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Smaller or vanishing value of semiconductor energy band-gap (Eg ) is a good factor that determines the 
conductivity of semiconductor polymers and it has high correlation with the intrinsic electronic, optical 
and magnetic properties of materials. Squaraine dyes because of their unique optical properties have 
been shown to be an ideal candidate as one of the building blocks organic dyes with physical property 
of low HOMO (Highest occupied molecular orbital)-LUMO (lowest unoccupied molecular orbital) 
separation. This research dealt with the correlation of the change in theoretical Eg values computed for 
different models using BLYP, SVWN, B3LYP and ROHF functional and the excited properties with the 
available experimental Eg. The study showed that increasing the strength of an electron releasing 
group or use of stronger electronic donor that is bonded to squaric unit led to increasing HOMO width 
and consequently reduced Eg and Increased UV absorption maximal. 
 
Key words: HOMO (highest occupied molecular orbital), LUMO (lowest unoccupied molecular orbital), band 
gap, UV absorption, DFT (density functional theory) and HF (Hybrid functional) methods, excited state property. 

 
 
INTRODUCTION 
 
Polysquaraines are defined as the organic dyes of 
squaraines and a class of π-conjugated polymers which 
can be synthesized by condensing 3,4-dihydroxy-3-
cyclobutene 1,2-dione (squaric acid) with electron-rich 
aromatic compounds through a nucleophilic attack on the 
electron deficient squaric acid {Maahs and Hegenberg, 
1966; Ziegenbein, and Sprenger, 1966) The advantages 
of the Polysquaraines were shown in terms of their 
favourable optical properties (Arunkumar, et al., 2006; 
Jyothish, et al., 2007) and extremely large flexibility for 
synthetic manipulation and their suitability for the design 
of conducting polymers with low optical Eg (Ajayaghost, 
2005; Lu, et al., 2004). They are classed as organic dyes 
with very intense fluorescence spectra, typically in the red 
and near infra-red region with absorption maxima 
between 630 and 670 nm and their emission maxima 
between 650 to 700 nm. Their major characteristic 
feature is the unique aromatic four member ring system 
derived   from   squaric   acid   and   what   leads   to   the  
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increasing success of designing varieties of symmetrical 
and unsymmetrical squaraines with favourable optical 
properties is the possibility of synthesizing variety of 
electron-rich aromatic and heterocyclic systems which 
react with squaric acid (Ajayaghost, 2005) 

Polysquaraines have several technological applications 
(Jyothish et al., 2007; Ajayaghost, 2005; Paterson et al., 
2002) as in photodynamic therapeutics, organic solar 
cells, xerographic sensitizers, optical recording media, 
photoreceptor, photolabeling, DNA sequencing and laser 
printing due to their suitable optical properties. It was 
further revealed that such organic dyes are extensively 
used as the signaling units in chemosensor design which 
are integrated to a chromophore, for the specific 
detection of analytes in different fields such as chemistry, 
biology, medicine, and environmental studies 
(Ajayaghost, 2005). This application is traceable to their 
intense absorption and emission properties that are 
sensitive to external inputs (Bissellet al., 1992; de Silva et 
al., 1997) and their peculiar zwitterionic structure that can 
be perturbed with the polarity of the medium, 
temperature, pH, and other additives (Ajayaghost, 2005). 
These polysquaraines are also revealed to photosensitize 
large  band  gap  semiconductors  such as TiO2 through a  



 
 
 
 
charge-injection process from a singlet excited state 
(Paterson et al., 2002). The mechanism of photo-
sensitization is based on the fact that squaraines dyes 
are one of the rare π-conjugated polymers that absorb in 
the near-IR wavelength (Cho et al., 2002; Tsuda and 
Osuka, 2001), therefore as sensitizers they are excited at 
a longer wavelength than that of the semiconductor 
(TiO2) band gap which resulted to charge transfer from 
the excited dyes to the semiconductor. The extension of 
conjugation in squaraine dyes through vinylaromatic end 
groups imparts interesting optical and redox properties 
(Buschel et al. (2003). 

The difficulty of the early attempts of synthesizing 
polysquaraines has been traced to the insoluble and 
intractable nature of the resulted materials ((Chen and 
Hall, 1986; Treibs and Jacob 1965). The discovery of the 
condensation of benzobisthiazoles (BT) and 
benzobispyroles (BP) with squaric acid to form 
polysquaraines with low optical band gaps brings about a 
great progress in the synthesis of polysquaraines 
(Ajayaghosh, 2003b, c, 2005; Havinga, et al., 1992). 

