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Abstract 

We perform a systematic quantum chemical investigation to elucidate the effect of auxiliary acceptors 

(A) on the electronic properties of D-A--A dyes used in dye sensitized solar cells. A large set of 

dyes (380) are considered to achieve robust conclusions. Our calculations indicate that the auxiliary 

acceptor modulates, as expected, the LUMO level of the dye except for very poor acceptors. More 

surprising, some auxiliary acceptors also modify the HOMO level of the dye and its excited states 

acting effectively as auxiliary donors as well. The study of the data set reveals that the effect of 

changing the -bridges is highly systematic and predictable. Despite the variability in the geometry 

between the connected fragments, the frontier molecular orbital energy levels of dyes are very closely 

related to the energy levels of the component fragments, e.g. it is easy to predict the change in 

electronic structure of a dye due to the change of one of its constituents. 

 

1. Introduction   

Dye-sensitized solar cells (DSSCs) have become one of the most promising technologies for solar 

energy conversion because of abundant and low-cost materials and ease of fabrication.1-2 As a crucial 

component of DSSC, the sensitizer is responsible for light-harvesting, charge separation at 

dye/semiconductor interface, and dye regeneration. Great efforts have been devoted to the 

development of efficient sensitizers to boost the power conversion efficiencies (PCEs) of DSSCs.3-5 

High-performance organic sensitizers usually feature a donor--bridge-acceptor (D--A) structures.6-

7 In 2011, Zhu et al.8 proposed a concept of D-A--A motif for designing a new generation of efficient 

and stable organic sensitizers. D-A--A featured sensitizers in which an additional electron-
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withdrawing conjugated unit is incorporated into the bridge acting as an auxiliary electron acceptor 

(A)  for  tailoring molecular structures, modulating the energy levels, absorption spectra, and 

improving the photostability of sensitizers have become attractive.9-10 Recently, the electron-

withdrawing units of benzothiadiazole (BTD),11-12 benzotriazole (BTZ),13-14 quinoxaline (Qu)15-17 and 

diketo-pyrrolopyrrole (DPP)18-19 have been exploited as auxiliary acceptors for constructing efficient 

D-A--A structures. With the effort of molecular engineering, a significant increase in the 

photovoltaic efficiency have been achieved from ~5% to greater than 10%, a record efficiency of 13.0% 

has been obtained with porphyrin sensitizers.20 

In this work we perform a systematic computational investigation to elucidate the effect of auxiliary 

acceptors on the geometrical and electronic properties of dyes at a microscopic level. To achieve more 

robust conclusions we consider a large set of dyes and we study the role of alternative acceptors on 

different properties within the database. The potential of high throughput computational study has been 

verified already a number of times in the context of dye sensitized solar cells. The large-scale data 

mining of dye structures predicts the properties of dyes from surveying a representative set of chemical 

space with several molecular predictors which are experimentally validated.21-23 An alternative use of 

a large database of computed property is to build a relation between molecular properties and 

experimental efficiency as attempted for example in refs. 24-26 This work belongs to the first group of 

study and a set of hypothetical dyes are considered in their electronic structures to identify trend and 

guide the design of materials within this class of compounds. The next section describes the 

methodology used to build a database of dye and corresponding electronic structure property. The 

results section will first consider the relation between the orbitals of the fragments composing the dyes 

and the orbitals of the dyes in terms of energy and composition of the orbitals. The optical absorption 

properties and their relation with the charge transfer character are also considered alongside properties 

known to control the charge recombination rate like the reorganization energy. The goal throughout is 

to identify trends and relevant exceptions to such trends.     

 

2. Methods   

There are three different components in the methodology, (i) the choice of the systems to be studied, 

(ii) a strategy to accelerate their geometry optimization, and (iii) the computation of a number of 

properties for each system. These are discussed below. 
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Construction of the database. To clarify the effect of auxiliary acceptors in the data base of D-A--

A systematically, it is desirable that the A are derived from a relatively uniform set, we considered 

the auxiliary acceptors listed in the reviews by Lu et al.27 and Zhang et al.28 The auxiliary acceptors 

including F atoms are excluded because of their known chemical instability.29 Thus 38 auxiliary 

acceptors were considered. Two donors, triphenylamine (D1) and indoline (D2), have been considered 

to make sure that the results are not donor-specific and the common anchoring acceptor (A) was used 

for all considered dyes. The five mostly common benzene (1), thiophene (2), furan (3), thieno[3, 

