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Abstract 

In this work, we report the photoelectrochemical properties of 5 designed Cu(I) dyes by means of 
theoretical approach. The optimized geometries, molecular orbitals electron density and their energy level 
obtained from DFT/M06/LANL2DZ + DZVP method. The parameters relates to photoelectrochemical 
properties of these dyes were derived from orbital energy. For all complexes, molecular orbital energy 
levels meet the requirements for use as sensitizer in DSSC. Introducing the selected ligands has great 
effect to the MO energies as well as other properties. The quinozaline–2,3–dithiolate (1,2) is great as 
donor unit but their electrophilic indices indicate that they have less strength of being oxidized confirmed 
by 

dye*
OXE  and injectG∆ . So, dyes 1 and 2 are not properly suitable for using as sensitizer in DSSC. 

Surprisingly, hydroxamate ligand shows great potential acceptor unit for Cu(I) in either bipyridine or 
terpyridine complexes (dyes 3–5). These dyes present good computed photochemical properties. Thus, 
the designed dyes 3–5 studied in this work would be competent to provide promising sensitizers for 
photovoltaic application. Dye 3 is the most efficient, indicating that increasing chromophoric groups or 
conjugated bridges does not favor to EH-L, eVOC and LHE regards to 4 and 5.  

Keywords: Cu(I) complexes, hydroxamate, quinozaline–2,3–dithiolate, DSSC, DFT/TDDFT 
 
 
Introduction 

The driving of the development of efficient solar energy conversion system as green energy 
photovoltaic device depends on the energy crisis, global warming and especially the depletion of fossil 
fuels. Since discovered by Grätzel and co-workers [1], many researchers have intensified dye-sensitized 
solar cell (DSSC) as a new promising photovoltaic technology for decade years [2-9]. This kind of solar 
cell is very attractive because of the possibility of providing a clean and abundant energy source and the 
large scale production cost would be expected to be lower than that of the conventional silicon solar cell 
[10-12]. Improvement the performance of photosensitizing components in DSSCs including, 
semiconductor, dye-sensitizer, electrolyte and electrode systems has been investigated extensively. 
According to the dye-sensitizer, the best efficient dye is still commonly ruthenium (II) complex 
compounds [13]. However, searching and improving an inexpensive, more abundant and efficient dyes 
for DSSC application without depending on a scant resources [14,15] are very timely. 

Copper(I) complex compounds possess a wide variety of excited states and also photophysical and 
photochemical processes. Alonso-Vante et al. [16] found that Cu(I) complexes possess similar photo-
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physical properties to Ru complexes. This indicates that the repetitious chemical optimization of common 
metal complexes sensitizers can be comparable to that of Ru complexes [17]. Even though there are some 
very promising studies by means of both experimental and computational approaches have been reported 
[18-30] but Cu(I) dyes still have less extensively studied regards to Ru(II) complexes. A recent 
development by the constable group has been in situ synthesis of heteroleptic Cu(I) dyes on the TiO2 
surface [31]. A 4,4-bis(2-thienyl-5-carboxylic acid) functionalised 2,2-bipyridine ligand and 
corresponding copper(I) complex was applied in DSSC [32]. It was found that the positioning of the 
thiophene groups appeared favourable from DFT analysis and the best efficiency of 1.41 % was obtained. 
Functionalisation of a non-anchoring bipy ligand with a heteroaromatic or a bulky diphenylamino 
substituent was produced impressive DSSC performances which the best efficiency of 3.8 % has been 
reported [28]. A new redox couple, [Cu(bpye)2]+/2+ has been synthesized and utilized in DSSC. Overall 
efficiencies of 9.0 % at 1 sun and 9.9 % at 0.5 sun were obtained which are considerably higher than 
those obtained for cells containing the reference redox couple, [Co(bpy)3]2+/3+ [33]. 

