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Electronic and Optical Properties of Copper Nanostructures for 
Advanced Applications  

Ragheb Khalil Bourichea,b, Douniazed Hannachic,d, Amel Messaia, Christophe Morelle, Amor Azizib, 
Henry Chermettee* 

This study presents a comprehensive quantum computational investigation into the electronic structure, topological 

characteristics, and optical properties of two distinct series of copper hydride nanoclusters [Cu3L3(H)i(BH4)j]+ and 

[Cu3L2(H)i(BH4)j]+ where, i=0 to 2 and  j=0 and 1. The electronic stability and reactivity are systematically evaluated through 

chemical hardness and chemical potential analyses, revealing that [Cu3L3(H)(BH4)]+ exhibits the highest electronic stability, 

whereas [Cu3L2(H)(BH4)]+ displays the greatest susceptibility to electronic perturbations. To gain deeper insights into the 

nature of the M-L interactions, EDA-NOCV is employed, demonstrating a pronounced covalent character in the bonding 

interaction between the copper center and the ligand fragments. The linear and nonlinear optical parameters have been 

rigorously computed under both static and dynamic regimes. Notably, [Cu3L2(H)]+, [Cu3L2(H)(BH4)]+
 and [Cu3L3(H)]+ exhibit 

remarkably high first hyperpolarizability (𝛽𝑡𝑜𝑡
0 ), reaching up to 1500 a.u., whereas Cu3L2(H)2 presents the lowest 𝛽𝑡𝑜𝑡

0  value 

(166 a.u.). These significant variations in NLO activity are attributed to the intrinsic topological framework of the 

nanoclusters, coupled with kinetic and potential energy at the AIM critical points BCPs and RCPs, which critically modulate 

charge delocalization and electron density redistribution. Additionally, the pronounced polarizability anisotropy observed in 

[Cu3L2(H)]+ and [Cu3L2(H)(BH4)]+ is identified as a key factor in increasing their NLO efficiency. Furthermore, second-order 

hyperpolarizability analysis indicates that Cu3L3 exhibits the highest value (173.48 × 10⁴ a.u.), whereas Cu3L2(H)2 presents the 

lowest (5.688 × 10⁴ a.u.). Frequency-dependent analyses at laser wavelengths of 1340 nm and 1064 nm reveal a pronounced 

enhancement of dynamic hyperpolarizability over its static counterpart. Moreover, TD-DFT calculations validate the 

exceptional Near-Infrared (NIR) transparency of these nanoclusters. Specifically, nanoclusters [Cu3L3(H)(BH4)]+, [Cu3L3(H)2]+, 

[Cu3L2(H)2]+ and [Cu3L2(H)]+, exhibit outstanding transparency across both the NIR and visible spectral regions, underscoring 

their potential for advanced applications in nonlinear optics and optoelectronic devices.

Introduction 

Since the discovery of the second harmonic generation (SHG) by 

Franken et al. in 1961,1 numerous nonlinear optical (NLO) 

phenomena have been identified, like third harmonic generation 

(THG),  frequency mixing (sum and difference) and soliton 

propagation.23 These phenomena have significant implications for 

advanced technological applications, such as photodynamic 

therapy4, biomedical imaging,5,6 data storage, signal processing and 

quantum networks7, so forth. Moreover, NLO materials exhibit 

immense potential for diverse applications across multiple 

disciplines, including optoelectronic systems, photonic technologies, 

optical data processing, ultrafast optical communication networks, 

holographic visualization, and real-time image modulation, among 

others. 8–12 These developments continue to drive innovations in 

modern optical science and technology. As a result, the design and 

development of new high-performance NLO materials have 

garnered significant attention from researchers. Over the years, 

various compounds have been identified for their remarkable NLO 

responses, making them promising candidates for the design of 

excellent NLO materials. Among them, one can cite the asymmetric 

coordination complexes,13 molecules with donor–π–bridge–

acceptor architectures, octupolar compounds,14,15 X-type chiral π-

conjugated oligomers, multi-decker sandwich clusters,16,17 

introducing diffuse excess electrons,18 and so forth. 

Copper hydrides have garnered significant interest due to 

their diverse applications in catalysis and materials science.19 Their 

history dates back to 1844, when Wurtz first isolated a pyrophoric 

red solid, CuH.20 Since then, a broad range of polynuclear copper (I) 

hydride complexes (LxCuyHn) has been identified as crucial 

intermediates in various chemical transformations, including 

selective reductions, cycloaddition reactions,21 and enantioselective 

functionalization processes such as hydroamination, 

hydroalkylation, and hydrobromination.22–26 In addition to their 
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catalytic significance, copper hydrides have also been investigated 

for their potential in hydrogen storage and CO₂ activation, among 

other applications.27–30  

Theoretical and experimental investigations of hydride 

nanoclusters have consistently attracted considerable scientific 

interest.31–33 In 2016, Li et al. conducted a comprehensive study on 

the synthesis, structural elucidation, and gas-phase reactivity of 

bis(diphenylphosphino)amino copper hydride nanoclusters.34 These 

new complexes, represented as Cu3(X)(3-H)((PPh2)2NH)3, where X= 

2-Cl and 3-BH4, were prepared and extensively characterized by 

high-resolution electrospray ionization mass spectrometry (ESI-MS), 

X-ray crystallography, nuclear magnetic resonance (NMR), and 

infrared (IR) spectroscopy. This study underscores the significant 

potential of copper hydride nanoclusters, which serve as a model 

system for the activation of BH4, facilitating the formation of 

coordinated hydrides. These hydrides subsequently undergo H2 

elimination, promoting the generation of metallic clusters. 

Furthermore, the research provides crucial structural and 

mechanistic insights into polynuclear copper hydrides, laying the 

groundwork for an expanded understanding of their electronic 

properties and optical applications. Moreover, these findings open 

new avenues for the discovery of additional functionalities and 

potential applications of these nanoclusters in advanced materials 

science. 
In this study, a comprehensive investigation is conducted utilizing 

quantum theory of atoms in molecules (QTAIM), energy 

decomposition analysis-natural orbitals for chemical valence (EDA-

NOCV) and time-dependent density functional theory (TD-DFT) to 

study two distinct series of copper hydride nanoclusters designed 

and synthesized by Li et al.,34 namely [Cu3L3(H)i(BH4)j]+ and  

[Cu3L2(H)i(BH4)j]+
 where, i=0 to 2 and  j=0 or 1 (ranging from A to H), 

as illustrated in Figure 1. In this study, two specific cases were 

excluded from consideration. The first case, corresponding to i=2 

and j=1, was eliminated due to severe steric congestion and 

pronounced geometric distortion, which rendered the incorporation 

of a second hydride ligand both energetically unfavourable and 

structurally impractical. The second case, i= and j=1, was excluded 

because the optimized geometry of the [Cu3L2(BH4)]+  nanocomplex 

exhibited complete structural distortion, thereby preventing its use 

in meaningful comparative analysis. 

The primary objective of this study is to predict the optical properties 

of these nanoclusters and to systematically assess the impact of 

hydride units (H), BH4 ligands, and the bis(dimethylphosphino)amine 

(dmpa) ligand (L) on their nonlinear optical (NLO) responses and 

electronic structures. Notably, to achieve this DFT calculation, the 

bis(diphenylphosphino)amine (dppa) ligand, as identified in 

experimental results,34  was systematically substituted with 

bis(dimethylphosphino)amine (dmpa = L). This strategic 

modification enables a thorough investigation of the influence of L, 

H, and BH₄ on the electronic structure and optical properties of the 

nanoclusters, providing deeper insight into their fundamental 

characteristics. To enable a precise comparison between the two 

nanocluster series, [Cu3L3]+ and  [Cu3L2]+
  (D and G, respectively) were 

designated as reference compounds. 

 

 
Figure 1. Chemical structures of the studied copper hydride 

nanoclusters 

Computational Details 

The starting point for this quantum chemical calculation was the 

optimized geometries of [Cu3Lk(H)i(BH4)j]+ where k= 1, 2; i=0 to 2;  j=0 

and 1 (Figure 1), performed by Li and co-worker. 34  To evaluate the 

linear and nonlinear optical properties of this hydride copper 

nanoclusters (Figure 1) we used the M06-2X functional,35 a global 

hybrid functional with 54% Hartree–Fock exchange. This method has 

been previously utilized in similar studies on transition metal 

complexes, highlighting its accuracy and reliability in quantum 

chemical calculations.36–40 A split-valence basis set, 6-31+G(d), 

incorporating diffuse and polarization functions, was applied to all 

atoms. However, for the copper atoms, the Stuttgart-Dresden 

effective core potentials (ECPs) with SDD basis sets were used. 41,42  

Scalar relativistic effects were addressed through the use of ECPs. 

Thais calculation performed with Gaussian16.43 

On the other hand, Amsterdam Density Functional (ADF2023)44 

software was used for QTAIM study 45–48 and  EDA-NOCV 

analyses.49,50 This calculation used the PBE51 functional with the 

triple-ζ plus polarization (TZP) basis set, numerical quality 

‘‘VeryGood’’. The integration grid was the Becke Grid with quality 

‘‘VeryGood’’.52 Relativistic corrections were taken into account with 

the use of the relativistic scalar zero-order-regular approximation 

(ZORA)53,54, no dispersion correction was used. 

The average polarizability (𝛼) and its anisotropy (𝛥𝛼) are defined 

through the relations55 

𝛼 =
1

3
(𝛼𝑥𝑥 + 𝛼𝑦𝑦 + 𝛼𝑧𝑧)              (1) 
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∆𝛼 = [
1

2
{(𝛼𝑥𝑥 − 𝛼𝑦𝑦)2 + (𝛼𝑦𝑦 − 𝛼𝑧𝑧)2 + (𝛼𝑧𝑧 − 𝛼𝑥𝑥)2 + 6(𝛼𝑥𝑦

2 +

𝛼𝑥𝑧
2 + 𝛼𝑦𝑧

2 )}]
1

2⁄
     (2) 

The static first hyperpolarizability is outlined as follows: 

𝛽𝑡𝑜𝑡
0 = √𝛽𝑥

2 + 𝛽𝑦
2 + 𝛽𝑧

22
                             (3) 

Where 𝛽𝑥 = 𝛽𝑥𝑥𝑥 + 𝛽𝑥𝑦𝑦 + 𝛽𝑥𝑧𝑧, 𝛽𝑦 = 𝛽𝑦𝑦𝑦 + 𝛽𝑥𝑥𝑦 + 𝛽𝑦𝑧𝑧  and 

𝛽𝑧 = 𝛽𝑧𝑧𝑧 + 𝛽𝑧𝑦𝑦 + 𝛽𝑥𝑥𝑧  

The total magnitude of static second hyperpolarizability  is 
estimated as56–58 

𝛾𝑡𝑜𝑡
0 = √𝛾𝑥

2 + 𝛾𝑦
2 + 𝛾𝑧

2                            (4) 