2-b]thiophene (4)30-32 and cyclopentadithiophene (5)33-34 were used as -bridges for the reason that 

the role of A may be influenced by the nature of bridges (their length and orbital energy levels).35-36 

The building blocks of 2 donors, 38 auxiliary acceptors, 5 -bridges and 1 anchoring acceptor are 

presented in Fig. 1 and so the final data set contained 380 dyes with D-A--A structures and the 

corresponding 10 dyes without auxiliary acceptors for comparison. 
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Figure 1. The building blocks used for generating the D-A--A dyes. The points marked with circles represent the reactive 

sites in the generation process. For the A with two non-equivalent points, the left point is always connected to donor and 

the right always connected to -bridge. The auxiliary acceptors are ordered by LUMO energy levels as discussed in the 

text. 

 

Geometry optimization. Based on the optimized building blocks, we do the partial optimizations of 

arbitrary adjacent fragments in D-A--A motif to obtain the desirable connection parameters (bonds, 
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angles and dihedrals), then we generate the library of dyes by linking the building blocks using the 

optimal connection parameters. The full geometry optimizations of dyes were done at B3LYP/6-31G* 

with a polarizable continuum model (PCM) to simulate the effect of acetonitrile solvent,37-38 and 

frequency calculations were performed at the same level of theory to verify that the optimized 

geometry corresponds to a true potential energy minimum. The individual properties relevant to the 

power conversion efficiency of DSSC were calculated based on the stable optimized structures of dyes. 

The supporting information (SI, Table S1) reports the dihedral angles between D1/D2 and auxiliary 

acceptor, auxiliary acceptor and 1/2 bridge, respectively. These vary substantially with average 

(standard deviation, SD) of 28.4 (12.9), 28.8 (16.2) [12.7 (17.7)] for the dihedral angles between D 

and A’, A’ and 1[2], respectively.  

Computed properties with corresponding computational details. We list below the properties 

computed and analyzed in this work, outline their importance for DSSC and show the computational 

method used.  

(1) HOMO-LUMO energy levels. For the operation of TiO2-DSSC device, the energy levels of HOMO 

and LUMO must fulfill the basic energetic requirements for efficient electron injection and dye 

regeneration, that is, the LUMO levels should be higher than the conduction band of TiO2 (-4.0 eV)39 

and the HOMO levels should be lower than redox potential energy of I3
-/I- (-4.8 eV).40 The majority 

of the discussion will be based on the relative shift of these orbital energy levels across the data set, so 

the systematic shifts are not sensitive to the absolute orbital levels reported for different functionals.41-

42 

(2) Absorption spectra. An ideal sensitizer should absorb solar radiation as much as possible in the 

visible-IR range to match the solar spectrum. The absorption spectra were simulated using TDDFT 

method at the CAM-B3LYP/6-31G* level with the inclusion of solvent. The functional of CAM-

B3LYP has been proved to perform well in the description of charge-transfer excitations.43-44 The 

maximum absorption wavelength (max) and the corresponding oscillator strength are obtained from 

the first transition. 

(3) Free energy of dye oxidation in solution (G), defined by the equation below: 

𝑀(𝑎𝑞)
+  

𝐺
→  𝑀(𝑎𝑞) + 𝑒

− 

The ground state oxidation potential of dyes in solution can be calculated with entropic contribution 
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evaluated from frequency calculation in the harmonic approximation. The frequencies were done based 

on the optimized dyes in their neutral (𝑀(𝑎𝑞)) and positively charged (𝑀(𝑎𝑞)
+

) states at the B3LYP/6-

31G* level in solution. It has been demonstrated that power conversion efficiency correlates strongly 

with the oxidation potential of dye. Usually high efficiencies are found in a certain range of oxidation 

potential.25, 45  

(4) Reorganization energy. This quantity reflects the energy required for the structural relaxation of 

dyes upon charge transfer, including contributions from the inner reorganization energy (int, which is 

induced by intramolecular vibrations) and the external reorganization energy (ext, which is caused by 

polarization of surrounding medium). This parameter enters into the theory of interfacial electron 

transfer and determines the charge recombination rate to the oxidized dye nonlinearly.45-46 It was 

computed at the same level used for G (B3LYP/6-31G* in acetonitrile) following the procedure 

below. The int is calculated directly from the relevant points on the adiabatic potential energy surfaces 