Recently, some computational studies on Cu(I) bipyridyl complexes open the possibility of 
computationally screening and the way to an effective molecular engineering for further enhance 
sensitizer [22,31,34-37]. Photophysical properties of Cu(I) complexes containing pyrazine-fused 
phenanthroline ligands have also been observed by both experimental and theoretical approaches [37]. 
Nevertheless, these sensitizers might be good sensitizer if they are improved to meet requirements for 
next generation of DSSC devices. As literature reviewed, both donor and acceptor units in the dye 
complex systems are improved by experimental and theoretical approaches. A square-planar platinum(II) 
based dye containing 4,4′−dicarboxy−2,2′−bipyridine and quinoxaline−2,3−dithiolate ligands achieves 
efficient sensitization of DSSC over a wide visible range, with a solar energy conversion efficiency of 2.6 
% [38,39]. This indicates that the dithiolate ligand acts as efficient donor unit in this dye. Conversely, 
interesting acceptor ligand; hydroxamate exhibits significant efficiency in [Ru(terpy)(tbbpy)L][BF4]2 
(terpy = 2,2′;6′,2″–terpyridine, tbbpy = 4,4′–di–tert–butyl–2,2′–bipyridine, L =anchoring ligand) among 
carboxylate and phosphonate linkers [40]. There have no evidence that either dithiolate donor or 
hydroxamate acceptor ligands are incooperated into Cu(I) dye complex. 
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Figure 1 Molecular structure of the designed Cu(I) dyes 1 and 2. 
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Figure 2 Molecular structure of the designed Cu(I) dyes modeled Cu(I) dyes 3−5. 
 
 

In the present work, we calculated from theoretical point of view the geometric and spectroscopic 
properties of 5 [CuLXy]+ molecular system. As shown Figure 1, L is bipyridyl or terpyridyl ligand, X is 
quinoxaline–2,3–dithiolate or hydroxamate ligand, y is a number of ligand X in the compounds. In 
compound 1, bp conjugates with −PhCOOH as conjugate bridge and anchoring unit. The –
CH=CH−NPh3) moiety (−NPh3 for short) act as donor unit in 2 by substitution to one of phenyl ring of 
bipyridyl ligand, pyridine unit also conjugates with −PhCOOH. The quinozaline–2,3–dithiolate acts as 
major donor unit in 1 and 2. On the other hand, in compounds 3−5, bipyridyl, bipyridyl(−NPh3) and 
terpyridyl(−NPh3) play as donor unit while hydroxamate performs as acceptor unit display in Figure 2. 
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The aim of this work is to provide a detailed analysis of geometrical and electronic properties of the 
newly modeled Cu(I) compounds. The spectroscopic as well as photoelectrochemical properties relate to 
sensitization of the dyes in DSSC are computed based on the DFT and TDDFT method. 
 
Materials and methods 

Calculations of the geometrical structures were performed with the Gaussian 09 program [41]. The 
geometry optimization process was carried out using the density functional theory (DFT) [42-44] with 
LANL2DZ for C, H, O, N, S atoms [45] and DZVP for Cu atom [46] basis sets, in addition to the hybrid-
meta-GGA functional M06 method [47]. The M06 methodology is well-known due to the feasibility for 
the study of organometallic compounds. The choices of method and basis sets used in this work are 
referred to the previous work which M06/LANL2DZ+DZVP represents excellent approximations for 
ionization potential, electron affinity and also maximum absorption wavelength for the Cu(I) biquinoline 
dyes [36]. The vertical excitation energy and ultraviolet-visible spectra (UV-vis) were simulated by time-
dependent DFT (TDDFT) at the same level. The effects of a solvated environment were evaluated with 
the integral equation formalism polarizable continuum model (IEF-PCM) and the implementation of the 
non-equilibrium solvation model [48]. 

The charge transfer properties were analyzed by the free energy change for electron injection           
( inject∆G ) from excited state dyes to conduction band of TiO2 [49-51] as Eq. (1); 
 

2TiOdye*
OX CB injectG E E∆ = −                 (1) 

 
dye* dye
OX OX 00  ω−= − rE E E                 (2) 

 
dye*
OXE  and 

dye
OXE  in Eq. (2) are the excited and ground state oxidation potentials, respectively. 

dye
OXE  is 

computed based on the Rehm and Weller equation as in Eq. (2) [52]. E00 is adiabatic energy difference 
between excited and ground states. The later term can be negligible as mentioned in the previous report 

[53]. 
2TiO

CBE corresponds to the conduction band energy level of the TiO2 semiconductor. 
2TiO

CBE = −4.0 eV 

[54] obtained from experiment was used because of the value has been observed in the condition which 
the semiconductor is in contact with aqueous redox solution at fixed pH [55]. Redox potential, I–/I3

– =              
–4.8 eV was used in this work [56]. 