Where 𝛾𝑖 =
1

15
∑ (𝛾𝑖𝑗𝑗𝑖 + 𝛾𝑖𝑗𝑖𝑗 + 𝛾𝑖𝑖𝑗𝑗)𝑗         𝑖, 𝑗 = {𝑥, 𝑦, 𝑧}    

On the other hand, the quadratic nonlinear refractive index (𝑛2) is 
calculated from the second hyperpolarizability coefficients, utilizing 
the following equation59 
𝑛2(𝑐𝑚2/𝑊)  = 8.28 × 10−23𝛾𝐷𝐹𝑊𝑀   (a.u.)                            (5) 
The degenerate four-wave mixing (DFWM) values are calculated 
using the Eq. (6) provided below 60 

𝛾𝐷𝐹𝑊𝑀(−;  , −,) ≈ (
1

3
) 𝛾(−2;  ,, 0) + (−;  , 0,0) −

(
1

3
) (0;  0,0,0))         (6) 

 
In this study, the Hyper-Rayleigh Scattering (HRS), denoted as 𝛽𝐻𝑅𝑆, 
is examined. As well this parameter is directly related with the 
intensity of HRS when nonpolarized light is used and the scattered 
light is detected in a plane-polarized state perpendicular to the 
propagation plane. The 𝛽𝐻𝑅𝑆  is given by: 61–63 

〈𝛽𝐻𝑅𝑆〉  = √{〈𝛽𝑍𝑍𝑍
2 〉 + 〈𝛽𝑋𝑍𝑍

2 〉}                        
(7) 

Where 〈𝛽𝑍𝑍𝑍
2 〉 and 〈𝛽𝑋𝑍𝑍

2 〉 denote the orientational averages of 𝛽 
tensor components, which can be calculated as follows: 
 

〈𝛽𝑍𝑍𝑍
2 〉 =  

1

7
∑ 

𝑖𝑖𝑖
2

𝑥,𝑦,𝑧

𝑖

+  
4

35
∑ 

𝑖𝑖𝐽
2

𝑥,𝑦,𝑧

𝑖≠𝐽

+ 
2

35
∑ 𝛽𝑖𝑖𝑖

𝑥,𝑦,𝑧

𝑖≠𝐽

𝛽𝑖𝑗𝑗

+  
4

35
∑ 𝛽𝑗𝑖𝑖

𝑥,𝑦,𝑧

𝑖≠𝐽

𝛽𝑖𝑖𝑗 +
4

35
∑ 𝛽𝑖𝑖𝑖

𝑥,𝑦,𝑧

𝑖≠𝐽

𝛽𝑗𝑗𝑖

+
1

35
∑ 

𝐽𝑖𝑖
2

𝑥,𝑦,𝑧

𝑖≠𝐽

+ 
4

105
∑ 𝛽𝑖𝑖𝑗

𝑥,𝑦,𝑧

𝑖≠𝐽≠𝑘

𝛽𝑗𝑘𝑘

+
1

105
∑ 𝛽𝑗𝑖𝑖

𝑥,𝑦,𝑧

𝑖≠𝐽≠𝑘

𝛽𝑗𝑘𝑘 +
4

105
∑ 𝛽𝑖𝑖𝑗

𝑥,𝑦,𝑧

𝑖≠𝐽≠𝑘

𝛽𝑘𝑘𝑗

+
2

105
∑ 

𝑖𝑗𝑘
2

𝑥,𝑦,𝑧

𝑖≠𝐽≠𝑘

+
4

105
∑ 𝛽𝑖𝑗𝑘

𝑥,𝑦,𝑧

𝑖≠𝐽≠𝑘

𝛽𝑗𝑖𝑘  

〈𝛽𝑋𝑍𝑍
2 〉 =

1

35
∑ 

𝑖𝑖𝑖
2

𝑥,𝑦,𝑧

𝑖

+
4

105
∑ 𝛽𝑖𝑖𝑖

𝑥,𝑦,𝑧

𝑖≠𝐽

𝛽𝑖𝑗𝑗 −
2

35
∑ 𝛽𝑖𝑖𝑖

𝑥,𝑦,𝑧

𝑖≠𝐽

𝛽𝑗𝑗𝑖

+
8

105
∑ 

𝑖𝑖𝐽
2

𝑥,𝑦,𝑧

𝑖≠𝐽

+
3

35
∑ 

𝑖𝑗𝑗
2

𝑥,𝑦,𝑧

𝑖≠𝐽

 −
2

35
∑ 𝛽𝑖𝑖𝑗

𝑥,𝑦,𝑧

𝑖≠𝐽

𝛽𝑗𝑖𝑖

+  
1

35
∑ 𝛽𝑖𝑗𝑗

𝑥,𝑦,𝑧

𝑖≠𝐽≠𝑘

𝛽𝑖𝑘𝑘 −
2

105
∑ 𝛽𝑖𝑖𝑘

𝑥,𝑦,𝑧

𝑖≠𝐽≠𝑘

𝛽𝑗𝑗𝑘

+
2

35
∑ 

𝑖𝑗𝑘
2

𝑥,𝑦,𝑧

𝑖≠𝐽≠𝑘

−
2

105
∑ 𝛽𝑖𝑖𝑗

𝑥,𝑦,𝑧

𝑖≠𝐽≠𝑘

𝛽𝑗𝑘𝑘  

−
2

105
∑ 𝛽𝑖𝑗𝑘

𝑥,𝑦,𝑧

𝑖≠𝐽≠𝑘

𝛽𝑗𝑖𝑘  

Additionally, depolarization ratios (DR) provide valuable insights into 
the chromophore geometry, which significantly influences the 
compound's NLO properties. In an ideal one-dimensional system, 
the DR is typically equal to 5, while an octupolar molecule exhibits a 
DR of 1.5. 

𝐷𝑅 =  
〈𝛽𝑍𝑍𝑍

2 〉

〈𝛽𝑋𝑍𝑍
2 〉

                    (8) 

In NLO materials, the degree of charge transfer (CT) plays a crucial 
role in determining the NLO response. Electron excitation can be 
described as the movement of an electron and the formation of a 
hole in the region it vacates. To quantify CT length, the D index is 
defined as the distance between the centroids of the electron and 
hole, as given by following equation: 

𝐷 𝑖𝑛𝑑𝑒𝑥 =  [(𝐷𝑥)2 + (𝐷𝑦)
2

+ (𝐷𝑧)2]
1/2

                (9) 

Where 𝐷𝑥 = |𝑋𝑒𝑙𝑒 − 𝑋ℎ𝑜𝑙𝑒|, 𝐷𝑌 = |𝑌𝑒𝑙𝑒 − 𝑌ℎ𝑜𝑙𝑒| and  𝐷𝑍 =
|𝑍𝑒𝑙𝑒 − 𝑍ℎ𝑜𝑙𝑒| 
Additionally, the 𝑡index is introduced to evaluate the separation 
degree between the electron and hole in CT direction. A 𝑡index value 
below zero indicates minimal separation between the electron and 
hole, whereas a distinctly positive value signifies a noticeable 
separation between them. 
𝑡index = 𝐷𝐶𝑇 −  𝐻𝐶𝑇                   (10) 
and  
𝐻𝐶𝑇 = |𝐻 . 𝑢𝐶𝑇|                                         (11) 

Where 𝐻𝐶𝑇 is the degree of spatial extension of hole and electron 

distribution in the CT direction, and 𝑢𝐶𝑇 denotes the unit vector in 

CT. 

On the other hand, the variations of dipole moment of the excited 

state with respect to the ground state in X, Y and Z directions can be 

calculated as 

∆𝜇 = √∆𝜇𝑥
2 + ∆𝜇𝑥

2 + ∆𝜇𝑥
2                        (12) 

Where ∆𝜇𝑥 = (𝑋𝑒𝑙𝑒 − 𝑋ℎ𝑜𝑙𝑒), ∆𝜇𝑦 = −(𝑌𝑒𝑙𝑒 − 𝑌ℎ𝑜𝑙𝑒) and ∆𝜇𝑍 =

−(𝑍𝑒𝑙𝑒 − 𝑍ℎ𝑜𝑙𝑒) 

In our study, the crucial excited-state wavefunctions have been 

determined by natural transition orbitals (NTOs), which represent 

the electronic transition density matrix in terms of an "excited 

particle" and an "empty hole." Additionally, charge transfer (CT) 

indices were computed using the MULTIWFN program.64 

On the other hand, the effect of solvent environments on the 

nonlinear optical responses of the A nanocluster was investigated 

using the Conductor-like Polarizable Continuum Model (CPCM).65,66 

Geometry optimizations of the A nanocluster were performed in 

solvent phases (water, methanol, and benzene) employing CPCM at 

the same level of theory as used for the gas-phase calculations.34 
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According to the literature, experimental and calculated values of 

nonlinear optical parameters exhibit a consistent trend. In other 

words, an increase in the experimental hyperpolarizability of some 

compound is reliably accompanied by a corresponding rise in 

theoretical predictions. This emphasizes that the computational 

method does not influence the relative ordering of properties within 

a series of molecular but significantly impacts the absolute 

magnitude of the computed values.36–40,67–69 

Results and discussion 

Structural Parameters 

The geometric parameters of the copper hydride nanocluster A were 

optimized in the gas phase and in three distinct solvent 

environments (water, methanol, and benzene) using the CPCM to 

simulate solvation effects. The calculated angle and bond lengths, 

summarized in Table 1, were rigorously compared with experimental 

crystallographic data of A.34 Overall, the X–Cu and Cu–Hydride 

distances are slightly underestimated across all phases. We can note 

that the X–Cu bond is shorter by approximately 0.006 Å in both 

water and methanol, 0.012 Å in benzene and 0.024 Å in the gas 

phase. For the Cu–Hydride bond length deviates from the 

experimental value by 0.053 Å in the gas phase, while in solvent 

environments this difference is reduced to 0.008 Å. Conversely, the 

X–B and Cu–B bond lengths are consistently overestimated, with 

elongations of ~ 0.125 Å in the gas phase, 0.109 and 0.129 Å in polar 

and apolar solvents, respectively. Moreover, the computed distance 

between the hydride and the centroid of the copper triangle (X) is 

notably overestimated in the gas phase (+0.059 Å) and to a lesser 

extent in benzene (+0.004 Å). In contrast, a slight contraction is 

observed in polar media, with reductions of 0.011 Å in water and 

0.004 Å in methanol. The calculated bond angles in both gas phase 

and solvent environments show good agreement with experimental 

data. In general, the slight deviations observed in the geometric 

parameters across different media remain within acceptable limits 

and do not significantly alter the overall molecular geometry of the 

nanocluster A. 