(PES) using the standard procedure:47 

𝑖𝑛𝑡 = 0 + + = (𝐸0
∗ − 𝐸0) + (𝐸+

∗ − 𝐸+) 

where E0  and E+  represent the energies of the neutral and cation species in their lowest energy 

geometries, respectively, while E0
∗  and E+

∗  represent the energies of the neutral and cation species with 

the geometries of the cation and neutral species, respectively. The external reorganization  energies is 

evaluated as: 

𝑒𝑥𝑡 =
1

2
(𝐸(1)(𝑀+) − 𝐸(0)(𝑀+)) +

1

2
(𝐸(1)(𝑀) − 𝐸(0)(𝑀)) 

where E indicates the energy of particular electronic configuration: neutral molecule (M) or charged 

molecule (M+). The superscript refers to the polarization of the continuum dielectric used to model the 

surrounding solvent. 𝐸(0)(𝑀) and 𝐸(0)(𝑀+) indicate that the energy has been evaluated with the 

solvent polarization that stabilizes the neutral and positively charged molecule, respectively (A routine 

electronic structure calculation with PCM). 𝐸(1)(M) and 𝐸(1)(𝑀+) indicate that the energy has been 

evaluated with the solvent polarization that stabilizes positively charged and neutral molecule, 

respectively (not the state for which the energy is computed). This procedure was proposed and tested 

in refs.48-49 

(5) Difference between ground and excited state dipole moment ().  In some dyes, the first excited 

state is characterized by a strong charge transfer character, which is believed to be beneficial for the 
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ultrafast interfacial electron injection from the sensitizer to the conduction band of TiO2 and for the 

efficient charge neutralization of the dye.50-51 Here, the intramolecular charge transfer character is 

described with the dipole difference () between the ground-state and first excited-state dipole 

moment of dyes, which is analyzed by using Multiwfn software.52 

(6) Orbital composition analysis. The large weight of donor in the compositions of HOMO would be 

favorable for dye regeneration, and a large orbital density of the LUMO and a small orbital density of 

the HOMO on the anchoring acceptor would be benefit to facilitate electron injection and inhibit 

charge recombination, respectively.53 We analyzed the orbital weighting by reporting the Mulliken 

population on the fragment of D, A,  and A, respectively, which is done with Multiwfn software. 

All calculations were performed with Gaussian16 package.54 

 

3. Results  

Study of the orbital levels of the isolated fragments composing the dyes. Dyes of the D--A or D-A-

-A family are designed so that the HOMO is localized on the donor and the LUMO on the A (or A’) 

fragment. In practice, as there is interaction between fragments the dye’s orbitals can be more 

delocalized as a result of orbital mixing. This mixing is larger between fragment orbitals closer in 

energy. The first step to rationalize the dyes orbitals nature and energy is to consider the energy levels 

of the fragments. Fig. 2 reports the HOMO and LUMO energy levels of the isolated fragments. The 

auxiliary acceptors are conveniently ordered by the increased LUMO energy levels (the electron-

withdrawing ability of A changing from strong to weak).  A first relevant observation is that LUMO 

energy levels of auxiliary acceptors beyond acceptor number 30 are higher than that of the anchoring 

acceptor, i.e. one can anticipate that the LUMO of the dye is more localized on A for the acceptors 

until acceptor number ~30 and on A for the remaining weaker acceptors. Traditionally one does not 

pay much attention to the HOMO energy level of A but we show in the reminder of the paper that this 

can be important. It seems from Fig. 2 that there is no correlation between HOMO energy levels and 

the electron-withdrawing ability of auxiliary acceptors. Notably, the A tend to have similar energy of 

the HOMO with the  bridges and some of them (10, 12, 15, 16 and 18) have energy closer to the 

donors D1 and D2. Because of this energy alignment it is possible that the HOMO of the dye is 

influenced by these high-HOMO-energy auxiliary acceptors, as it will be seen below.  
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Figure 2. Calculated HOMO and LUMO energy levels for the isolated fragments. Donors, anchoring acceptor and -bridge 

levels are labelled. The unlabeled levels refers to the 38 A at the corresponding coordinate in the horizontal axis.   

