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A systematic study on the structural and photo-physical properties of model 

bifluorene-vinylene compounds based on the density functional theory (DFT) and its 

time-dependent version was presented (TD-DFT). The main aim of this work was 

the investigation of the direct influence of substitution using electron acceptor (CN) 

or electron donor (NH2, OCH3, OH) groups on the optimal geometry, torsional 

potentials and photo-physical properties. The ground state and the lowest singlet 

excited-state geometries of poly-(9,9-dialkylfluorene-2,7-vinylene) copolymer or 

PFV and its derivatives PFV-NH2, PFV-CN, PFV-OCH3 and PFV-OH were 

investigated based on density functional theory (DFT) and time-dependent DFT 

using B3LYP functional. The ground state and the lowest singlet excited-state 

geometries of the oligomers were optimized at the B3LYP/6-31G(d) and TD-

B3LYP/SVP levels, respectively.  The calculated ground state geometries favor the 

aromatic type structure, while the electronic excitations lead to quinoid type 

distortion, which exhibited a shortening of the inter-ring bonds (about 0.03 Å). 

Substitution on vinylene bridge, from the structural point of view, leads to the 

twisting of molecular fragment on the side of added group. Absorption and 

fluorescence energies were extrapolated to infinite chain length making use of their 

good linearity with respect to 1/n. The predicted energy gaps of the copolymer 

derivatives were calculated and compared to available experimental data. 

Fluorescence energies are 1.78, 1.77, 1.74, 2.00 and 1.73 eV and the predicted 

radiative lifetime are 0.6, 0.6, 1.0, 0.8 and 1.0 ns for PFV, PFV-NH2, PFV-CN, 

PFV-OCH3 and PFV-OH, respectively. The presented fundamental structural and 

electronic information can be useful in designing of novel optical materials as well 

as understanding of excitation-relaxation phenomena.  
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INVESTIGATION ON ELECTRONIC STRUCTURES AND 

PROPERTIES OF POLY(FLUORENEVINYLENE) 

DERIVATIVES: THEORETICAL STUDIES 
 

INTRODUCTION 
 

In 1976, Alan MacDiarmid, Hideki Shirakawa, and Alan Jay Heeger, together 

with their groups, discovered conducting polymers and the ability to dope these 

polymers over the full range from insulator to metal (Heeger, 2001). Polyacetylene, 

which consists of alternate single and double carbon-carbon bonds, is the simplest 

model of this kind of materials (Heeger et al., 1977; Chiang et al., 1977). This was 

particularly exciting because it created a new field of research on the boundary 

between chemistry and condensed matter physics. In a conjugated polymer, the 

chemical bonding leads to one unpaired electron (the π-electron) per carbon atom. 

Moreover, π-bonding, in which the carbon orbitals are in the sp2pz configuration and 

in which the orbitals of carbon atoms along the backbone are overlapping, leads to 

electron delocalization along the backbone of the polymer. This electronic 

delocalization provides the way for charge mobility along the backbone of the 

polymer chain. 

 

In the past two decades, a large number of studies has been performed both 

experimentally and theoretically by introducing fused ring systems, ladder type 

structure or electron acceptor units, and so forth into π-conjugated backbone, aiming 

at the decreasing the energy gap value to present a true organic conductor without 

dopants. Many novel polymers have been synthesized to obtain materials with 

optimum physicochemical characteristics. There are three routes to design and 

synthesize small band gap polymers. The first way to design small band gap polymer 

is the constructing fully fused-ring hydrocarbon structure in order to obtain system 

corresponding more or less to a one-dimensional graphite (Bredas, 1986). A second 

route, small band gap polymers can be obtained by modifying the geometric and/or 

electronic structure of known and well-characterized conjugated polymers that can be 
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easily derivatized (Karpfen et al., 1997; Loegdlund et al., 1994). A third route to 

initiate narrow band gap conjugated polymers was obtained by building a conjugated 

backbone consisting of regularly alternating strong donor and acceptor like units. 

Among these approaches, side chain modification is one of the useful and practical 

routes to optimize polymers. In this way, polymers can be made processable. More 

importantly, the optical properties can be tuned by different substituents.  