Table 1: The average bond lengths X-Cu, Cu-B and Cu-hydride (Å), 

distance value X-Hydride and B-X (Å), angle B-X-Hydride (°) in gas 

and solvent 

 Exp.  Gas Water Methanol Bensen 

X–Hydride 0.866 0.925 0.855 0.862 0.870 

X–B 2.072 2.218 2.219 2.215 2.196 

X–Cu 1.533 1.509 1.528 1.525 1.521 

Cu–B 2.577 2.681 2.694 2.689 2.671 

Cu–Hydride 1.760 1.707 1.751 1.751 1.752 

B–x- Hydride 178 180 180 179 180 

*X: is the centroid of the triangular arrangement of copper atoms 
Exp: experimental data form the Ref. 34 

  

 

Electronic Properties 

Frontier molecular orbital (FMO) analysis is utilized to investigate the 

optical, chemical reactivity and electronic properties of the 

nanoclusters [Cu3Lk(H)i(BH4)j]+ (k= 2, 3; i=0, 1 or 2;  j=0 or 1). The 

energies of the FMOs (HOMO and LUMO) are fundamental in 

calculating chemical potential () and chemical hardness (), which 

provide crucial insights into the stability and reactivity of the 

systems. The chemical potential is defined as μ = 1/2(EHOMO + ELUMO), 

and the chemical hardness (), given by η = ELUMO – EHOMO
70–73. 

Generally, compounds exhibiting higher chemical potential values 

tend to act as electron donors, enhancing their ability to donate 

electrons. Conversely, those with lower chemical hardness values 

are associated with reduced stability and increased reactivity, 

signifying that these systems are more susceptible to charge transfer 

and more likely to undergo chemical reactions. 

Figure 2 presents the chemical hardness and chemical potential of 

nanoclusters A to H, as well as their HOMO-LUMO orbitals. The 

comparison of chemical hardness (η) among nanoclusters A to H 

reveals significant variations in their electronic stability. For the 

[Cu3L3(H)i(BH4)j]+ series (k=3), nanocluster A exhibits the highest η 

(7.074 eV), indicating the greatest stability and resistance to charge 

transfer, followed by B (6.219 eV), F (4.754 eV), and D (4.081 eV). 

This trend suggests that the presence of BH4 and hydride fragments 

enhances the stability of the nanoclusters compared to those with 

only two hydrides or one hydride. Conversely, for the Cu3L2(H)i(BH4)j 

series (k=2), the trend reverses, with nanocluster E showing the 

highest η among H, G, and C, indicating that the two hydride 

fragments in E contribute more significantly to stability than the 

combination of one hydride or hydride with BH4 in C. This difference 

in trends between the two series can be attributed to the varying 

number of L ligands, which play a crucial role in modulating the 

electronic stability of the nanoclusters. In summary, the hardness 

trend from highest to lowest is A > B > E > H > F > G > C >D, with A 

being the most stable and D the most reactive, highlighting the 

inverse relationship between hardness and reactivity across the 

nanoclusters. 

Regarding the chemical potential (μ), nanoclusters H, E, F, and A 

exhibit the most negative  values (-6.724, -6.562, -6.087, and -

6.016 eV, respectively), indicating a lower tendency to release 

electrons, and thus enhanced stability. These are followed by G (-

5.862 eV), C (-5.826 ev) and B (-5.683 eV). In contrast, 

nanocluster D has the least negative  (-5.196 eV), suggesting 

that it is the most nucleophilic and has a greater tendency to 

donate electrons. The overall order of chemical potential from 

most negative to least negative for both series is: FA> B>D and 

H > E > G  C, suggesting that nanoclusters without hydride 

fragments possess a greater electron-donating ability. 
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Figure 2. Shapes of HOMO and LUMO, chemical potential (, eV) and 

chemical hardness (, eV) of nanocluster A to H 
 

Topological study 

To investigate the nature of bonding interactions between copper 

atoms (Cu), BH4 and L ligands and hydride atoms (Figure 1), a 

comprehensive topological analysis of the electron density was 

performed on the studied nanoclusters (A to H). This analysis was 

conducted using the framework of the Quantum Theory of Atoms in 

Molecules (QTAIM), as formulated by Bader. 46,47,74–76 Calculations 

were carried out using the ADF23 software package, developed by 

Baerends et al. 30  

Within the QTAIM framework, critical points—such as bond critical 

points (BCPs) and ring critical points (RCPs)—are identified as 

positions where the gradient of the electron density vanishes. These 

critical points are characterized by several parameters, including the 

electron density (), its Laplacian ( ²()), total energy density (H), 

kinetic energy density (G), and potential energy density (V). These 

descriptors provide insights into the nature of bonding and 

electronic interactions within the system. The computed parameters 

for nanoclusters A through H are systematically presented in tables 

and depicted in figures, providing a comprehensive visualization of 

the electron density topology. In these graphical representations, 

red circles indicate ring critical points (RCPs), while green circles 

correspond to bond critical points (BCPs). 

The QTAIM analysis of nanocluster A provides detailed insights 

into its electronic structure and bonding interactions. From the 

results in the Table 2 and Figure 3 we can note that the RCPs 

associated with Cu-Cu-P-N-P (RCP1–RCP3), the low electron 

density (ρ ≈ 0.0143–0.0144 a.u.) and positive Laplacian (∇²ρ ≈ 

0.0332–0.0333 a.u.) indicate weak, closed-shell interactions. 

Conversely, RCPs linked to Cu-Cu-H-B-H (RCP1'–RCP3') exhibit 

higher ρ (≈ 0.0209–0.0210 a.u.) and ( ²()) (0.0410–0.0411 

a.u.), suggesting stronger interactions with slight covalent 

contributions, as evidenced by negative total energy densities 

(H ≈ -0.0012 a.u.). 

Table 2. Topological parameters calculated for investigated 

nanocluster A BCPs and RCPs  

   ²() G V H 

RCP1 0.0144 0.0333 0.0080 -0.0076 0.0003 

RCP2 0.0143 0.0333 0.0080 -0.0076 0.0003 

RCP3 0.0143 0.0332 0.0080 -0.0076 0.0003 

RCP1’ 0.0209 0.0410 0.0114 -0.0126 0.0011 

RCP2’ 0.0210 0.0411 0.0114 -0.0126 -0.0012 

RCP3’ 0.0210 0.0410 0.0114 -0.0126 -0.0012 

RCP’’ 0.0201 0.0370 0.0104 -0.0116 -0.0012 

BCP1 0.0681 0.1521 0.0579 -0.0779 -0.0199 

BCP2 0.0678 0.1517 0.0576 -0.0773 -0.0197 

BCP3 0.0679 0.1517 0.0577 -0.0775 -0.0198 

BCP1’ 0.1419 -0.1877 0.0796 -0.2061 -0.1265 

BCP2’ 0.1420 -0.1885 0.0796 -0.2063 -0.1267 

BCP3’ 0.1418 -0.1874 0.0795 -0.206 -0.1264 

RCP: Cu-Cu-P-N-P ; RCP’: Cu-Cu-H-B-H ; RCP’’: 3Cu-H-BH4 

BCP: Cu…H; BCP’: Cu…H-B 

Values are given in atomic units (a.u.) 

 

The nature of hydrogen bonding interactions is classified 

according to the criteria established by Rozas et al.78 Based on 

the parameters at the BCPs, two distinct types of hydrogen 

bonds are identified. The Cu...H interactions (BCP1–BCP3) 

exhibit moderate electron density (ρ≈0.0678–0.0681a.u.) and 

positive Laplacian values (( ²()) ≈ 0.152 a.u.), accompanied 

by negative total energy densities (H≈−0.0197 to −0.0198 a.u.). 

These characteristics align with moderate hydrogen bonds, 

which display mixed electrostatic and covalent character. In 

contrast, the Cu...H-B interactions (BCP1'–BCP3') are 

characterized by significantly higher electron density ( ≈ 0.142 

a.u.) and negative Laplacian values ( ²() ≈ −0.187 a.u.), along 

with highly negative total energy densities (H ≈ −0.126 a.u.). 

These parameters are indicative of strong hydrogen bonds with 

a covalent-like character.  

Overall, the hydrogen bonding framework in nanocluster A 

showcases a dual nature, with moderate Cu...H bonds 

contributing to structural flexibility and strong Cu...H-B bonds 

providing stability through robust covalent interactions. 

 
Figure 3. Molecular topology of nanocluster A 

 

For nanocluster B it can be observed that the RCP1, RCP2 and 

RCP3 exhibits the low electron density (ρ ≈ 0.014–0.015 a.u.) 

and positive Laplacian (∇²ρ ≈ 0.034–0.038 a.u.), indicating 

weak, closed-shell interactions (Table 3 and Figure 4). The RCP’ 

reveals ρ ≈ 0.043 a.u. and  ²()≈ 0.086 a.u., indicating closed-
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shell interactions. The Cu...H interactions (BCP1–BCP3) display 

electron density values ranging from ρ = 0.0532 to 0.0773 a.u., 

with positive Laplacian values ( ²() = 0.1200 to 0.1480 a.u.) 

and negative total energy densities (H = −0.028 to −0.012 a.u.). 

These parameters indicate the presence of moderate hydrogen 

bonding with a hybrid electrostatic–covalent character. A 

similar character is observed in the BCP’1 and BCP’2 (where, 

(ρ=0.0706 and 0.0686a.u.), ( ²()= 0.1373 and 0.1367a.u.) 

and (H= −0.0232 and −0.0216a.u.), respectively). 

Table 3. Topological parameters calculated for investigated 

nanocluster B BCPs and RCPs  

   ²() G V H 

RCP1 0.0147 0.0348 0.0083 -0.0080 0.0003 

RCP2 0.0153 0.0342 0.0084 -0.0082 0.0001 

RCP3 0.0148 0.0385 0.0090 -0.0083 0.0006 

RCP1’ 0.0427 0.0860 0.0293 -0.0371 -0.0078 

BCP1 0.0532 0.1200 0.0416 -0.0533 -0.0116 

BCP2 0.0773 0.1480 0.0650 -0.0929 -0.0280 

BCP3 0.0565 0.1246 0.0447 -0.0582 -0.0135 

BCP1’ 0.0706 0.1373 0.0575 -0.0807 -0.0232 

BCP2’ 0.0686 0.1367 0.0558 -0.0774 -0.0216 

RCP: Cu-Cu-P-N-P; RCP’: Cu-H-Cu-H 

BCP: Cu…H(H between 3 Cu) BCP’:Cu…H (H between 2 Cu) 

Values are given in atomic units (a.u.) 

 

 
Figure4. Molecular topology of nanocluster B 
 

From Table 4, the RCPs associated with Cu-Cu-P-N-P (RCP1–

RCP3) exhibit low  (0.0152–0.0318 a.u.) and positive  ²() 

(0.0386–0.0612 a.u.), indicating weak closed-shell interactions. 

The Cu...H interactions (BCP1–BCP3) show  = 0.062 to 0.070 

a.u., ∇²ρ = 0.142 to 0.152 a.u., and H = −0.02146 to −0.0165 a.u., 

suggesting moderate hydrogen bonding with a mixed 

electrostatic–covalent character. A similar trend is observed for 

BCP’1and BCP’2, characterized by ρ = 0.065 and 0.066 a.u., ∇²ρ 

= 0.186 and 0.184 a.u., and H = −0.015 a.u., respectively, (Figure 

5).  