 

Study of the orbital levels of the dyes.  The calculated HOMO and LUMO energy levels of dyes are 

shown in Fig. 3. The first observation is that the trend of energy levels of dyes with D1 and D2 is so 

similar that we can conveniently focus on the dyes with D1 in the rest of article and report the properties 

of dyes with D2 in the SI. The LUMO energy level of dye rises obviously with the increasing LUMO 

of acceptor number 1-6 whose electron-withdrawing ability is significantly strong. Then the LUMO 

energy of dye slowly rises following the moderated LUMO energy of A (compare with Fig. 2) until 

acceptor number 30 where the LUMO becomes too high in comparison with the anchoring acceptor. 

The HOMO level of the dye is also modulated to some extent by A, as shown in the bottom panels of 

Fig. 3. In particular, the high-HOMO-energy auxiliary acceptors (10, 12, 15, 16 and 18) cause the 

HOMO of the dyes to be appreciably larger. This was anticipated from the study of the fragment 

orbitals, but it was a priori not expected that auxiliary acceptors had an effect on the HOMO levels. 

To quantitatively evaluate the influence of auxiliary acceptors on the energy levels of dyes, the 

standard deviation was calculated and the variance of HOMO (SD of 0.11 eV) is only a bit smaller 

than that of LUMO (SD of 0.17 eV). In Table S1 of the SI we show that there is a large variation of 

the angle   between the conjugation planes of the fragments which is associated to a large variation 

on the coupling between them (it depends on cos()). However, because of the very strong correlation 

between the fragment’s orbital energy and the energy of the dye’s orbital it seems that the large 

variation of the interaction between fragments is not as critical as one may have anticipated and will 

not be discussed in the reminder of this work. Another interesting finding is that the effect of the bridge 

is quite systematic, e.g. a certain -bridge tends to push the LUMO or HOMO level in the same 
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direction. This is particularly surprising for the LUMO level (very different in energy for the levels of 

the isolated bridge). The effect of the bridge will be analyzed in greater detail below. 

 
Figure 3. Calculated HOMO and LUMO energy levels for dyes with D1 (circle) and D2 (square) as donors. The leftmost 

data are for the D--A dyes without auxiliary acceptor. The 5 values on each value of the acceptor axis are for the dyes 

with different -bridges (using the same color scheme of Fig. 2). The values in red are the standard deviation of energy 

levels of D-A--A dyes changing auxiliary acceptors. The gray line in the top two panel show the LUMO energy of the 

isolated A fragment.  

 

Relation between orbital levels, energy gap and redox potentials. The orbital energy levels of the 

whole database are plotted against the energy gap (ELUMO-EHOMO) in Fig. 4.  It can be found that most 

of dyes meet the basic energetic requirement with respect to the TiO2 conduction band and the I3
-/I- 

redox mediator, except for the dyes with high-HOMO-energy auxiliary acceptors (10, 12, 15, 16 and 

18).  The dyes with D2 (square) possess higher HOMO energy levels compared to the dyes with D1 

(circle) because of the stronger electron-donating ability of D2. And the dyes with 1(blue) exhibit 

relatively larger Egap might due to the distorted geometrical structures. The entire data set spans a range 

of 0.66 eV for HOMO, 0.91 eV for LUMO and 1.18 eV for Egap.  In Fig. S1 of the SI we show that 

there is an excellent correlation (Pearson correlation coefficient 0.99) between the computed HOMO 

energy levels and the oxidation potential (including solvent effect). For this reason we omit from the 

main manuscript the discussion of the oxidation potential that would mirror that of the HOMO.  
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Figure 4. Calculated EHOMO and ELUMO relative to vacuum ordered by the resulting Egap of dyes with D1 (circle) and D2 

(square) as donors and 1(blue), 2(magenta), 3(dark yellow), 4(orange) and 5(wine) as -bridges. The horizontal 

dashed lines represent the energy levels of conduction band (-4.0 eV) and redox mediator (-4.8 eV), respectively. 