DFT calculation can possibly find the chemical reactivity descriptors values including chemical 
hardness (η), chemical potential (µ), electronegativity (χ) and electrophilic index (ω). These descriptors 
were derived from the first ionization potential (I) and the electron affinity (A) of the N-electron 
molecular system with a total energy (E) and external potential ( ( )v r ) using the relations as follows 
[57]; 

 
1/ 2( ),   =I Aχ η χ≅ − + − ,  

1/ 2( )η− ≅ −I A , 
2 / 2ω µ η≅ , 

 
where I = −EHOMO and A = −ELUMO based on the Koopsman theorem [55]. The photovoltaic parameter, 

open-circuit voltage; eVOC can be estimated theoretically as the difference between ELUMO and 
2TiO

CBE

[49,50,58]; 
 

2TiO
OC LUMO CBeV E E= −                 (3) 
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Efficiency of DSSC is related to the dye in response to the incident light. Light harvesting efficiency 
(LHE) is one important factor of the dye. This LHE was evaluated by absorption energy of the dye. The 
LHE can be expressed as follows 

2TiO
CBE [49,50,58]; 

 
LHE = 1 − 10−A = 1 − 10−f                (4) 
 
where A and f are the absorption and oscillating strength, respectively. 
 
Results and discussion 

The M06/LANL2DZ + DZVP-optimized structure and selected Cu−N and Cu−S bond lengths of all 
Cu(I) dyes are displayed in Figure 3. It is noted that the total molecular charge of 1 and 2 is −1 where the 
total charge of 3−5 is +1. Based on the computed bond lengths, it is important to note that the presence of 
–NPh3 unit on 2 do not significantly alter the bond length between metal center and bipyridine ligand 
(Cu− N1 and Cu−N2bonds), and those between the metal and quinoxaline–2,3–dithiolate (Cu−S1 and 
Cu−S2 bonds) compare to 1. When ligand alters from quinoxaline–2,3–dithiolate donor ligand in 1 and 2 
to hydroxamate acceptor ligand in compounds 3 and 4, similar result is found even the –PhCOOH group 
is not presented. In case of 5, the Cu−N4 which corresponds to the bond between metal and hydroxamate 
ligand is a bit shorter than those of the similar bond (Cu−N3 and Cu−N4) in 3 and 4. The shortest Cu−N 
bond length is found in Cu−N4 bond of 5 which is the bond forms between copper and hydroxamate. For 
1 and 3, the replacement of hydroxamate led the Cu–N1 and Cu−N2 bonds become longer with respect to 
quinozaline–2,3–dithiolate. The theoretical study on copper complexes has previously reported [21,34-
37,58]. The bond lengths between Cu and N of bipyridine in our work seem to be longer than those of 
found in the previous work. It may due to the co-complexation with different ligand and also substituents 
on the pyridine ring. However, those previous works summarized that M06 functional is more suitable for 
calculation due to lower error [36]. Based on the structures of the proposed dyes 3−5, in the case of Ru(II) 
this ligand is suitable and work nice even in the presence of water [40]. However, one can suspect that 
this might be difficult in the case of Cu(I). As described above, the bond distances between Cu and N of 
hydroxamate (Cu−N1 and Cu−N2) are shorten than those of Cu and N of bipyridine and terpyridine 
(Cu−N3 and Cu−N4), especially in 5. This confirms that interaction between Cu and N of hydroxamate are 
stronger than those of between Cu and N of bipyridine and terpyridine. Thus, it can support the reason 
that dyes 3−5 incorporating the hydroxamate ligand may be synthetically prepared and structurally stable. 
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Figure 3 Optimized ground state geometrical structure of Cu(I) dyes 1−5. Bond lengths are in Å 