Nowadays, conjugated polymers have been widely studied as conducting 

materials due to their potential use in wide range of practical application (Li and 

Meng, 2007) such as laser (Kallinger et al., 1998), transistor (Babel and Jenekhe, 

2002; Scott et al., 2006), batteries (Mermillod et al., 1986; Bittihn et al., 1987), 

photovoltaic devices (Sailor et al., 1990) and light-emitting diodes (LEDs) (Heeger, 

2001). The advantages of these polymers are that their solubility properties and 

HOMO and LUMO energy levels can be adjusted by varying the molecular structure 

of the polymer. Many conjugated polymers, such as poly(p-phenylene)s, poly(p-

phenylenevinylene)s, poly[2,7-(9,9-dialkylfluorene)]s, poly(carbazole)s, 

poly(thiophene)s and poly(pyrrole)s are shown in Figure 1. 

The particular application of the conjugated polymers in organic light-emitting 

diodes (OLEDs) was initiated since poly(p-phenylene vinylene) (PPV) was found to 

emit electroluminescence (EL) in 1990 (Burroughes et al., 1990). PPVs are well 

known as the first class of electroluminescent polymers and large number of studies 

has been reported. This kind of light-emitting materials is famous because it can be 

fabricated on a flexible substrate and easily processed for specific purposes (Chiang et 

al., 1977; Becker et al., 1999). Compared with single molecules, polymers have 

longer π-conjugation lengths, higher glass-transition temperatures, better film-

forming properties, and stable film morphologies; there are further advantages on 

device fabrication such as higher quantum efficiencies, longer lifetime, and simplified 

processing by spin-coating. Until now, efficient and stable polymer blue light-

emitting LEDs have been still developed. Therefore, the design and synthesis of new 

green or blue light-emitting polymer are of primary importance for the realization of 

full-color polymer LEDs.                                                                                 
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          n                                            n  

    poly(p-phenylene)        poly(p-phenylenevinylene) 

n    

N

n   

polyfluorene     polycarbazole 

                 

S

n            

N

n  

polythiophene     polypyrrole 

Figure 1  Structures of conjugated polymers  

Polyfluorenes (PFs) (Pei et al., 1996; Ranger et al., 1997) and their analogous 

derivatives are getting much application in the LEDs due to their high efficient blue 

emission in both photoluminescence (PL) and electroluminescence (EL). By structural 

modification at 9-position of fluorine ring, the different polyfluorene derivatives can 

be synthesized and possessed good thermal stability. However, polyfluorene tends to 

aggregate in solid state and has the high energy barrier for hole injection, lead to poor 

efficiency of LEDs. It was found that copolymerization of fluorene with various aryls 

allows for tuning of electronic properties and enchanced thermal stability. A new 

series, various fluorene-based copolymers have been synthesized, aiming at achieving 

color tuning over the visible spectrum and minimizing the injection barriers of LED 

device. Poly(9,9-dialkylfluorene-2,7-vinylene)s or PFVs (Figure 2) is another class of 

conjugated polymers that combine the structural characteristics of PPVs and PFs. This 

polymer emits greenish-blue light color and shows other good characteristics such as 
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high thermal stability, high molecular weight, low dispersion, facile purification and 

also high PL quantum yield. PFVs have been synthesized by means of acyclic diene 

metathesis (ADMET) polymerization (Nomura et al., 2001), the Heck reaction (Cho, 

et al., 1997), Horner-Emmons reaction (Anuragudom et al., 2006), Suzuki coupling 

reaction (Lopez, et al., 2002) and Gilch polymerization (Jin et al., 2002; Hwang et al., 

2009). The derivatives, CN-poly(dihexylfluorenevinylene) (PFV-CN), was 

synthesized by condensation polymerization utilizing the Knoevena-gel reaction (Jin 

et al., 2003). The resulting polymer exhibits good solubility in common organic 

solvents and emits green light.         