The structural modification through the control of 
HOMO-LUMO gap is very important in designing of low 
Eg polymers with intrinsic conductivity (conductivity 
without doping) yet without disregarding the important 
properties like solubility and processability (Ajayaghosh, 
2003b). Therefore in this research the structures of the 
two forms of the squaraines dyes were modify by adding 
different chain of methyl to the N group of the models as 
shown in Figures 1 and 2 and the effect of this 
methylation on the intrinsic conductive properties were 
determined. Also the significant effect of the two electron-
rich groups (that is, benzobisthiazoles and 
benzobispyroles) on the conductivity of the squaraines 
dyes was considered. 

The trivial name given to Benzobisthiazoles derived 
Polysquaraines is BT1 when R=CH3 , R'=CH3 and BT2 
when R=C12H25, R'=CH. 

The trivial name given to Benzobispyrrole derived 
Polysquaraines is BP1 when R=H, BP2 when R=CH3, 
BP3 when R=C4H9, BP4 when R=C7H15, BP5 R=C12H25. 

In all these cases R=R'. 
 
 
COMPUTATIONAL DETAILS 

 
We built the Monomers as Donor-Acceptor (D-A) and D-A-D-A as 
Dimmers using Gabedit package (Allouche 2002-2007). The 

monomers were allow to bond to extra carbon outside the normal 
unit to represent the continuity of the structure. Also all the 
Gaussian input files were prepared using gabedit. 

Gaussian 03 packages (Frisch et al., 2004) was used for all the 
calculations and all the thermodynamic properties were computed 
at Temperature of 298.15K and a pressure of 1 atm. 

The optimization and single point calculations were computed 
using DFT functional BLYP and SVWN, hybrid Functional B3LYP 
and Hatree-Fock ROHF. A basis set of 6-311+g was used. The 
purpose of using many functions is to discover which one will best 
explain the trend of change in the experimentally available Eg 
values and also give relatively close values. 
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The band width of HOMO and LUMO of the models were 
computed through the population analysis. The band-gap (Eg) was 
obtained by subtracting the first orbital energy of the LUMO from 
the last orbital energy of HOMO.  
 

Eg = E
l
HOMO - E

f
LUMO 

 

Where E
l
HOMO is the last orbital energy of HOMO and E

f
LUMO is the 

first orbital energy of LUMO. 
The excited state properties were computed with CIS functional 

and a bases set of 6-311+g to obtain the UV absorption for all the 
models. In this excited state properties calculation diffusion function 
was included because it has been proved to be essential in order to 
obtain a good result in the excited state calculations (Foresman, 

and Leen, 1996). For the larger models with a basis set more than 
200, an equation that uses AO integrals and recomputed them as 
they are needed was used through the keyword CIS=Direct.  

The purpose of considering the monomers and the dimers is to 
see if just D-A of the monomers will give a Eg and UV values that 
are close and good enough to explain the trend of change in the 
experimental Eg values in order to reduce the computational cost of 
using D-A-D or D-A-D-A. More so to see if the same trend of 

change can be reproduced when consider the dimers. 

 
 

RESULTS  
 

The schematic representation of the geometry for the five 
forms of Benzobispyrrole (BP1 to BP2) and the two forms 
of Benzobisthiazoles (BT1 and BT2) of squaraines dyes 
are shown in Figures 1 and 2 with numbering of the 
common atoms in the models. 

The optimized geometries of the Monomers and the 
Dimers of the all the models of Squaraines were obtained 
using the ab-initio ROHF and DFT BLYP,SWVN and 
Hybrid Functional B3LYP. The common and the 
significant bond lengths for the BP1 and BT1 are shown 
together for better comparison. The bond length of BP1 
are given without the parenthesis while that of BT1 are 
given in parenthesis as follows: C1=C2 1.34 (1.34), C8-C14 
1.41 (1.4), C14=C15 1.37(1.38), C16=O21 1.27(1.26), 
C18=O22 1.25(1.25), C2=N13 1.41(1.41), C12=N13 1.39(1.4). 

Considering also the Mulliken Charge Distribution of 
BP1 and BT1, the values for BP1 are given outside the 
parenthesis while that of BT1 are given in parenthesis. C2 

0.6(0.09), C12 0.37(0.53), C4 -0.09(-0.48), N13 -0.89(-
0.76), O21 -0.49(-0.43), O22 -0.38(-0.4), C16 0.15(0.17), C18 

0.15(0.13), C15 -0.15(-0.09), C17 -0.09(-0.09), C8 

0.45(0.06). 
The electronic properties are in Table 1 showing the 

computed band-gap (Ev) of the monomers and the 
dimers using different functional and the experimental 
band-gap (Ev) extracted from the supplementary work of 
Ajayaghosh (Ajayaghosh, 2003b). The excited state 
properties are in Table 2 shows the calculated excitation 
energy (Ev), the oscillator strength and UV in nm for the 
Monomers only. 
 