 
The highest occupied molecular orbital (EHOMO), lowest unoccupied molecular orbital (ELUMO) and 

energy gap (EH–L) of all dyes computed in 2 different polar media (H2O and CH2Cl2) are tabulated in 
Table 1. EHOMO and ELUMO of dyes 1–5 are down shifted from H2O to CH2Cl2. It can be observed that 
addition π-conjugate −NPh3 on either bipyridine or terpyridine moieties (ligand1) in 2,4 and 5 raises 
EHOMO in comparison to 1 and 3. For quinozaline–2,3–dithiolate complexes, the change of bipyridine in 1 
to a substituted –NPh3 bipyridine in 2 does not affect to ELUMO. However, EHOMO of 2 is higher than those 
of 1 both 2 media. Similarly, for hydroxamate complexes, both EHOMO and ELUMO of these dyes are 
sequentially up shifted when the ligand change from bipyridine (3) to a substituted –NPh3 bipyridine (4) 
and a substituted –NPh3 terpyridine (5), respectively. Most of the dyes have lower energy gap (EH−L) 
when the medium changes from polar to non-polar solvent. The EH−L of all dyes computed in the 2 media 
are in increasing order: 2 < 1 < 5 < 4 < 3. 

The chemical indices; chemical hardness, chemical potential and Mulliken electronegativity derived 
from orbital energies of all dyes are listed in Table 2. The relative stabilities and chemical hardness of all 
isomers of dyes based on their frontier molecular orbital energy gap are in the same order and, are in 
increasing order: 2 < 1 < 5 < 4 < 3. Thus, it can be interpreted that 3 shows the greatest resistance to 
change the number of electrons in its systems follow by 4 and 5, respectively. Dyes 1 and 2 have the most 
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and the second highest Mulliken electronegativity which is higher than the other by 0.517 - 0.667 and 
0.517 - 0.708 eV in water and 0.299 - 0.449 and 0.286 - 0.477 eV in CH2Cl2. In term of electrophilicity, 
the result is in contrast to the chemical hardness. The trend of electrophilicity of dyes is in decreasing 
order: 2 > 1 > 5 > 4 > 3. Dyes 2 and 1 reveal the greater charge regeneration ability among the others. As 
observed, the value of all parameters computed in H2O is lower than those the CH2Cl2 except for 
chemical hardness. This means that these dyes exhibit lower resistance to change the number of electron 
when dissolving in non-polar solvent. Thus, the greater intermolecular charge transfer of these dyes will 
be possibly occurred in non-polar solvent. It is important to note that all chemical indices are adjusted 
based on the neutral species of the dyes. However, these results are important because they can be 
considered during synthesis to determine the solubility and chemical reactivity of the molecule [36], 
additionally they can also be employed in photovoltaics, as reported in previous studies [59-61]. 
 
 
Table 1 The highest occupied molecular orbital energy (EHOMO), the lowest unoccupied molecular orbital 
energy (ELUMO), and HOMO–LUMO energy gap (EHOMO–LUMO) of studied dyes computed at the 
M06/LANL2DZ+DZVP level of theory. 
 

Dye EHOMO
a  ELUMO

 a  EH–L
 a 

H2O CH2Cl2  H2O CH2Cl2  H2O CH2Cl2 
1 –5.796 –6.013  –2.884 –3.156  2.911 2.857 
2 –5.360 –5.551  –2.884 –3.156  2.476 2.394 
3 –5.632 –5.877  –2.014 –2.258  3.619 3.619 
4 –5.306 –5.469  –2.041 –2.286  3.265 3.184 
5 –5.224 –5.442  –2.177 –2.394  3.048 3.048 

 
 
Table 2 Chemical indices of all dyes computed at the M06/LANL2DZ+DZVP level of theory. 
 