 

C8H17C8H17
n
             C6H13C6H13

n

CN

 

(a)                                                                   (b) 

OC8H17C8H17O

n

 

(c) 

Figure 2   Structures of (a) poly(9,9-di-noctylfluorenyl-2,7-vinylene) (PFV),  (b)  

CN-poly(dihexylfluorenevinylene) (PFV-CN)  and  (c)  poly[9,9-bis       

(4 octyloxyphenyl)fluorenyl-2,7-vinylene] (PBOPFV) 
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Quantum chemical calculations have been proven to be an important tool for 

investigation of the relationships between electronic structures and optical properties 

of the π-conjugated materials. Theoretical studies on the electronic studies of 

polymers have contributed a lot to rationalize the properties of known polymers and 

to predict those of yet unknown ones. Conformational analysis has been successfully 

used in various cases to predict the equilibrium torsion angles and energy barriers, 

which are useful to evaluate substituent effects (Pan et al., 2000, 2001). There are two 

different theoretical approaches to evaluate the band gaps of polymers. One is the 

polymer approach in which the periodic structures are assumed for infinite polymers. 

Another one, the oligomer extrapolation technique (Salzner et al, 1998), has acquired 

the increasing popularity in this field, however. In this approach a sequence of 

increasing longer oligomers is calculated, and extrapolation to infinite chain length is 

followed. A distinct advantage of this approach is that it can provide the convergence 

behavior of the structural and electronic properties of oligomers. In practice both the 

oligomer extrapolation and the polymer approaches are generally considered to be 

complementary to each other in our understanding of the properties of polymers. 

The theoretical quantity for direct comparison with experimental band gap 

should be the transition (or excitation) energy from the ground state to the first dipole-

allowed excited state. There exist a variety of theoretical approaches for evaluating 

this quantity for oligomers as well as infinite polymers. The crudest estimate is the 

orbital energy difference between the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO), obtained from Hatree-Fock 

(HF) or density functional theory (DFT) calculations (Salzner et al., 1998; Delaere et 

al., 2003). The implicit assumption underlying this approximation is that the lowest 

singlet excited state can be describe by only one singly excited configuration in which 

an electron is promoted from HOMO to LUMO. In addition, the orbital energy 

difference between HOMO and LUMO is still an approximate estimate to the 

transition energy since the transition energy also contains significant contributions 

from some two electron integrals. However, the real situation is that an accurate 

description of the lowest singlet excited state requires a linear combination of a 

number of excited configurations, although the one mentioned above often plays a 
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dominant role. The calculated HOMO-LUMO gap in many cases (Salzner et al., 

1998); it may probably due to the error of cancellations. Hence, it is desirable to 

obtain more rigorous information on the nature of the lowest singlet excited state by 

employing other elaborate theoretical methods. Among those theories, Hartree-Fock 

(HF)-based methods such as configuration interaction singles (CIS) and the random 

phase approximation (RPA), which is equivalent to the time-dependent HF (TDHF), 

usually only provide the qualitative or semi quantitative descriptions for the low-lying 

excited states. Time-dependent density functional theory (TDDFT) is recently 

developed tool for calculating excitation energies (Runge et al., 1984; Hsu et al., 

2001; Appel et al., 2003). 

 

Major methodological progress has been achieved by the variational 

formulation of the TDDFT method by Furche and Ahlrichs (2002) facilitating the 

calculation of analytic TDDFT gradients, thus allowing geometry optimizations in 

excited states. For the theoretical investigation on both the ground and excited states, 

several theoretical methods have been applied to different conjugated polymer 

systems (Van Gisbergen et al., 1999; Aouchiche et al., 2004; Yang et al., 2005; 

Poolmee et al., 2005; Suramitr et al., 2007). In particular, the time-dependence 

density functional theory (TDDFT) method was developed and used as a powerful 

tool for the excited state investigation. Many research groups employed TDDFT to 

calculate energy gaps and used the extrapolating technique to predict the energy gaps 

of infinite chain length of various conducting polymers (Salzner, et al., 1998; Yang, et 

al., 2005; Lukes et al., 2007). Many publications focus on TDDFT electronic 

properties related to ground state geometry of conducting polymers, while the 

properties based on the excited state are not widely investigated. Therefore, 

calculation of electronic of excited states is still a very challenging task, especially in 

the calculation of geometry relaxation effects in excited states. However, Saha et al. 