Table 4. Topological parameters calculated for investigated 

nanocluster C BCPs and RCPs 

 

   ²() G V H 

RCP1 0.0173 0.0444 0.0107 -0.0103 0.0004 

RCP2 0.0318 0.0612 0.0194 -0.0235 -0.0041 

RCP3 0.0152 0.0386 0.0091 -0.0086 0.0005 

BCP1 0.0626 0.1426 0.0521 -0.0686 -0.0165 

BCP2 0.0691 0.1483 0.0581 -0.0791 -0.0210 

BCP3 0.0700 0.1526 0.0596 -0.0811 -0.0215 

BCP1’ 0.0652 0.1860 0.0613 -0.0762 -0.0149 

BCP2’ 0.0660 0.1841 0.0616 -0.0770 -0.0155 

RCP: Cu-Cu-P-N-P ; RCP’: Cu-BH4-Cu 

BCP: 3Cu…H; BCP’:Cu…H-B 

Values are given in atomic units (a.u.) 

 

 
Figure5. Molecular topology of nanocluster C 

For nanocluster D, Table 5 highlights distinct bonding characteristics 

in RCPs, where Cu-Cu-P-N-P (RCP1–RCP3) interactions exhibit  = 

0.0152–0.0153 a.u. and 2 = 0.0371–0.0372 a.u., indicating weak 

closed-shell interactions. In contrast, the RCP1’ presents a higher 

electron density ( = 0.0403 a.u.) and a lower Laplacian 2  = 0.0304 

a.u.), suggesting a stronger yet electrostatically influenced bond (see 

Figure 6). 

Table 5. Topological parameters calculated for investigated 

nanocluster D BCPs and RCPs 

   ²() G V H 

RCP1 0.0152 0.0371 0.0088 -0.0085 0.0004 

RCP2 0.0153 0.0372 0.0089 -0.0085 0.0004 

RCP3 0.0153 0.0371 0.0089 -0.0085 0.0004 

RCP1’ 0.0403 0.0304 0.0187 -0.0298 -0.0111 

RCP: Cu-Cu-P-N-P ; RCP’: trinuclear copper 

Values are given in atomic units (a.u.) 

 

 

Page 6 of 25New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/5
/2

02
5 

1:
36

:1
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5NJ01220A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nj01220a


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

 
Figure 6. Molecular topology of nanocluster D 

For E, the data in Table 6 indicate that RCPs (Cu-Cu-P-N-P) exhibit 

low  (0.0131–0.0167 a.u.) and positive 2  , suggesting weak 

closed-shell interactions. In contrast, BCPs (Cu...H) show higher  

(0.0663–0.0801 a.u.) and negative H, indicating moderate hydrogen 

bonding with a mixed electrostatic–covalent nature, where BCP’2 

(Cu1...H2) is the strongest interaction (see Figure 7). 

Table 6. Topological parameters calculated for investigated 

nanocluster E BCPs and RCPs 

   ²() G V H 

RCP1 0.0131 0.0325 0.0075 -0.0069 0.0006 

RCP2 0.0167 0.0432 0.0103 -0.0098 0.0005 

BCP1 0.0801 0.1550 0.0686 -0.0984 -0.0298 

BCP2 0.0663 0.1361 0.0539 -0.0737 -0.0199 

BCP’1 0.0764 0.1558 0.0655 -0.0920 -0.0265 

BCP’2 0.0880 0.1530 0.0754 -0.1126 -0.0372 

RCP: Cu-Cu-P-N-P 

BCP1: Cu3…H1; BCP2:Cu4…H1; BCP’1:Cu3…H2; BCP’2: Cu1…H2 

Values are given in atomic units (a.u.) 

 

 
Figure 7. Molecular topology of nanocluster E 

For nanocluster F, the data in Table 7 show that RCPs (Cu-Cu-P-N-P) 

have low ρ (0.0144–0.0169 a.u.) and positive ∇²ρ, indicating weak 

closed-shell interactions. In contrast, BCPs (3Cu...H) exhibit higher ρ 

(0.0663–0.0766 a.u.) and negative H, suggesting moderate hydrogen 

bonding with a mixed electrostatic–covalent nature, where BCP1 

(3Cu...H) represents the strongest interaction in this nanocluster 

(see Figure 8). 

Table 7: Topological parameters calculated for investigated 

nanocluster F BCPs and RCPs 

   ²() G V H 

RCP1 0.0155 0.0357 0.0087 -0.0085 0.0002 

RCP2 0.0144 0.0302 0.0075 -0.0074 0.00007 

RCP3 0.0169 0.0402 0.0100 -0.0097 0.0001 

BCP1 0.0766 0.1582 0.0660 -0.9257 -0.2650 

BCP2 0.0663 0.1527 0.0567 -0.0751 -0.0185 

BCP3 0.0668 0.1504 0.0567 -0.0758 -0.0191 

RCP: Cu-Cu-P-N-P; BCP: 3Cu…H 

Values are given in atomic units (a.u.) 

 

 
Figure 8. Molecular topology of nanocluster F 

 

In the case of the nanocluster G, the data in Table 8 indicate that 

RCP1and RCP’ exhibit low  ( < 0.1a.u.) and positive 2, suggesting 

weak closed-shell interactions. In contrast, RCP2 presents a negative 

H (-0.0108 a.u.) and positive 2  (0.041 a.u.), indicating a stronger 

interaction with partial covalent character. 

A comparison between nanoclusters G and D reveals that G exhibits 

stronger Cu-Cu-P-N-P interactions than D, as evidenced by RCP2 (= 

0.0415 a.u., H = -0.0108 a.u.), which indicates greater covalent 

character than the corresponding interaction in D ( = 0.015 a.u.). 

However, RCP1’ remains similar in both clusters, suggesting that the 

effect of the third ligand is negligible. 

Table 8. Topological parameters calculated for investigated 

nanocluster G BCPs and RCPs 

 
   ²() G V H 

RCP1 0.0151 0.0420 0.0096 -0.0088 0.0008 

RCP2 0.0415 0.0419 0.0213 -0.0321 -0.0108 
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RCP1’ 0.0150 0.0418 0.0096 -0.0087 0.0008 

RCP: Cu-Cu-P-N-P; RCP’: trinuclear copper 

Values are given in atomic units (a.u.) 

 

 
Figure 9. Molecular topology of nanocluster G 

For nanocluster H, the data in Table 8 highlight distinct bonding 

characteristics in RCPs and BCPs. The RCPs exhibit low ρ (0.016–

0.023 a.u.) and positive ∇²ρ (0.0317–0.0423 a.u.), indicating weak 

closed-shell interactions with predominantly electrostatic character. 

In contrast, the BCPs (Cu...H) show higher ρ (0.087–0.096 a.u.) and 

negative H (-0.0350 to -0.0436 a.u.), suggesting moderate hydrogen 

bonding with a mixed electrostatic–covalent nature. Notably, BCP2 

(ρ = 0.0963 a.u., H = -0.0436 a.u.) exhibits a stronger interaction than 

BCP1, implying greater charge delocalization in this bonding region 

(Figure 10). 

Table 9. Topological parameters calculated for investigated 

nanocluster H BCPs and RCPs  

   ²() G V H 

RCP1 0.0167 0.0370 0.0093 -0.0093 0.0000 

RCP2 0.0238 0.0317 0.0109 -0.0140 -0.0030 

RCP3 0.0176 0.0423 0.0106 -0.0104 0.0001 

BCP1 0.0873 0.1716 0.0780 -0.1130 -0.0350 

BCP2 0.0963 0.1740 0.0871 -0.1308 -0.0436 

RCP: Cu-Cu-P-N-P ; BCP: Cu…H. 

Values are given in atomic units (a.u.) 

 

 
Figure 10. Molecular topology of nanocluster H 

EDA-NOCV 

The energy decomposition analysis-natural orbitals for chemical 

valence (EDA-NOCV) method provides a quantitative assessment of 

bonding interactions in metal-ligand (M–L) complexes. 79–81  This 

approach combines the EDA framework, originally developed by 

Ziegler and Rauk, 82,83 with the NOCV extension, introduced by 

Mitoraj and Michalak, 84,85 offering deeper insights into the nature 

of chemical bonding. 

The EDA-NOCV method decomposes the intrinsic interaction energy 

(∆𝐸𝑖𝑛𝑡) between two molecular fragments into three fundamental 

components: 

∆𝐸𝑖𝑛𝑡 =  ∆𝐸𝑒𝑙𝑠𝑡𝑎𝑡 + ∆𝐸𝑃𝑎𝑢𝑙𝑖 + ∆𝐸𝑜𝑟𝑏 

Where ∆𝐸𝑒𝑙𝑠𝑡𝑎𝑡 represent the electrostatic interaction, ∆𝐸𝑃𝑎𝑢𝑙𝑖 

account for Pauli repulsion and ∆𝐸𝑜𝑟𝑏 describes orbital (covalent) 

interactions. 

 

To investigate the bonding characteristics of the studied 

nanoclusters, the EDA-NOCV approach was applied, partitioning 

each system into two molecular fragments: fragment 1, consisting of 

the three copper atoms, fragment 2: comprising the coordinating 

ligands (L), along with BH4 and hydride units. The computed EDA-

NOCV results are presented in Table 10. For the two series, the 

computed EDA-NOCV results reveal that the intrinsic interaction 

energies follow the trend:  

[Cu3L3(H)i(BH4)j]+
 : F (-7025 kcal/mol) < B (-7084 kcal/mol)  D (-7089 

kcal/mol) < A (-7529 kcal/mol). 

[Cu3L2(H)i(BH4)j]+
 : H (-4662 kcal/mol) < E (-4715 kcal/mol)  G (-4727 

kcal/mol) < C (-5160 kcal/mol). 

This order indicates that [Cu3L2(H)i(BH4)j]+ fragments exhibit stronger 

interactions than [Cu3L3(H)i(BH4)j]+ analogs. The strongest bonding 

was observed for [Cu3Lk(H)(BH4)j]+ nanocluster, whereas the weakest 

was noted for [Cu3Lk(H)]+, where k=2 and 3. 

Despite considerable Pauli repulsion, the high intrinsic interaction 

energies primarily arise from orbital contributions, with covalent 

interactions (∆𝐸𝑜𝑟𝑏) accounting for approximately 84% of the total 

attractive interactions. In contrast, electrostatic contributions 

(∆𝐸𝑒𝑙𝑠𝑡𝑎𝑡) are relatively smaller but exhibit systematic variations, 

being more pronounced in A and B compared to D and F. A similar 

trend is observed in the [Cu3L2(H)i(BH4)j]+ series, where electrostatic 

contributions are the lowest in reference nanoclusters (D and G) and 

increase slightly with the addition of one or two hydride fragments. 

Notably, replacing a single hydride unit with a BH4 group results in 

an approximate 5% increase in electrostatic interactions. Overall, 

these findings underscore the dominant role of orbital interactions 

in stabilizing the nanoclusters, while electrostatic effects remain an 

important secondary factor influenced by ligand composition and 

substitution. 