Dye ηa  µ b  χ c  ω c 
H2O CH2Cl2  H2O CH2Cl2  H2O CH2Cl2  H2O CH2Cl2 

1 1.456 1.429  –4.340 –4.585  4.340 4.585  6.468 7.356 
2 1.238 1.197  –4.122 –4.354  4.122 4.354  6.862 7.919 
3 1.809 1.809  –3.823 –4.068  3.823 4.068  4.040 4.574 
4 1.633 1.592  –3.673 –3.877  3.673 3.877  4.131 4.721 
5 1.524 1.524  –3.701 –3.918  3.701 3.918  4.494 5.036 

 
aChemical hardness, η = ∆EHOMO−LUMO/2 
bElectronic chemical potential, µ = (EHOMO+ELUMO)/2 
cThe Mulliken electronegativity, χ = −(EHOMO+ELUMO)/2 
d
 The electrophilic index, 

2 / 2ω µ η≅  
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Table 3 The vertical excitation energies, oscillating strengths (f) and transition characters and maximum 
absorption wavelength (λmax) of all dyes computed at the TD/M06/LANL2DZ+DZVP of theory. 
 

Dye 
Energy a  f  Transition character b, c  λmax

a 
H2O CH2Cl2  H2O CH2Cl2  H2O CH2Cl2  H2O CH2Cl2 

1 1.855 1.806  0.021 0.021  H→L (92%) H→L (92%)  484.5 681.4 

 2.328 2.277  0.009 0.010  H–1→L (89%) H–1→L (89%)    

 2.560 2.529  0.166 0.012  H→L+2 (74%) H–1→L+1 (72%)    
2 1.832 1.679  0.003 0.001  H→L (96%) H–1→L (66%)  657.9 688.5 

 1.950 1.744  0.002 0.003  H–2→L (61%) H→L (95%)    

 2.013 1.873  0.001 0.002  H–1→L+1 (87%) H–2→L (65%)    
3 2.494 2.497  0.031 0.034  H→L (85%) H→L (84%)  489.0 489.0 

 2.609 2.628  0.011 0.011  H→L+1 (96%) H→L+1 (96%)    

 2.928 2.930  0.008 0.009  H–1→L+1 (79%) H–1→L (76%)    
4 2.370 2.361  0.017 0.023  H→L (49%) H→L (49%)  468.4 473.4 

 2.645 2.618  0.033 0.046  H→L+2 (24%) H→L (25%)    

 2.673 2.660  0.046 0.038  H–1→L (54%) H–1→L (42%)    
5 2.094 2.078  0.028 0.023  H→L+2 (53%) H→L+2 (43%)  489.0 500.0 

 2.161 2.160  0.036 0.050  H→L+1 (52%) H→L+1 (44%)    

 2.538 2.481  1.391 1.351  H–1→L (70%) H–1→L (64%)    
 
aIn eV. 
bOnly major contribution to the transitions for each states are in parenthesis. 
cH and L represent HOMO and LUMO, respectively. 
  
 

Table 3 shows the results of time-dependent density functional theory (TDDFT) calculation 
including first 3 vertical excitation energy and its corresponding oscillator strength, orbital transition 
characters and maximum absorption wavelength (λmax) simulated in the 2 media. The first vertical 
excitations of 1 and 2 are approximately 1.8 eV in H2O and ~1.7 - 1.8 eV in CH2Cl2 while the rest of 
them are about 2.1 - 2.5 eV in both media. HOMO→LUMO transition is the major transition (at the 
highest oscillator strength) for 2 and 3 in both 2 solvent phases and for 1 and 4 in CH2Cl2 media. Another 
transition such as H–1→L, H–2→L and H–1→L+1 play an important role for charge transition in the rest 
of the dyes. The simulated UV-Vis spectra of all dyes are shown in Figure 4. λmax of all dyes is ~10 - 20 
nm red shifted from polar to non-polar media except for 1. It is important to note that the use of non-polar 
solvent indicates the greatest significant effect on 1 while less significant is found on the other. Effect on 
the donor group is obviously dominated in 1 and 2 which their λmax is longer than those dyes 3,4 and 5. 