 

Composition of the frontier orbitals in terms of fragment contribution. To describe how the different 

fragments contribute to the frontier orbital of the dye, the percentage weight of each fragments in the 

composition of HOMO and LUMO is presented in Fig. 5. As expected the weight of A in the LUMO 

of dyes is gradually decreased as the acceptor strength decrease with increasing auxiliary acceptor 

number. The high-HOMO-acceptors (10, 12, 15, 16, 18) show substantially larger contribution to 

HOMO of the corresponding dyes, i.e., as predicted already from the orbital alignment, they participate 

to the HOMO as much as to the LUMO. The large Mulliken population of D to HOMO and A to 

LUMO would be favorable for dye regeneration and electron injection, respectively, and small A to 

HOMO would be benefit to inhibit charge recombination. However, a too strong auxiliary acceptor A 

may trap the electron upon photoexcitation. If the thermal energy is not high enough to drive the 

electron density from the auxiliary acceptor to the anchoring acceptor, the decreased LUMO 

population on both the -bridges and A would slow down charge injection.55-56 

Below we will further discuss the change in the orbital weight on the anchoring group to clarify the 

possible effects of changing A on the charge recombination rate at the interface. 
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Figure 5. Fragment contribution to the composition of LUMO (top) and HOMO (bottom).  The leftmost data are for the 

D--A dyes without auxiliary acceptor. In correspondence to each auxiliary acceptor number (along x axis) we report the 

values for the dyes with that acceptor and three different bridges (1, 2, 5 from left to right). 

   

Optical absorption properties. There are two main effects on the adjustment of maximum absorption 

wavelength of dyes. The data show that the effect of changing auxiliary acceptor (causing a shift of 

max in the range from -53 to 223 nm, see Table S2) is larger than the effect of changing the -bridge 

(shifting max in the 3129 nm range, see Table S3). The negative values indicate the dyes exhibit blue-

shifted max compared to the dyes without auxiliary acceptors. 

 

 
Figure 6. Calculated maximum absorption wavelength (max) in the visible-near-IR range for the dyes with D1 ( 1(blue), 

2(magenta), 3(dark yellow), 4(orange) and 5(wine)). The data of first column in the left are for the D--A dyes without 

auxiliary acceptor.                    

   

Compared to the corresponding D--A dyes (the data in the first column in Fig. 6), most of the dyes 
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with A show red-shifted max. A small red-shifted max of dyes with additional auxiliary acceptor is 

expected for the reason that the longer molecules would cause red-shifted max. However, some of the 

shift is more substantial, namely for the special dyes with A of 10, 12, 15, 16, and 18, for which we 

have noticed that the HOMO is dominated by A and has larger HOMO energy than the others. In these 

molecules, A, which has the greatest weight in the population of both HOMO and LUMO, can be seen 

as an acceptor also as a donor and yield an electronic structure very different from that expected for a 

D-A--A dye, where the HOMO is localized on D. In dyes where A  has very high HOMO energy 

the structure described equally well by the notation D-D--A, where the auxiliary acceptor is also an 

auxiliary donor.  If we neglect these special cases the trend is approximately blue-shifted absorption 

with the increase of the LUMO energy (acceptor number) of A as expected. The effect of -bridges 

on the absorptions is systematic. The dyes with 5 (in wine) exhibit consistently larger max than that 

of dyes with 1 (in blue) , and further one can predict the blue-red shift character of the bridges.  

Influence of the -bridge on orbital levels.  The systematic effect of -bridges on shifting the orbital 

energy levels and optical absorption properties including maximum absorption wavelength and the 

corresponding oscillator strength of dyes are analyzed and shown in Fig. 7. The above properties are 

computed as described in section 2. For each property 𝑃𝑖𝑗, for auxiliary acceptor i and bridge j, we 

evaluate the average value of that property across the different bridges  𝑃�̅� =
1

5
∑ 𝑃𝑖𝑗𝑗  and the deviation 

from the average 𝐷𝑖𝑗 = 𝑃𝑖 − 𝑃�̅�. Any systematic shift due to bridge j can be seen from the average shift 

Dj̅ =
1

N
A
∑ Diji  reported in Fig. 7 with the standard deviation σj

2 =
1

N
A
∑ (Dij − Dj̅)

2
i . The 1 decreases 

the HOMO and increases the LUMO energy level, resulting in larger HOMO-LUMO energy gap and 

blue-shifted absorption, however, 2-4 cause lightly red-shifted absorptions because of the declining 

in the LUMO is a little larger or the same as that of HOMO, an obvious red-shifted absorption is 

observed for 5 due to its extended conjugation property. The shift of absorption is basically consistent 

with the changing trend of energy levels of the isolated -bridges. The oscillator strength at the 

maximum absorption wavelength is increasing following the order from 1 to 5, which might be 

attributed to the extended -conjugation of -bridges. It should be noted that the results of Fig. 7 

become more significant thanks to the large set of data considered. Not only is it possible to predict 

the shift of a particular parameter due to a chemical change but also the probability distribution of a 

certain shift.  
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Figure 7. Systematic effect of -bridges. (1(blue), 2(magenta), 3(dark yellow), 4(orange) and 5(wine)).  