 

Table 10. Decomposition energy analysis of [Cu3Lk(H)i(BH4)j]+ where, 

k=2 and 3, i=0 to 2 and j=0 and 1) nanoclusters in kcal/mol. PBE 

calculation level with TZP basis set 

 ∆𝐸𝑃𝑎𝑢𝑙𝑖 ∆𝐸𝑒𝑙𝑠𝑡𝑎𝑡 ∆𝐸𝑜𝑟𝑏 ∆𝐸𝑖𝑛𝑡 

A 23770 -4769 (15%) -26530 (85%) -7529 

B 22509 -4595 (16%) -24998 (84%) -7084 

C 16198 -3223 (15%) -18134 (85%) -5160 

D 22416 -4571 (15%) -24935 (85%) -7089 

E 15018 -3067 (16%) -16667 (84%) -4715 

F 22307 -4573 (16%) -24759 (84%) -7025 

G 14955 -3051 (16%) -16632 (84%) -4727 
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H 14844 -3055 (16%) -16452 (84%) -4662 

 

UV-vis analysis 

High-efficiency nonlinear optical (NLO) materials are widely 

employed in second-harmonic generation (SHG) due to their ability 

to facilitate frequency doubling through quadratic nonlinear 

interactions. For optimal performance, these materials must exhibit 

high optical transparency at the operational laser wavelength to 

minimize absorption losses and maximize nonlinear conversion 

efficiency. To evaluate the transparency of the investigated 

nanoclusters, ultraviolet-visible-near-infrared (UV-VIS-NIR) 

absorption spectra were computed using the TD-M06-2X/6-

31+G(d)/SDD level of theory. 

The results, as presented in Figure 11, reveal that the main 

absorption regions of nanoclusters D, F, and G are confined within 

the ultraviolet-visible (UV-VIS) spectrum, while nanoclusters A, B, E, 

and H primarily absorb in the ultraviolet (UV) domain. Notably, the 

absorption spectrum of nanocluster C extends into the near-infrared 

(NIR) region, reaching up to 900 nm. From Table 11 we can note that 

the first electronic transitions for nanoclusters A, B, E, and H occur 

at 244 nm, 303 nm, 349 nm, and 348 nm, respectively. In contrast, 

nanoclusters C, D, F, and G exhibit red-shifted first electronic 

transitions, appearing at 596 nm, 644 nm, 454 nm, and 505 nm, 

respectively. Detailed spectral analysis reveals that all the studied 

nanoclusters exhibit transparency in the Near-Infrared (NIR) region. 

Notably, nanoclusters A, B, E, and H display exceptional 

transparency across both the NIR and visible spectral regions, a 

property ascribed to the absence of notable absorption features 

within the wavelength range of 400–700 nm. 

 
Figure 11. The electronic spectra of A to H nanoclusters 

 

 To achieve a comprehensive understanding of the electronic 

transitions in the studied nanocluster, hole–electron descriptors 

(𝐷𝐶𝑇, , Sr, 𝐻𝐶𝑇, and 𝑡𝑖𝑛𝑑𝑒𝑥) were computed, and the results are 

summarized in Table 11 and charge density difference (CDD) 

between the excited state and the ground state presented in Figure 

S1 in the supporting information. The analysis indicates that the first 

singlet excitation (S1) of the investigated system is primarily 

governed by a HOMO → LUMO transition, contributing 

approximately 70%. For nanoclusters C, D, and G, the S1 state is 

mainly attributed to intramolecular charge transfer (ICT), largely 

confined to the copper atoms (Figure 2). This is evidenced by the 

calculated overlap integrals (Sr) of 0.73, 0.657, and 0.629, along with 

𝐷𝐶𝑇 of 0.967, 0.096, and 0.794 Å. The corresponding negative 𝑡𝑖𝑛𝑑𝑒𝑥 

values suggest localized electronic excitation within these 

nanoclusters. 

In contrast, nanoclusters B, F and H exhibit distinct charge transfer 

(CT) pathways, reflecting variations in their electronic excitation 

behavior. Specifically, in B, the S1 state is governed by hydride-to-

ligand charge transfer (HLCT) and metal-to-ligand CT (MLCT). In F, 

the excitation corresponds to ligand-to-hydride CT (LHCT), while in 

H, it is primarily associated with ligand-to-metal CT (LMCT). These 

transitions exhibit a positive 𝑡𝑖𝑛𝑑𝑒𝑥, with overlap integrals (Sr) of 
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0.518, 0.459, and 0.507, and corresponding 𝐷𝐶𝑇 of 1.628, 2.550, and 

2.511 Å, respectively. Furthermore, nanocluster F exhibits the 

largest dipole moment variation (Δμ = 12.239 Debye), surpassing H 

(12.061 Debye) and B (7.859 Debye). Meanwhile, nanocluster A 

demonstrates a mixed CT character, involving both LLCT and MLCT, 

with associated descriptors Sr = 0.562 and 𝐷𝐶𝑇 = 0.615 Å. 

In the case of reference nanoclusters D and G, the hole–electron 

distributions corresponding to the S6 and S2 electronic transitions, 

occurring at 340 nm and 413 nm, respectively, are predominantly 

localized on the copper centers and surrounding molecular 

fragments. The computed centroid separation between the hole and 

electron distributions remains relatively small, with 𝐷𝐶𝑇 values of 

0.963 and 0.639 Å, respectively. Furthermore, these transitions 

exhibit moderate dipole moment variations (= 4.572 and 3.059 

Debye), indicative of localized electronic excitation (Figure S1). For 

nanoclusters A and C, the S8 and S10 excitations are mainly 

concentrated on the BH4 group, hydride unit, and copper atoms. The 

corresponding centroid separations are computed as 0.440 Å for A 

and 1.715 Å for C. Notably, nanocluster C exhibits a significantly 

larger dipole moment variation ( = 8.146 Debye) compared to A 

( = 2.105 Debye), suggesting a stronger polarization effect in the 

excited state. 

Regarding nanocluster F, the S2 and S6 excitations, located at 347 

nm and 288 nm, respectively, exhibit considerable charge 

separation, as reflected by centroid distances of 𝐷𝐶𝑇 = 1.636 and 

2.551 Å, respectively. Additionally, these transitions are 

characterized by significant dipole moment variations ( = 7.867, 

12.242 Debye), suggesting enhanced charge redistribution upon 

excitation. The computed overlap integrals (Sr = 0.469 and 0.475), 

along with the hole delocalization indices (H = 2.872 and 3.262), 

further support the presence of extended charge transfer. A similar 

trend is observed for nanocluster H, where the S3, S6, and S9 

transitions at 311, 265, and 251 nm, respectively, exhibit notable 

centroid separations (2 Å < 𝐷𝐶𝑇 < 2.9 Å). The corresponding oscillator 

strengths (f = 0.024, 0.127, and 0.105) indicate varying transition 

intensities. Additionally, these excitations display substantial dipole 

moment variations ( = 13.881, 11.31 and 9.620 Debye), signifying 

pronounced charge redistribution. The hole–electron densities in 

these transitions are predominantly localized on the copper centers 

and ligand framework, reinforcing their involvement in the 

electronic excitation process. 

 

******Table 11***** 

 

 

Polarizability and dipole moment 

The polarizability () of a matter represents the extent to which its 

electron cloud can be distorted under the influence of an external 

electric field, whereas the anisotropic polarizability () quantifies 

the variation in this polarizability as a function of direction within the 

matter framework86. The calculated isotropic polarizability and its 

anisotropy and dipole moment of the title cluster are listed in Table 

12. 

From our results we can note that the nanoclusters A and B exhibit 

strikingly similar values for dipole moment, polarizability, and 

polarizability anisotropy (1.924 D, 376 a.u., and 90 a.u., respectively). 

This observation suggests that the substitution of the BH4 group with 

a hydride ligand induces negligible changes in these electronic 

parameters, reflecting minimal structural or electronic 

perturbations associated with this modification. Likewise, 

nanocluster F demonstrates comparable polarizability and 

anisotropy values (368 and 92 a.u., respectively). However, the 

removal of either the hydride or the BH4 group from A and B results 

in a substantial increase in the dipole moment of F (11.511 D), 

highlighting a dramatic redistribution of electronic density upon this 

structural change. For nanocluster D, the elimination of both the 

hydride and BH₄ ligands yields the highest polarizability (=403a.u.) 

and polarizability anisotropy (=148a.u.), indicative of a highly 

flexible electron cloud and substantial structural anisotropy. Despite 

these characteristics, the low dipole moment (μ=0.965D) suggests a 

nearly symmetric charge distribution, highlighting a minimal degree 

of charge separation within the cluster. 

On the other hand, the compounds E and H have the 

lowest polarizability (α=264, 266, respectively), with 

correspondingly low anisotropic polarizability (Δα=72, 62 a.u.) but 

substantial dipole moments (μ=4.694 and 9.789 Debye, 

respectively), indicating compact structures with localized 

polarization. Moderate values for 𝛼 and Δα, such as those of 

compound C (α=332 a.u., Δα=87 a.u., μ=6.130 Debye), reflect 

balanced electronic distributions with considerable permanent 

dipole moments due to specific polar bonds or functional groups. A 

comparison of nanocluster G with nanoclusters C, E, and H reveals 

that the removal of hydride and BH4 ligands results in a comparable 

polarizability (285 a.u.) and the highest polarizability anisotropy (104 

a.u.) observed among the studied [Cu3L2(H)i(BH4)j]+ systems. This 

outcome underscores the significant influence of ligand removal on 

enhancing anisotropic electronic properties while maintaining 

similar overall polarizability. 

 

Table 12. Calculated polarizability (, a.u.), anisotropy polarizability 

(, a.u.) and dipole moment (, Debye) 
 

  (a.u.)  (a.u.)  (Debye) 

A 379 91 1.954 

B 374 90 1.894 

C 332 87 6.130 

D 403 148 0.965 

E 264 72 4.694 

F 368 92 11.511 

G 285 104 3.563 

H 266 62 9.789 

 

The results presented in Table 12 and Figure 12 indicate that the 

polarizability of the nanocluster [Cu3L3(H)i(BH4)j]+ is higher than that 

of its counterpart, [Cu3L2(H)i(BH4)j]+
 (i=0,1 and 2. j=0 or 1). Among the 

studied compounds, D, F, A and B exhibit the highest polarizability 

values, respectively. These findings suggest that the presence of 

three ligands (L) enhances the polarizability compared to structures 

containing two ligands. Additionally, the calculated anisotropic 

polarizability (Δα), ranging from 62 to 148 a.u., appears to be 

moderately influenced by the L, BH4 ligand and hydride substituents. 

Moreover, the effect of the incident wavelength (=1340 and 1064 

nm) on the polarizability and anisotropic polarizability is determined 
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to be negligible, indicating minimal wavelength dependency in these 

optical properties. 

 
Figure 12.  Variation of polarizability and anisotropic polarizability in 

static and dynamic regime of nanoclusters A to H 

 

Second order nonlinear optical (NLO) response   

For the investigated nanoclusters, the static first hyperpolarizability 

(( 𝑡𝑜𝑡
0 ) and hyper-Rayleigh scattering hyperpolarizability ( 𝐻𝑅𝑆

0  ) 

was computed at the same theoretical level, and the corresponding 

results are presented in Figure 13. 
 