The isovalue plots of molecular orbitals of 1 and 2 are shown in Figure 5 and of dyes 3 - 5 are 
shown in Figure 6, respectively. Based on Figure 5, electron density of HOMO and the 3 lower levels of 
1 is located on the quinozaline–2,3–dithiolate ligand showing the participation of Cu orbitals while the 
H–4 and H–5 distributed partly on bipyridine. Similar pattern is also found in 2. This indicates that 
quinozaline–2,3–dithiolate becomes a stronger donor unit than bipyridine for their corresponding photo 
excitation charge transfer. The metal to ligand charge transfer (MLCT) occurs in 1 and 2 is due to HOMO 
→ LUMO transition as shown in Table 3. For 3, electron densities of HOMO and H–1 are located on the 
acceptor unit (hydroxamate) instead of donor unit. H–2 is mainly located on the donor unit while it is 
spread out entire molecule in H–3 and H–5. Interestingly, densities of the virtual orbital are mostly 
distributed on hydroxamate. Thus, the HOMO→LUMO transition is not properly corresponded to the 
MLCT process. The excitations from H–2, H–3 and H–5 to all LUMO states seem to be related to MLCT 
than those of due to HOMO→LUMO even though it is assigned as main transition as shown in Table 3. 
In this case, excitation from H–2 to LUMO may be the major MLCT of 3 based on its smallest magnitude 
of vertical excitation energy compare to from other sub-energy levels; H−3, H−4 and H−5 to the LUMO 
state. Similarly, either HOMO→LUMO or H–1→ L are assigned to be the major transition of 4 and 5, but 
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in this case it is not MLCT process but just LLCT (ligand to ligand charge transfer) (Figure 6). The 
MLCT of 4 and 5 should be due to the excitation from the ground state HOMO to L+3 and L+2, 
respectively. 
 

 
Figure 4 Isovalue plot of molecular orbital energies of dyes 1 and 2. 
 

 
Figure 5 Isovalue plot of molecular orbital energies of dyes 1 and 2. 

1 2 

3 4 5 
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Figure 6 Isovalue plot of molecular orbital energies of dyes 3 - 5. 
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Figure 7 A schematic representation of MO energy levels of dyes relates to conduction band edge of 
TiO2 and redox potential of I–/I3

– electrolyte. 
 
 

The ground (
dye
OXE ) and excited state (

dye*
OXE ) oxidation potentials, electron injection free energy ( injectG∆ ), 

computed in the 2 solvent phases of all dyes are represented in Table 4. Ground state oxidation potential 
energy related to ionization potential energy can be estimated as negative EHOMO [57]. The estimated 
value is in fair agreement with experimental values [62]. 

dye*
OXE calculated due to Eq. (2) which the 

coulombic stabilization term is neglected [53]. 
dye*
OXE of all dyes shows cathodic shift from polar to non-

polar media. The most shift is found in 1 and 2 (∼0.3 eV) while the lower shift is found in the rest (∼0.2 
eV). The cathodic shift indicates that the dyes posses lesser strength of oxidation while anodic shift 
indicates for more strength. According to

dye*
OXE , it shows that the most oxidizing species is 4 in both polar 

and non-polar media. Dyes 1 and 2 are the worst oxidizing molecules in excited state. It is found that the 
strength of oxidation increases when Cu(I)bipyridine co-complexed with hydroxamate regards to 
quinozaline–2,3–dithiolate ligand. 

The electron injection free energy ( injectG∆ ) computed based on Eq. (1) of all dyes are also presented 
in Table 4. All dyes possess spontaneous charge transfer indicates by negative value of injectG∆  except for 1 
in CH2Cl2. Based on injectG∆ , 4 as well as 5 are presented as highest and second highest performances 
among the others. The worst charge transfer ability is found in 1 and 2. It is in accordance to the oxidation 
strength as described above. The LUMO– 2TiO

CBE gap corresponds to the estimated open circuit voltage as 
tabulated in Table 5. Thus, 3, 4 and 5 will be possessed the highest, second highest and third highest 
performance of DSSC, respectively. A group of 1 and 2 are supposed to be the lowest performance. It 
should be noted that the concentration of dyes, pH and temperature have to be taken into account for 
consideration of experimental VOC. Another aspect that has great influence on the performance of DSSC 
is light harvesting efficiency (LHE) of the dyes. The values are also shown in Table 5. Considering the 
term of f and its trend with LHE computed in non-polar media, it is clear that 3 is the most efficient, 
follow for 5 and 4. As the same consideration, the trend of efficiency is in decreasing order: 3 > 5 > 1 > 4 
> 7. Thus, increasing chromophoric groups or conjugated bond does not favor to eVOC and LHE in case of 
4 and 5 regards to 3. 
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Table 4 The ground state ( dye
OXE ) and excited state   ( dye*

OXE ) oxidation potentials and free energy change for 
electron injection (

inject∆G ) of all dyes derived from orbital energy computed at the 
M06/LANL2DZ+DZVP of theory. 
 