 

DISCUSSION 
 

The  bond lengths which are common features in the BP1  
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Figure 1. Benzobisthiazoles derived Polysquaraines showing the common parts of its two models BT1 and BT2 
(Ajayaghosh, 2003). 

 
 
 

 

 
 
Figure 2. Benzobispyrrole derived Polysquaraines showing the common part of its five models BP1 to BP5 (Ajayaghosh, 2003).  
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Table 1. Energy band gap of various squaraines dyes considered. 
 

Squaraines type Functional / basis set 
Computation band-gap (Ev) 

Experimental band-gap (Ev) 
Monomer dimer 

BP1 

B3LYP/ 6-311G 2.35 1.28  

BLYP/ 6-311G 1.26 0.47  

SWVN/ 6-311G 1.33  1.15 

ROHF/ 6-311G 7.47 2.73  

     

BP2 

B3LYP/ 6-311G 2.31 1.26  

BLYP/ 6-311G 1.25 0.46  

SWVN/ 6-311G 1.32  1.1 

ROHF/ 6-311G 7.44   

     

BP3 

B3LYP/ 6-311G 2.29 1.24  

BLYP/ 6-311G 1.24 0.44  

SWVN/ 6-311G 1.29  1.2 

ROHF/ 6-311G 7.32 2.63  

     

BP4 

B3LYP/ 6-311G 2.30 1.24  

BLYP/ 6-311G 1.25 0.44  

SWVN/ 6-311G 1.31  1.2 

ROHF/ 6-311G 7.39 2.64  

     

BP5 

B3LYP/ 6-311G 2.30 1.24  

BLYP/ 6-311G 1.25 0.44  

SWVN/ 6-311G 1.31  1.15 

ROHF/ 6-311G 7.39 2.65  

     

BT1 

B3LYP/ 6-311G 2.30 1.23  

BLYP/ 6-311G 1.27 0.47  

SWVN/ 6-311G 1.36  0.8 

ROHF/ 6-311G 7.25 2.44  

     

BT2 

B3LYP/ 6-311G 2.31 1.27  

BLYP/ 6-311G 1.27 0.95  

SWVN/ 6-311G 1.36  0.8 

ROHF/ 6-311G 6.68 2.41  
 

The experimental energy band gap values are from supplementary work of Ajayaghosh (Ziegenbein, and Sprenger, 1966). 

 
 
 

and BT1 were measured and the result showed that they 
are still relatively the same from one form of the model to 
another. However, in the terms of charge distribution 
there is a significant different in the value of the atomic 
Mulliken charges from BT1 to BP1 which can be 
explained as substituting lone pair atom S in BT1 with -
C(CH3)2 to give BP1. The lone pair atom S resulted to a 
higher negative charge on adjacent carbon C4 towards 
the squaraines unit. This effect is also obvious on carbon 
C8 which shows that higher number of electrons was 
pushed towards the squaraines unit in BT1 than in BP1 
which consequentially resulted to increase in intrinsic 
conductivity that is associated with decrease Eg values of 
BT forms compare to BP forms (Table 1). 

There is a wide deviation of calculated Eg values of the 
monomers from the experimental Eg as shown in Table 1 
which is an indication that D-A units of monomers is not 
sufficient to find correct Eg. Therefore, to obtain a better 
result in agreement with experimental results at least D-
A-D unit is required. Dimers which are D-A-D-A units give 
calculated Eg values that are very closed to experimental 
Eg values. But the trend of the calculated Eg values 
obtained even for the monomers is very interesting and 
informative for it is correlated with trend observed in the 
experimental Eg values. Considering the band gap 
calculated for monomers and Dimers by B3LYP 
functional, band gap in BP forms gradually reduces as 
alkylation  increases  from  BP1  to  BP3. But from BP4 to
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Table 2. Excited state properties of various monomers of squaraines dyes considered using functional/basis set of CIS/6-311+G. 
 

Molecule Symmetry Calculated excitation energy (Ev) Oscillator strength UV (Monomer) (nm) 

BP1 Cs 3.15 1.39 394.05 

BP2 C1 3.11 1.57 398.47 

BP3 C1 3.10 1.6 400.54 

BP4 C1 3.12 1.58 397.65 

BP5 C1 3.21 1.57 386.27 

BT1 C1 3.06 1.63 405.68 

BT2 C1 3.06 1.65 405.55 
 

 
 

BP5 there is increase in Eg values which can be 
explained to be the prominent effect of steric hindrance. 
For all the computational methods, B3LYP functional 
gives a Eg values of the dimers that are very closed to 
experimental Eg values. The Eg calculated with ROHF 
functional as usual is larger than expected values 
because of its lack of correlation function. These ab initio 
Hartree Fock calculations, despite its overestimating the 
band gap values, correctly reproduced the trend of 
changes observed in the experimental values and 
calculated UV absorption. The DFT, BLYP and SVWN is 
about 40 to 50% lower than experimental value. This is 
understood since DFT band plot is a representation of the 
DFT Kohn-Sham energies. The Kohn-Sham electronic 
structure is not quasiparticle electronic structure of a 
system, and there is no Koopman theorem holding for 
Kohn-Sham energies, as there is for Hartree-Fock 
energies, which can be truly considered as an 
approximation for quasiparticle energies that can give the 
correct band energies of the system. This is why the 
band structure calculated by Hartree-Fock, ROHF, and 
hybrid functional, B3LYP which is a combination of 
Hartree-Fock and Density Functional theory give a better 
representation of the band energies. 