 
 

Figure 13.  Variation in static first hyperpolarizability (( 𝑡𝑜𝑡
0 ) and 

hyper-Rayleigh scattering hyperpolarizability ( 𝐻𝑅𝑆
0  ) for 

nanoclusters A to H 

 

The ligand environment plays a critical role in determining the first 

hyperpolarizability ( 𝑡𝑜𝑡
0 ) and HRS ( 𝐻𝑅𝑆

0  ) of nanoclusters, as it 

directly influences the electronic distribution, symmetry and 

polarizability and its anisotropy of the system. In the studied 

nanoclusters (A to H), the ligand type, number, and arrangement 

variation significantly modulate their nonlinear optical properties. 

The static first hyperpolarizability of the title nanocluster exhibit the 

following overall ordering:  𝑡𝑜𝑡
0 : E< A < B <D < G < F < C < H (  𝐻𝑅𝑆

0 : 

E< A < B <G < F < D < C < H). For a more detailed analysis, the second-

order NLO response of Cu3L3Hi(BH4)j series displays the following 

orderings:   𝑡𝑜𝑡
0 : A <B <D <F and  𝐻𝑅𝑆

0  : A < B < F < D. The first 

hyperpolarizability is relatively small in nanocluster A but increases 

notably upon substitution of the BH4 group with a hydride ligand in 

nanocluster B or the removal of both BH4 and hydride ligands in 

nanocluster D. Notably, nanocluster F, containing a single hydride 

ligand, exhibits the highest first hyperpolarizability among the 

systems studied. For instance, the  𝑡𝑜𝑡
0  value of nanocluster F is 

approximately 5 times greater than that of nanocluster D (Figure 13). 

Within the [Cu3L2Hi(BH4)j]+ series, nanocluster H, characterized by 

the presence of a single hydride ligand, exhibits the highest second-

order NLO response. This response is diminished in nanocluster C 

with the incorporation of a BH4 ligand and further reduced in 

nanocluster G upon the removal of the hydride group. Nanocluster 

E, which contains two hydride ligands, demonstrates the lowest 

second-order NLO response in the series. For example, the  𝑡𝑜𝑡
0  

[ 𝐻𝑅𝑆
0 ] value of H is 2166 a.u. [843 a.u.], which is 13 [7] times larger 

than that of the E. The ordering of the  𝑡𝑜𝑡
0  and   𝐻𝑅𝑆

0  value for the 

nanoclusters Cu3L2Hi(BH4)j is: E < G < C <H (Figure 13). These results 

underscore the pivotal role of ligand composition and symmetry in 

determining the NLO performance of [Cu3LkHi(BH4)j]+ hydride 

nanoclusters. 

For example, the nanocluster G exhibits a higher static first 

hyperpolarizability ( 𝑡𝑜𝑡
0 = 671a. u.) compared to D ( 𝑡𝑜𝑡

0 =

311a. u.). This can be attributed to G's larger dipole moment 

(3.563D), which enhances its charge redistribution under an applied 

Page 11 of 25 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/5
/2

02
5 

1:
36

:1
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5NJ01220A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nj01220a


ARTICLE Journal Name 

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

field. However, D demonstrates a greater  𝐻𝑅𝑆
0  value (736 a.u.) than 

G (407a.u.), despite its lower  𝑡𝑜𝑡
0 . This discrepancy arises due to D 

having a higher polarizability anisotropy (148a.u.) compared to G 

(104a.u.). The larger anisotropy in D reflects a more directional 

electronic response, amplifying the hyperpolarizability contribution 

in processes associated with second-order scattering, such as Hyper-

Rayleigh Scattering. Therefore, while G benefits from stronger 

overall charge redistribution ( 𝑡𝑜𝑡
0 ), D’s enhanced anisotropic 

polarization drives its superior  𝐻𝑅𝑆
 . A similar trend is observed for 

nanoclusters D and F, where F exhibits a significantly higher static 

first hyperpolarizability (  𝑡𝑜𝑡
0 = 1594 a. u.) compared to D 

(311a.u.), primarily due to its substantial dipole moment (μ (F) = 

11.511D). Conversely, nanocluster D displays a  𝐻𝑅𝑆
0  value that is 

17% larger than that of F, attributed to its greater polarizability 

anisotropy. 

On the other hand, the nanocluster C exhibits a higher first 

hyperpolarizability than nanocluster A, a distinction that can be 

attributed to the characteristics of the Cu...H-B bonds (BCP’). 

According to QTAIM analysis, the BCP’ in nanocluster A is stronger 

and associated with a higher potential energy (V) compared to the 

corresponding bond in nanocluster C. This indicates that the 

electrons within the Cu...H-B bonds in nanocluster A are more tightly 

localized. Conversely, in nanocluster C, the Cu...H-B bonds exhibit 

greater electron delocalization and mobility (Tables 2 and 4). The 

increased electron delocalization observed in nanocluster C 

contributes significantly to its superior first hyperpolarizability 

compared to nanocluster A. 

In addition, the first hyperpolarizability ( 𝐻𝑅𝑆
0  and  𝑡

0) of 

nanocluster B is marginally higher than that of nanocluster E, with a 

difference of approximately 20%. This variation can be attributed to 

the potential energy of the Cu...H bond (BCPs) in the two systems. In 

nanocluster B, the potential energy ranges from −0.09 to −0.05 a.u., 

whereas in nanocluster E, it spans from −0.11 to −0.07 a.u.  (Table 3 

and 6). The more negative potential energy values observed in 

nanocluster E suggest greater electron localization compared to B, 

where the potential energy is less negative. This increased electron 

localization in E reduces its capacity for charge redistribution under 

an applied electric field, thereby slightly lowering its first 

hyperpolarizability relative to nanocluster B. 

On the other hand, the higher first hyperpolarizability of nanocluster 

H compared to F can be attributed to the kinetic energy within the 

Cu–H bonds, which is greater in H (Tables 7 and 9). This indicates that 

electrons in Cu–H bonds are less localized in H than in F. Notably, the 

presence of a single hydride atom linking two copper atoms has a 

more pronounced impact on the electronic properties and first 

hyperpolarizability than a hydride coordinated to three copper 

atoms (Figures 8 and 10). 

Based on this analysis, it can be concluded that the structural 

topology of the title nanocluster, along with the spatial distribution 

of ligands around the copper atoms, exerts a more significant 

influence on the modulation and prediction of first 

hyperpolarizability than the number or chemical nature of the 

ligands within the system. 

Frequency-dependent first hyperpolarizability 

In this study, we analysed the frequency-dependent first 

hyperpolarizability to evaluate the potential applications of the 

nanoclusters with the highest first hyperpolarizability values within 

each series. These computations were carried out at wavelengths of 

1064 nm (0.04282 a.u.) and 1340 nm (0.0340 a.u.). The selected 

wavelengths are particularly relevant to the operation of Nd:YAG 

lasers, which commonly emit at longer wavelengths in the near-

infrared region.87 The values of the electro-optical Pockels effect 

(𝛽𝐸𝑂𝑃𝐸
 ), second harmonic generation (𝛽𝑆𝐻𝐺

 ) and dynamic hyper-

Rayleigh scattering (𝛽𝐻𝑅𝑆
 ) first hyperpolarizability are listed in the 

Table 13.  

The calculated values for the electro-optical Pockels effect 

(𝛽(−𝜔; 𝜔, 0)) for the highest-performing NLO nanoclusters H, F, C, 

and G at 1340 nm are 2370, 1708, 1401, and 1032 a.u., respectively. 

In contrast, nanoclusters E, A, B, and D exhibit significantly lower 

EOPE values at 1340 nm, with 𝛽(−𝜔; 𝜔, 0) values of 175, 189, 287, 

and 414 a.u., respectively. Interestingly, nanoclusters D, E, G, and H 

demonstrate higher 𝛽(−𝜔; 𝜔, 0) values at 1340 nm compared to 

their corresponding  𝛽𝑡𝑜𝑡
0 . At 1064 nm, the 𝛽(−𝜔; 𝜔, 0) values for 

the nanoclusters are generally higher than those observed at 1340 

nm, except for nanocluster C, which shows a lower value of 1322 

a.u.. These results indicate that the electro-optical Pockels effect is 

more sensitive to shorter wavelengths. 

 

Table 13.  Calculated electro-optical Pockels effect (𝛽𝐸𝑂𝑃𝐸
 ), second 

harmonic generation (𝛽𝑆𝐻𝐺
 ) and dynamic hyper-Rayleigh scattering 

(𝛽𝐻𝑅𝑆
 ) first hyperpolarizability in a.u. for A to H nanocluster at 

dynamic regime 

 = 0.0340 a.u. (= 1340 nm) =0.04282a.u. ( = 1064 nm) 

 𝜷𝑬𝑶𝑷𝑬
𝝎  𝜷𝑺𝑯𝑮

𝝎  𝜷𝑯𝑹𝑺
𝝎  𝜷𝑬𝑶𝑷𝑬

𝝎  𝜷𝑺𝑯𝑮
𝝎  𝜷𝑯𝑹𝑺

𝝎  

A 189 207 234 194 225 243 

B 287 339 259 301 400 276 

C 1401 4199 2083 1322 7776 3492 

D 414 1631 1332 478 381 1202 

E 175 204 138 183 239 148 

F 1708 1952 760 1773 2253 868 

G 1032 1492 733 1132 2627 1225 

H 2370 2884 1121 2502 3543 1377 

 

 

The second harmonic generation (SHG) hyperpolarizability values, 

𝛽(−2𝜔; 𝜔, 𝜔), for the highest-performing NLO nanoclusters D, C, 

and G at 1340 nm are 1631, 4199, and 1492 a.u., respectively. 

Nanoclusters C, G, and H exhibit significantly greater sensitivity at 

1064 nm, with corresponding SHG values of 7776, 2627, and 3543 

a.u., respectively, demonstrating a marked increase compared to 

their static 𝛽𝑡𝑜𝑡
0  values. At 1064 nm, the hyper-Rayleigh scattering 

first hyperpolarizability values (𝛽𝐻𝑅𝑆
 ) for nanoclusters C, H, G, and F 

are 7776, 3543, 2627, and 2253 a.u., respectively. Furthermore, the 

𝛽𝐻𝑅𝑆
   values at 1340 nm are consistently lower than their 

corresponding values at 1064 nm. 

It is evident that both 𝛽𝐻𝑅𝑆
 and 𝛽𝑆𝐻𝐺

  responses are generally more 

pronounced at 1064 nm compared to 1340 nm, with the exception 

of nanocluster D, which deviates from this trend. Furthermore, the 

first hyperpolarizability in the dynamic regime is significantly larger 

than in the static regime. For instance, the 𝛽𝐻𝑅𝑆
  and 𝛽𝑆𝐻𝐺

 responses 

for nanocluster C at 1064 nm are approximately four times greater 

than those in the static regime. Similarly, for nanocluster G, the 𝛽𝐻𝑅𝑆
  

and 𝛽𝑆𝐻𝐺
 responses at 1340 nm and 1064 nm are approximately two 

and three times, respectively, larger than their static values. These 
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results emphasize that 𝛽𝐻𝑅𝑆
  and 𝛽𝑆𝐻𝐺

  responses are more sensitive 

to shorter wavelengths, displaying enhanced values at smaller 

wavelengths. However, the frequency-dependent effect on the 

electro-optical Pockels effect (EOPE) is comparatively weaker than 

on SHG, with the notable exception of nanocluster D at 1064 nm, 

where the EOPE response is relatively pronounced. 