Dye 
dye
OXE

a 
 

dye*
OXE

a 
 

inject∆G
a 

H2O CH2Cl2 
 

H2O CH2Cl2 
 

H2O CH2Cl2 
1 5.796 6.013  3.940 4.207  –0.060 0.207 
2 5.360 5.551  3.528 3.872  –0.472 –0.128 
3 5.632 5.877  3.139 3.380  –0.861 –0.620 
4 5.306 5.469  2.936 3.108  –1.064 –0.892 
5 5.224 5.442  3.131 3.364  –0.869 –0.636 

 
aIn eV. 
 
 
Table 5 Estimated open-circuit voltage (eVOC) and light harvesting efficiency (LHE) and of all dyes 
computed at the TD/M06/LANL2DZ+DZVP of theory. 
  

Dye 
eVOC

a  LHEb 
H2O CH2Cl2  H2O CH2Cl2 

1 1.116 0.844  0.047 0.047 
2 1.116 0.844  0.007 0.003 
3 1.986 1.742  0.068 0.075 
4 1.959 1.714  0.038 0.050 
5 1.823 1.606  0.062 0.052 

 
a In eV. 
bComputed based on the largest oscillating strength. 
 
 

Thermodynamically, the spontaneous charge transfer process from the dye excited state to 
conduction band of TiO2 requires higher level of LUMO than 

2TiO
CBE  (−4.0 eV) while HOMO energy level 

should be lower than reduction potential energy of the I−/I−
3 electrolyte (−4.80 eV) corresponds to the 

spontaneous charge regeneration. The schematic representation of energy level diagram of the HOMO 
and LUMO energy levels of the dyes and 2TiO

CBE and redox potential energy of the electrolyte simulated in 
H2O is depicted in Figure 7. The LUMO levels of all dyes are above the 2TiO

CBE while their HOMO levels 
are lower than the redox potential energy of electrolyte. Thus, it can be noted that all of them possesses a 
positive response to charge transfer and regeneration related to photooxidation process. The largest gap 
between LUMOs of all dyes and 

2TiO
CBE is found in 3 and 4 and the lowest gap is found in 1 and 2 

corresponding to the highest and lowest charge transfer of the dyes. Similarly, the maximal gaps between 
redox potential of I−/I−

3 electrolyte and HOMO energy levels of dyes are found in 1 follow by 3. It can be 
said that these dyes response highly to charge regeneration after their photooxidation process. On the 
other hand, 5 is assumed to response less charge regeneration due to its minimal HOMO−I−/I−

3 energy 
difference.  
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Conclusions 

The optimized geometries, molecular orbitals electron density and their energy level, the parameters 
relates to photoelectrochemical properties of the 5 designed Cu(I) dyes were obtained from 
M06/LANL2DZ+DZVP method. For all complexes, molecular orbital energy levels meet the 
requirements for use as sensitizer in DSSC. Introducing the selected ligands has great effect to the MO 
energies as well as other properties. The quinozaline-2,3-dithiolate (1,2) is great as donor unit. However, 
even the complexes 1 and 2 possess red shift in maximum absorption wavelength compared to the other 
but their electrophilic indices indicate that they have less strength of being oxidized. The results were 

supported by large magnitude of 
dye*
OXE  and less negative value injectG∆ . Interestingly, hydroxamate ligand 

can be great potential acceptor unit for Cu(I) in bipyridine or terpyridine complexes (3–5). They also 

present good photochemical properties such as less magnitude of 
dye*
OXE  and high negative value of injectG∆ . 

Thus, the designed dyes 3–5 studied in this work would be competent to provide promising sensitizers for 
photovoltaic application. 3 is the most promising among the other dyes. According to analyze these data, 
it is possible to find potential applications for these copper complexes in photovoltaic devices. 
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