
Due to the complexity of the materials; i.e. the registered UV–Vis spectra 
are obtained in the solid state with structures containing polymers, 
cubanes, dimers, or monomers highly interacting with the vicinal units; 
initial efforts were devoted to defining the computational model. Test 
calculations showed that complexes 1 and 2 should be represented with 
a polymer chain of at least four units interacting with the corresponding 
vicinal polymer chains. Indeed, the absence of vicinal chains leads to a 

helical structure resembling the structure of the ligands (S.I: Fig. S19) 
[68]. Moreover, in the case of 2, the inclusion of the structural solvent 
molecules improved the results (S.I.: Fig. S20). On the other hand, for 
cubane, dimer, and monomer, the addition of 2, 4, and 4 vicinal units, 
respectively, is required to keep the structure of the central unit close to 
the solid state geometry, thus leading to a good representation of the 
absorption spectra. Remarkably, the use of smaller units in all cases 
leads to structures that are strongly different from those obtained with 
X-ray diffraction and, thus, they are not representative of the systems 
under study (S.I.: Figs. S19–S22). 

The computed absorption spectra of the previously mentioned 
models of 1 to 5 were compared to the experimental ones providing a 
good fitting (Fig. 11). It is worth noting that the inclusion of several units 
of the discrete systems in the modeling is essential to reproduce the 
effect of transitions involving ligands of different units that appear at 
longer wavelengths. This is important especially due to the presence of 
aromatic rings that interact through π-stacking. Experimental absorp
tion bands of polymer 1 at 403, 333, and 250 nm were computed to 
appear at 390, 322, and 264 nm, respectively. Likewise, absorption 
bands of the second polymer, 2, at 450, 325, and 250 nm were shifted to 
460, 330, and 270 nm in the calculated spectrum. 

The discrete cubane, 3, shows two absorption bands placed at 285 
and 240 nm that are reproduced computationally by several intense 
bands around 280 nm. Finally, complexes 4 and 5 show a very broad 
absorption band that is also suggested by calculations. Thus, the dif
ference between calculated and experimental absorption maxima differ 
by less than 30 nm, which is considered to be within the precision of the 
modeling approach [69]. 

Analysis of the molecular orbitals involved in the absorption process 
allows identifying the nature of the electronic transitions. Figs. 12 and 
13 show the molecular orbitals involved in a representative electronic 
transition of 2 and 5, respectively. The molecular orbitals involved in the 
representative transitions of the other complexes are reported in the S.I.: 
Figs. S23–S27. The main contributor to the absorption bands of all 
complexes originates from metal-halide to ligand charge transfer (M +
X)LCT transitions. Indeed, the HOMOs are centered on the CuI moiety 
whereas LUMOs belong to the ligands. The unique exception is complex 
3 (the cubane) which apart from the (M + X)LCT type of transitions also 
presents cluster-centered (3CC) transitions. In particular, the absorption 
at energies between 315 and 280 nm belongs to (M + X)LCT transitions 
from Cu(I) and iodide to 3-phpy π orbitals. Instead, below ⁓280 nm, 
absorption presents a contribution from delocalized Cu(I) and iodide 
orbitals displaying an admixture of both transitions. This behavior 
agrees with the short Cu⋯Cu distance of 2.6141(4) Å in 3 which pro
motes strong contribution from 3CC transitions. 

Several previous computational studies were reported in the litera
ture [66,70,71]. They mainly focus on discrete units of similar systems, 
while related polymers were only analyzed with the projected density of 
states (PDOS) of the crystal structure [6]. For dimers and monomers, it 
was suggested that the main contributors to the absorption spectra are 
(M + X)LCT transitions [72]. For polymers, the PDOS shows that the 
conduction band is composed of Cu(I) and iodide orbitals whereas the 
valence band has a major contribution from the ligands, thus suggesting 
again that the main transitions are composed of (M + X)LCT. Finally, 
there is a wide agreement that similar cubane systems show both 
cluster-centered and (M + X)LCT optical transitions. Therefore, the here 
presented systems show the same contributions to the optical spectra as 
related complexes already described in the literature. 

5. Conclusions 

Within this contribution, a series of five Cu(I)-iodide complexes were 
arranged by an easy one-pot synthesis and fully characterized. They 
demonstrated stability after grinding which eased their manipulation 
and avoided structural transformations. The incorporation of such 
structural directing factors as steric bulkiness and attractive forces 

Fig. 10. Solid-state emission spectra of complexes 1–5 recorded at room tem
perature between 350 and 700 nm. 

Table 9 
Summary of the photophysical properties of complexes 1–5. Reported data of 
absorption and emission maxima has been extracted from Ref. [66].  

Sample λabs- 

max 

(nm) 

λem- 

max 

(nm) 

Molecular 
arrangement 

FWHM Emission 
color 

Stokes 
Shift 
(cm− 1) 

1 415 529 Staircase 
polymer 

85.4 Yellow 5193 

2 325 479 Staircase 
polymer 

62.7 White 9892 

3 275 552 Tetrameric 
Cubane 

98.2 Yellow 18,248 

4 380 413 Rhomboid 
Dimer 

7.5 Blue 2103 

5 375 600 Monomer 119.1 Orange 10,000 
[Cu4I4py4] 380 580 Tetrameric 

Cubane 
– Yellow 9074 

[CuIpy]n 362 437 Staircase 
polymer 

– Blue 4741 

[Cu2I2py4] 362 517 Rhomboid 
Dimer 

– Yellow 8282  
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Fig. 11. Experimental UV–Vis spectra and calculated oscillator strength of complexes a) 1; b) 2; c) 3; d) 4; e) 5.  

Fig. 12. Representation of the MOs of the electronic transition corresponding to TS 2 (λ = 460.07 nm) of complex 2.  
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provided an additional degree of structural control. Then, S value 
distortion calculations evinced that cubane and staircase polymers are 
structurally closer than monomers and dimers, and suggested a pyr
amidalization or umbrella distortion pathway between both arrays. In 
addition, it was shown that cubanes accommodate greater distortions, 
thus facilitating structural transformations. Theoretical models support 
that the strong amide⋅⋅⋅amide interactions contribute to the ordering of 
the polymeric arrangement, and highlight the importance of π⋅⋅⋅π in
teractions within the structure of complexes 4 and 5. Interestingly, 
modeling also revealed the importance of the occluded ACN molecule in 
2 that strongly contributes to the structural arrangement and therefore, 
has an impact on the photophysical properties, emphasizing the influ
ence of small changes to them. Therefore, complexes 1–5 exhibited 
emission properties dependent on the different arrangements and ligand 
functionalities, which displayed emission in the whole range of the 
visible spectrum. Thus, complexes 1–3 are potential candidates to be 
applied in the preparation of white LEDs as either direct or coated 
phosphors. We demonstrated the feasibility of calculating the absorption 
spectrum of Cu(I)-iodide staircase polymers that well reproduce the 
experimental spectrum. The TD-DFT calculations ensured that elec
tronic transitions in the different arrangements originated from (M + X) 
LCT transitions and, therefore, absorption can be tuned either by 
modifying the arrangement which changes the HOMOs, or by the ligand, 
which provides the LUMOs. 
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