To further investigate the factors influencing the first 

hyperpolarizability of the studied nanoclusters, polarization scans of 

the Hyper-Rayleigh Scattering (HRS) intensity (𝐼𝑉
2 ) were conducted. 

The relationship between (𝐼𝑉
2 )  and the polarization angle ψ was 

calculated and plotted (Figure 14), along with the corresponding 

depolarization ratio (DR) values. The results reveal that the DR values 

are sensitive to ligand composition and follow the descending order: 

H > F > G > C > E  B > A  D. Notably, nanoclusters F and H exhibit 

predominant dipolar symmetry in their NLO responses, with DR 

values of 5.971 and 6.366, respectively. In contrast, nanoclusters B, 

E, G, and C are classified as octupolar systems, with DR values of 

1.943, 2.060, 2.434, and 3.463, respectively. For nanoclusters A and 

D, the DR values are 1.736 and 1.546, respectively, as shown in 

Figure 3. These values, being close to 1.5, are indicative of typical 

octupolar symmetry. 

On the other hand, the results reveal that the depolarization ratio 

(DR) exhibits slight sensitivity to the wavelength of the incident light. 

Specifically, DR values follow the descending order: DR (=1064 nm) 

> DR (=1340 nm) > DR (=∞). Additionally, from the data presented 

in the figure 3, nanocluster D displays a notably low DR value (DR = 

0.999, less than the threshold of 1.5). This low DR suggests that 

nanocluster D is near resonance at =1340 nm, indicating enhanced 

nonlinear optical interactions under this specific wavelength. 

 

******** Figure 14.********** 

 
 

To gain deeper insight into the variations in first 

hyperpolarizability values and their primary determining factors, 

we employed the conventional two-level model approach 

proposed by  Oudar et al. 88,89. The mathematical formulation of 

this model is expressed as follow: 

𝛽0 ∝  
𝑓 ×  ∆𝜇

∆𝐸3  

Where  represents the excited state dipole moment, f 

denotes the oscillator strength, and ΔE is the energy of the 

electronic transition. This relationship highlights that a 

lower excitation energy ΔE, a greater dipole moment (Δμ), 

and a higher oscillator strength (f) contribute to maximizing 

the first hyperpolarizability of compound. This relation 

indicates that a reduction in excitation energy (ΔE), an 

increase in dipole moment (Δμ), and an increase in oscillator 

strength (f) collectively contribute to enhancing the first 

hyperpolarizability of the compound. 

It is well established that molecular nonlinear optical 

properties calculated via the sum-over-states (SOS) method 

strongly depend on the number of excited states considered. 

In this study, 90 excited states were calculated at the M06-

2X/6-31+G(d)/SDD level of theory. The results presented in 

the supplementary information (Figures S2a–b) show that, 

in general, 90 excited states are sufficient for converging the 

(𝛽SOS)  value. On the other hand, the two-level analysis 

discloses that the excited state S8 predominantly influences 

the hyperpolarizability of nanocluster A. Furthermore, 

critical excited states S1, S6, and S2 exhibit the highest 

hyperpolarizability in nanoclusters C, E, and G, respectively. 

These electronic transitions are attributable to ICT 

processes, as depicted in Figures 15. In the case of hydride 

nanoclusters B, D, F, and H, the principal contributions to 

their hyperpolarizability values are attributed to the S5, S6, 

S7, and S6 excited states, respectively. For both series 

[Cu3L3(H)i(BH4)j]+ and [Cu3L2(H)i(BH4)j]+, our results reveal a 

direct correlation between the dipole moment variation 

() of crucial excited states and the first hyperpolarizability 

of the title nanoclusters, except for E. Notably, nanoclusters 

H and F exhibit the highest dipole moment variations of 

11.317 and 7.883 Debye, respectively. These excitations are 

characterized by charge transfer from the hydride, copper, 

and ligand to the second ligand, with a 𝐷𝑖𝑛𝑑𝑒𝑥  of 

approximately 2.4 Å. 

Furthermore, our results indicate that a single hydride unit 

enhances the dipole moment variation (Δµ) of crucial excited 

states more effectively than two hydride units or a hydride 

and BH4 fragment. These results are consistent with our 

previous study, which highlighted the significant role of a 

single hydride in modulating the electronic topology and 

second-order NLO responses. 
 

*********** Figure 15 ********** 

 

 

Third order nonlinear optical (NLO) response   

To explore the third-order nonlinear optical properties of the studied 

nanoclusters, we evaluated the electric-field-induced second 

harmonic generation (EFISHG) γ(−2ω;ω,ω,0), the dc-Kerr effect 

γ(−ω;ω,0,0), and the quadratic nonlinear refractive index( n2) and 

results of calculation are listed in the Table 14. Similar to the dynamic 

first hyperpolarizability analysis, the frequency dispersion behavior 

was examined at the same wavelengths 1340 nm (0.034 a.u. ) and 

1064 nm (0.04282 a.u.). 

 

***********Table 14******* 

 

 

Based on our results, it is observed that the second 

hyperpolarizability (0;0,0,0) does not follow the same trend as the 

static first hyperpolarizability. The nanocluster C exhibits an 

exceptionally high static second hyperpolarizability ((0;0,0,0) = 

173.48×104 a.u.) compared to the other nanoclusters. Moderate 

(0;0,0,0) values are observed for nanoclusters D (17.04×104 a.u.), G 

(10.182×104 a.u.) and F (9.22×104 a.u.). Nanocluster H displays a 

static second hyperpolarizability of 7.469×104 a.u., which is 

comparable to nanocluster A (7.394×10 4 a.u.). The lowest static 

hyperpolarizability values is found in nanoclusters E (5.688×104 a.u.). 
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However, in the dynamic regime, nanocluster G stands out as the 

most efficient across both frequencies, particularly at 

=0.04282a.u., where it achieves the highest values for (-;,0,0) 

= 12.50×104 a.u. and (-2;,,0) = 23.56×10 4 a.u.. These values 

indicate nanocluster G's superior ability to mediate dynamic NLO 

processes. On the other hand, the nanocluster C, despite its 

exceptional static performance, exhibits a significant drop in 

dynamic second hyperpolarizability, with (-;,0,0)  = 19.911×10 4 

a.u. and (-2;,,0) = 39.914×10 4 a.u. at  = 0.04282 a.u., trailing 

behind clusters like G and B. This nanocluster E and A has shown the 

smallest dc-Kerr effect at  = 0.034 a.u. as well as =0.04282a.u., 

respectively. These results suggest that the third-order NLO 

response can be effectively enhanced by increasing the frequency of 

the incident light. 

The degenerate four-wave mixing (DFWM) coefficients, 𝛾DFWM ( (-

;,-,), were calculated using the static, DC-Kerr, and ESHG 

second hyperpolarizability coefficients, and the results are 

presented in Figure 16. The data reveal distinct NLO responses 

among the nanoclusters, with most exhibiting positive DFWM 

values, indicative of self-focusing behavior, except for nanocluster C, 

which displays significant negative values (−21.08×104 and 

−22.23×10 4 a.u.), corresponding to strong self-defocusing effects.90 

The positive DFWM values of nanoclusters D and G are the largest, 

reaching 26.65×104 a.u. and 16.96×104 a.u. at =0.042a.u., 

respectively, highlighting their potential for NLO applications such as 

optical switching and signal amplification. Nanoclusters A, E, F, and 

H show moderate positive values, while B exhibits an intermediate 

enhancement with increasing frequency. The DFWM values 

generally increase at higher frequencies, indicating frequency-

dependent enhancement of the NLO response, except for 

nanocluster C, where negative values become slightly more 

pronounced, reinforcing its self-defocusing nature. The results 

underscore the variability in nonlinear optical behavior across the 

nanoclusters, with nanoclusters D and G being strong candidates for 

dynamic applications, while Cluster C offers potential for niche uses 

requiring beam shaping or dispersion control. 

 
Figure 16. Variation in degenerate four-wave mixing coefficients for 

nanoclusters A to H 

 

 

The DFWM values and the quadratic nonlinear refractive index (n2) 

of the nanoclusters exhibit the same trend (Table 14). At both 

frequencies, the largest n2 values are observed for nanocluster D 

(20.592×10−18 cm2 /W and 22.063 ×10−18 cm2 /W) followed by G 

(11.743×10−18 and 14.042×10 −18 cm 2 /W). For nanoclusters A, E, 

and F, the n2 values at ω=0.034a.u. are 6.749×10−18, 5.365×10−18 and 

8.940×10−18 cm2 /W, respectively. These values show a slight 

increase at the higher frequency (=0.04282a.u.), demonstrating 

frequency dependence. Notably, the negative n2 values for 

nanocluster C at both frequencies suggest a dominant one-photon 

resonance effect, possibly overshadowing two-photon resonance 

contributions, distinguishing it from the other clusters.91,92 

 

Influence of solvent environment on the NLO responses of 

nanocluster A 

 

To assess the influence of solvent environments on the NLO 

responses of nanocluster A, we computed its static polarizability, 

anisotropy of polarizability, as well as its first and second 

hyperpolarizabilities in different solvents (water, benzene, and 

methanol) at M06-2X/6-31+G(d)/SDD/CPCM level of theory. The 

corresponding results are summarized in Table 15. 

 

Table 15: polarizability (), anisotropy of polarizability (), first 

and second hyperpolarizabilities (
𝑡𝑜𝑡
 0 , 

𝐻𝑅𝑆
 0  and 𝛾(0;  0,0,0)) 

calculated at static regime in different solvents of A nanocluster 

 Water 

(ε=78.355) 

Methanol 

(ε=32.613) 

Benzene 

(ε=2.270) 

 (0,0) 807 802 605 

 (0,0) 109 99 53 


𝑡𝑜𝑡
 0 (0;  0,0) 6857 6221 2130 


𝐻𝑅𝑆
 0 (0;  0,0) 3609 3676 939 

 (0;  0,0,0) 2.678 106 1.183 106 1.408 106 

*ε : dielectric constant 

 

The computed results reveal that the static polarizability () of 

nanocluster A undergoes a significant enhancement upon solvation. 

The  value increases from 379 a.u. in the gas phase to 807 a.u. in 

water and 802 a.u. in methanol, reflecting the pronounced effect of 

polar solvents in promoting electronic delocalization and 

polarizability. On the other hand, the value obtained in benzene (605 

a.u.) shows a moderate increase, which is consistent with the 

comparatively lower dielectric constant of this apolar solvent. The 

polarizability anisotropy (Δα) exhibits a trend analogous to that of 

the static polarizability, with the maximum value observed in water 

(109 a.u.), indicative of pronounced directional electronic response 

in a highly polar medium. A significantly lower Δα value is obtained 

in benzene (53 a.u.), consistent with its reduced polarity and limited 

capacity to induce anisotropic polarization. 