The increase in the width of HOMO and LUMO through 
polymerization which consequentially resulted in lower Eg 
value is due to the increase in molecular orbitals. The 
calculated UV values for the monomers in Table 2 are 
lower than the expectation based on the available 
literature on squaraines ((Arunkumar et al., 2006; 
Jyothish, et al., 2007; Paterson et al., 2002; Ajayaghosh, 
2003a; Law et al., 1986; Thomas et al., 1997) and the 
reason is that the form of the Monomers used which are 
just D-A unit is not enough to give the complete charge 
distribution in a unit structure of squaraines dyes. 
However, the trend of change in the UV values is very 
significant to describe the change in the intrinsic 
conductivity for a higher UV value is associated with 
lower Eg value. 

The increase in the UV maximum absorption of the 
monomers from BP1 to BP3 is in good agreement with 
decreased calculated Eg values (Figure 3). The 
significant effect of steric hindrance which resulted in 
increased Eg values from BP4 to BP5 is also reflected 
through  the  reduction  in the UV maximum absorption. A 

significant change in the UV absorption is notice by 
substituting pyrole unit in BP with thiazole unit to form BT.  

The trend of UV absorption calculated adds meaning to 
the change in the values of band-gaps for different 
models of Squaraines. The squaraines models with the 
highest UV absorption is BT1 and BT2 which is 
consequentially characterized with lowest values of 
calculated and experimental Eg (Figure 3). The Eg 
calculated from B3LYP Functional shows that BT1 as the 
lowest band-gap even though it over estimated the band-
gap of BT2. A better trend is obtained from the plot of 
band-gap of the Dimers calculated by ROHF Functional 
which gave relatively the same lowest band-gap to BT1 
and BT2 which is line with UV absorption calculated and 
the experimental band-gap. This is the positive effect of 
introduction of lone pair atom, S, to replace -C(CH3)2 . 
This can be further explained that the presence of lone 
pair atom S in BT form widens the HOMO width since it is 
an electron releasing group which is referred to as alpha 
effect. 

As can be seen, the gradual drop in the UV absorption 
from BP4 to BP5 is also reflected from the calculated 
band-gap from ROHF functional which shows a gradual 
increase in band-gap from BP4 to BP5. This is a 
reflection of the steric hindrance constituted by larger 
substituted alkyl on their nitrogen atoms (Figure 2). This 
steric effect is even more pronounced from the 
experimental band-gap as it start increasing from BP3 
and even though BP5 is a bit lower than BP4 it is still 
higher than BP2. 

The inference from this explanation is that increasing 
alkylation which is an electron releasing group will widen 
the width of HOMO and thereby reduces the band-gap 
but at a certain level of alkylation, the steric hindrance will 
over rule the positive effect of alkylation and therefore 
results in increasing band-gap.  
 
 
Conclusion  
 
In conclusion, the calculated Eg values through ROHF 
best reproduced the trend of changes in experimental Eg 
values and the next to it is B3LYP. But B3LYP gave 
values that are much closer to the experimental values 
than    the   rest   of     the     functionals     while     ROHF
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Figure 3. The plots to compare the trend of change in calculated band-gap by B3LYP (scaled by 3) and 

ROHF (scaled by 1.3) functionals on the dimers of all the models with calculated UV absorption (scaled by 
1/100) by CIS functional of the monomers with the experimental band-gap 

 
 
 

overestimated the values and BLYP and SVWN 
underestimated the Eg values. The substitution of pyrole 
unit in BP with thiazole unit to form BT significantly 
improved the intrinsic conductivity of the polymers and 
resulted to lower band-gap energy and increased UV 
absorption values. This is reasonable when taking into 
account the considerably greater nucleophilic nature of 
the thiazole ring as compared with that of the pyrole ring. 
However, the study shows that the quality of Squaraines 
dyes intrinsic conductivity can be improved by increasing 
the strength of electron releasing group that is bonded to 
the squaric unit and by avoiding introducing too big side 
chain molecules that can constitute a steric hindrance. 
Also, to obtain a calculated Eg values and excited state 
energy values that are closed to experimental value, 
there is need to consider at least D-A-D unit.  
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