Correlation between charge transfer character and absorption properties. Larger dipole moment 

difference (a measure of charge transfer character) are expected to associate with decreased 

maximum absorption wavelength and oscillator strength (the latter is undesirable for a dye) and the 

expectations are confirmed by the data shown in Fig. 8. It can be found that the dyes with 5 (in wine) 

always are associated with smaller charge transfer character, while a larger CT character is an 

association of dyes with 1 (in blue). The extended -conjugation (5) may cause inefficient 

intramolecular charge separation and charge transfer, decreasing the CT character in the first excited-

state absorption. 

 
Figure 8. Correlation between dipole moment difference () and maximum absorption wavelength (left), and   and 

oscillator strength (right).  
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Effects influencing the charge transfer efficiency. We have also looked for systematic trends in the 

weight of anchoring acceptor in the compositions of HOMO and reorganization energy (internal or 

external), which are known to regulate the rate of charge recombination at the interface.45 As shown 

in Fig. 9, the proportion of the HOMO distribution on the anchoring acceptor is affected by -bridge, 

which is not correlated with HOMO energy of dyes. The dyes with 1 exhibit the smallest HOMO 

composition in A suggesting relatively reduced charge recombination. Compared to the corresponding 

D--A dyes, the dyes with additional auxiliary acceptors possess smaller HOMO distribution on A. 

However, the D-A--A  dyes own fairly stable total reorganization energies compared to the 

corresponding D--A dyes, so the auxiliary acceptor does not influence the charge recombination rate 

via modulation of the reorganization energy. 

 

Figure 9. Calculated HOMO composition in anchoring acceptor (A) (top), inner (middle) and external (bottom) 

reorganization energy for the dyes with D1. The values on each number of x axis are for the dyes with  1/2/5 bridges. The 

leftmost data are for the D--A dyes without auxiliary acceptor.  

 

4. Conclusion  

In this work, we present a systematic theoretical study on the D-A--A dyes with various auxiliary 

acceptors. By comparing the orbital energy levels of isolated fragments and dyes, we can find that the 
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LUMO energy of the dye relatively follows the LUMO energy of A, and that the HOMO level is also 

(more moderately) modulated by changing A, especially when A has some donor characteristics (high 

HOMO energy). These trends are mirrored by the change in composition of the HOMO and LUMO 

of the dye expressed in terms of the density on each fragment. Generally most D-A--A dyes show 

blue-shifted absorption with the increase of the LUMO energy (acceptor number) of A as expected. 

An interesting feature of this family of materials is that certain high-HOMO-energy A fragments 

completely modify the nature of the HOMO of the dye (that becomes centered on A) and the nature 

of the first excited states which is significantly red-shifted: the D-A--A have been turned into D-D-

-A dyes and, strictly speaking, the dyes do not belong to the same chemical class. Particularly 

significant for the ability to fine tune the properties of these dyes is the very systematic behavior 

observed on the HOMO-LUMO energy levels, molecular orbital composition, maximum absorption 

wavelength and oscillator strength when the -bridge is modified. Electronic effect seems to dominate 

over geometric effects and also the reorganization energy is fairly stable across the range of considered 

compounds. All these key findings have been possible because of the large data set considered 

suggesting that they can be applied beyond the specific data set considered to predict how the electronic 

structure of a dye would change as a result of changing the -bridge or the auxiliary acceptor. More 

generally, a similar analysis can be used to rationalize the change of any low band-gap molecular 

materials generated from a library of constituent fragments. 

Supporting Information 

Correlation between HOMO energy levels and oxidation free energy, calculated fragment contribution 

to the composition of HOMO and LUMO, the maximum absorption wavelength (max), the inner and 

external reorganization energy for the dyes with D2, the original data of maximum absorption 

wavelength of dyes. 
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