The first-order hyperpolarizability of compound A is significantly 

enhanced in solvent environments compared to the gas phase. In 

water, 
𝑡𝑜𝑡
 0  increases from 203 a.u. to 6857 a.u., representing an 

enhancement by a factor of 34. Similarly, methanol enhances the 

first hyperpolarizability by approximately 31 times, while benzene 

results in an increase of about 10 times relative to the gas-phase 
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value. This trend clearly demonstrates the impact of solvent polarity, 

with polar solvents exhibiting a greater ability to enhance second-

order NLO responses compared to apolar media. Furthermore, the 

hyper-Rayleigh scattering hyperpolarizability (
𝐻𝑅𝑆
 0 ) exhibits a 

comparable trend, increasing by approximately 17 times in polar 

solvents and 4 times in the apolar solvent (benzene), relative to its 

gas-phase value 

Regarding the second hyperpolarizability, the value of 𝛾(0;  0,0,0) in 

water is approximately 36 times higher than in the gas phase, while 

in methanol and benzene, it is enhanced by factors of 16 and 19, 

respectively. These results clearly demonstrate the significant 

influence of solvation on the NLO behavior of the A. we can conclude 

that solvent polarity plays a critical role in amplifying both second- 

and third-order NLO responses of A nanocluster. In a future study, 

we will investigate the effect of polar and nonpolar solvent 

environments on the B to H nanoclusters. 

Conclusions 

This study we have presented a systematic DFT, TD-DFT, SOS, 

QTAIM and EDA-NOCV study on the two series of hydride 

nanoclusters, [Cu3L3(H)i(BH4)j]+
 and [Cu3L2(H)i(BH4)j]+ where 

i=0 to 2 and j= 0 and 1. Quantum chemical calculations indicate 

that the presence of BH4 and hydride fragments enhances the 

stability of [Cu3L3(H)(BH4)]+
 (=7.074 eV), whereas 

[Cu3L2(H)(BH4) ]+ exhibits lower stability (= 4.189 eV). EDA-

NOCV analysis reveals a significant covalent contribution to the 

bonding interaction between the copper centre and the ligand 

fragments. TD-DFT calculations confirm the Near-Infrared 

(NIR) transparency of these nanoclusters, with A, B, E, and H 

demonstrating exceptional optical transparency across both the 

NIR and visible regions. Furthermore, introducing a single 

hydride unit significantly enhances second-order NLO 

responses than the two hydride or hydride and BH4. This results 

due to modifications in the electronic topology and variations in 

kinetic and potential energy densities at BCP and RCP points. 

Notably, nanocluster H exhibits the highest first 

hyperpolarizability, attributed to greater kinetic energy within 

Cu–H bonds compared to F. Overall, SOS analysis reveals a 

direct correlation between dipole moment variations in crucial 

excited states and first hyperpolarizability. Frequency-

dependent calculations at laser wavelengths of 1340 and 1064 

nm indicate that the first hyperpolarizability in the dynamic 

regime is significantly larger than in the static regime, and the 

electro-optical Pockels effect is more pronounced at shorter 

incident wavelengths. Additionally, nanocluster D exhibits the 

highest second-order hyperpolarizability (173.48 × 10⁴ a.u.), 

while E shows the lowest (5.688 × 10⁴ a.u.). The DFWM values 

display that the nanoclusters D and G being strong candidates 

for dynamic applications. Copper hydride nanoclusters 

demonstrate broad applicability across various fields. This study 

unveils their potential as efficient second- and third-order 

nonlinear optical materials. 
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Table 11. Excitation wavelength (𝜆0→𝑛, nm) and energy (E, eV) and oscillator strengths (𝑓), variation dipole moment (, Debye), overlap 

(𝑆𝑟), 𝐷𝐶𝑇 , index H and 𝑡𝑖𝑛𝑑𝑒𝑥 (Å) associated with the 𝑆0 → 𝑆𝑛 transitions, as calculated at M06-2X/SDD/6-31+G(d) of the studied complexes 

A to H  
Sn 𝜟𝟎→𝑛 𝐸𝟎→𝑛 F Sr 𝐷𝐶𝑇  𝐻 𝑡𝑖𝑛𝑑𝑒𝑥 Transition 

A S1 244 5.072 0.001 0.562 0.615 2.957 3.373 -0.658 H→L+3 (42%); H →L (20%) 

S8 214 5.776 0.159 0.612 0.440 2.105 3.394 -1.398 H→L+5 (32%); H → L+7 (22%) 
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S10 214 5.781 0.165 0.610 0.537 2.562 3.351 -1.292 H→L+6 (34%); H → L+8 (24%) 

B 

 

S1 303 4.086 0.032 0.518 1.628 7.859 2.764 0.033 H → L (56%); H → L+1 (20%) 

S4 354 4.867 0.065 0.562 0.208 1.001 3.376 -1.770 H → L+2 (16%); H → L+ (32%) 

S5 251 4.939 0.065 0.543 0.990 4.752 3.436 -1.042 H → L+1 (27%). H -2→ L (17%) 

S19 219 5.656 0.173 0.582 0.311 1.493 3.808 -1.555 H → L+10 (12%); H → L+3 (8%) 

S27 207 5.970 0.132 0.583 0.374 1.787 3.963 -1.453 H → L+3 (10%); H → L+4 (8%) 

C S1 596 2.079 0.095 0.730 0.967 4.626 2.749 -0.666 H → L (80%); H → L+3 (8%) 

S2 513 2.418 0.011 0.593 1.477 7.069 2.896 -0.007 H → L+1 (88%); H → L (10%) 

S3 396 3.134 0.034 0.679 0.996 4.760 3.091 -0.810 H → L+3 (62%); H → L+2 (14%) 

S4 375 3.307 0.046 0.657 1.178 5.632 3.124 -0.644 H → L+4 (74%); H → L+5 (8%) 

S5 331 3.743 0052 0.417 3.274 15.572 3.354 1.198 H → L+2 (38%); H → L+6 (36%) 

S10 276 4.500 0.147 0.527 1.715 8.146 3.947 -0.550 H → L+10 (44%); H → L+9 (28%) 

D 

 

S1 644 1.926 0.009 0.657 0.096 0.463 2.858 -1.335 H → L (98%) 

S2 388 3.198 0.061 0.560 0.739 3.548 3.120 -1.071 H→L+4 (88%) 

S6 340 3.650 0.097 0.366 0.963 4.572 4.094 -1.684 H → L+2 (70%); H → L+6 (8%) 

S9 320 3.878 0.138 0.532 0.500 2.383 3.733 -1.934 H → L+10 (28%); H → L+9 (20%) 

S12 296 4.1851 0.1101 0.448 1.415 6.768 4.154 -1.358 H → L+6 (44%); H → L+9 (26%) 

E S1 349 3.55 0.012 0.519 0.686 3.288 2.579 -0.887 H → L (92%) 

S2 277 4.476 0.003 0.518 0.488 2.367 2.721 -1.261 H → L+1 (76%); H → L+2 (8%) 

S6 236 5.247 0.148 0.624 1.081 5.169 2.923 -0.683 H →L+5 (28%); H → L+3 (20%) 

S8 226 5.489 0.116 0.641 0.384 1.834 3.024 -1.533 H → L+4 (16%); H → L+5 (14%) 

S14 211 5.888 0.069 0.453 0.898 4.285 2.738 -0.630 H → L+7 (54%) 

F 

 

S1 454 2.732 0.002 0.459 2.550 12.239 2.726 0.870 H → L (91%) 

S2 347 3.313 0.002 0.469 1.636 7.867 2.872 -0.147 H → L+1 (46%); H → L+2 (42%) 

S6 288 4.310 0.014 0.475 2.551 12.242 3.262 0.457 H → L+4 (56%); H → L+5 (16%) 

S7 281 4.419 0.02 0.563 1.643 7.883 3.293 -0.484 H-4 → L (22%); H -2→ L +1 (20%) 

S10 260 4.776 0.035 0.456 3.271 15.640 3.709 0.800 H → L +4 (12%); H → L +1 (10%) 

S12 252 4.920 0.05 0.392 4.224 20.205 3.397 2.055 H → L+7 (24%); H → L+3 (18%) 

G S1 505 2.454 0.017 0.629 0.794 3.811 2.701 -0.702 H → L (98%) 

S2 413 2.999 0.116 0.675 0.639 3.059 2.799 -1.091 H → L+1 (96%) 

S4 308 4.030 0.086 0.573 0.156 0.745 3.122 -1.602 H → L+5 (82%) 

S9 280 4.434 0.102 0.697 0.209 1.002 3.124 -1.948 H → L+2 (34%); H → L+9 (34%) 

S11 262 4.723 0.362 0.648 0.672 3.224 3.480 -1.352 H → L+9 (38%); H → L+2 (20%) 

H S1 348 3.563 0.068 0.507 2.511 12.061 2.658 0.797 H → L (92%) 

S2 339 3.658 0.008 0.471 2.195 10.536 2.602 0.575 H → L (90%) 

S3 311 3.988 0.024 0.401 2.890 13.881 2.550 1.339 H → L+2 (90%) 

S6 265 4.670 0.127 0.565 2.357 11.317 2.801 0.551 H → L+3 (32%); H → L+5 (20%) 

S9 251 4.941 0.105 0.533 2.003 9.620 2.746 0.307 H → L+3 (54%); H → L+2 (10%) 

S11 242 5.120 0.105 0.662 1.076 5.168 3.106 -0.954 H →L+3 (58%); H → L+4 (12%) 
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Figure 14. Relationship between 𝐼𝑉
2𝑤and polarization angle Ψ of nanocluster A to H (Black: static; red: λ = 1340 nm; blue: λ = 1064 nm) 

 

 
 

Figure 15. CDD for the crucial excited state of A to H nanoclusters. CDD was calculated as a difference between the corresponding excited 

state and the ground state of the considered system using the M06-2X/6-31+G(d)/SDD level of theory. 
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Table 14.  Estimated values (0;0,0,0), γ(−ω; ω,0,0) and γ(−2ω;ω,ω,0), and n2 (cm2 /W) values in au for nanocluster A to H 

 

  =0.034 a.u. =0.04282 a.u.  =0.034 a.u. =0.04282 a.u. 

 
(0;0,0,0) 

×104 a.u. 

(-;,0,0) ×104 

a.u. 

(-2;,,0) 

×104 a.u. 

(-;,0,0) 

×104 a.u. 

(-2;,,0) 

×104 a.u. 

n2 × 10-18 

cm2 /W 

n2 × 10-18 

cm2 /W 

A 7.394 7.635 8.349 7.833 9.073 6.749 6.949 

B 8.555 8.980 10.066 9.276 18.970 8.098 10.555 

C 173.48 19.911 43.376 22.29 39.914 -17.453 -18.408 

D 17.04 19.280 28.979 20.89 34.31 20.592 22.063 

E 5.688 5.978 6.645 6.16 7.361 5.365 5.562 

F 9.229 9.769 11.188 10.144 12.975 8.940 9.433 

G 10.182 11.668 15.23 12.50 23.56 11.743 14.042 

H 7.469 8.12 9.93 8.58 12.44 7.783 8.476 
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The data supporting this article have been included as part of the Supplementary Information.
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