(2007) point out that conventional TDDFT with the B3LYP functional should be used 

carefully, because it can provide inaccurate estimates of the chain length dependence 

of π→π* excitation energies for these molecules with long π-conjugated chains. From 

the work of Lukes et al. (2007) excited state properties of p-phenylene oligomers 

were investigated by using time-dependence DFT. The computed vertical excitation 



 7

energy and fluorescence energy are underestimated when compared with 

experimental results. They also suggested that the limitation of the current 

approximate exchanges functionals in correctly describing the exchange-correlation 

potential in the asymptotic region. Even though TDDFT still has some limitations, it 

can be helpful in understanding fundamentals of the electronic and optical 

characteristics of conjugated polymers and guiding the experimental efforts toward 

novel compounds with enhanced characteristics. 

There are many experimental studies of fluorene-vinylene like system 

available in literatures. On the other hands, from our knowledge, there is no 

theoretical research study on fluorene-vinylene copolymer and/or the derivatives. 

Therefore, this is our challenging to perform fundamental understanding on structural 

and energetic properties of fluorene-vinylene copolymer.  

Thus, the main objective of this work are to investigate structural, electronic 

and optical properties of poly(fluorene-vinylene) copolymer and its derivatives by 

using density functional theory method. Fluorescence energies and radiative lifetimes 

were analyzed and predicted. The effect of substituents on oligomeric structures and 

electronic energies was also studied, since a novel conducting polymer will be further 

synthesized by substituting the electron donating and withdrawing groups on the vinyl 

position. 
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 OBJECTIVES 
 

1. To study the ground and excited state structures of fluorene-vinylene 

derivatives by using quantum chemical calculations.  

2. To understand the relationship between the structure and electronic 

properties of fluorene-vinylene derivatives by quantum chemical 

calculations. 

3. To investigate the excitation energies, fluorescence energies and radiative 

lifetimes of fluorene-vinylene derivatives by quantum chemical approach 

and compare with the experimental results. 

4. To study the substitution effects of fluorene-vinylene based model on 

structure and electronic properties. 
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LITERATURE REVIEW 
 

Twenty years after the discovery by Alan J. Heeger, Alan G. MacDiarmid, 

Hideki Shirakawa and co-worker (1977), the doping effect on polyacetylene which 

was doped by using halogen materials, the conductivity of doped-polymer increase 

109 times when compare to undoped one. There are a lot of works focused on 

conjugated polymers. These studied have let to achievement of high conductivity in 

other conjugated polymers and their application.  

 

From 1990s and till now, LEDs is probably the most important application 

maintaining the researchers’ interest towards conjugated (conducting) polymers, 

although in recent years, a growing interest towards other applications such as sensors 

and photovoltaics. Hundreds of academic research groups around the worlds have 

contributed to the development of electroluminescent polymers. Large commercial 

interests are in the possibility of solution fabrication of EL devices, and particularly, 

flat and/or flexible displays.  

 

Light-emitting polymers (LEPs) have been a subject of many review articles, 

which dealt with various aspects of the design, the synthesis and the applications of 

different classes of LEPs.  Many types of LEPs were discovered in order to improve 

physical and chemical properties. Extensive studies of conjugated polymers in the 

early and middle 1980s focused on searching and developing new materials with 

solution processibility. One of popular system was a polythiophene derivative studied 

by the University of California at Santa Barbara in 1987 (Tomozawa et al.). The first 

demonstration of light-emitting device with unsubstituted poly(p-phenylenevinylene) 

(PPV) by R.H. Friend’s group at Cambridge University (1990), a high efficient 

polymer light-emitting diode (PLED) device was made with a solutionprocessible 

polymer, poly[2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylenevinylene] (MEH-

PPV), by Heeger’s group in Santa Barbara, California (1991). Most importantly, these 

materials have intrinsically low charged impurity (typically below 1014 per cm3) and 

high photoluminescent efficiency (typically in the range of 20–60%) (Becker et al., 

1999). However, the energy gap of PPV is not large enough to produce the blue color 
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which is need for full-color displayed application. Then, Searching and developing 

wide energy gap polymers are the significant tasks.  

 

Blue emitters being studied include poly(p-phenylene) (PPP) (Yang et al., 

1996), ladder-type poly(p-phenylene) (LPPP) (Tasch et al., 1996), polyfluorene (PF) 

(Bernius et al., 2000), and their derivatives. Different routes of syntheses, properties, 

and LED applications of fluorene-based conjugated polymers and copolymers have 

been highlighted in several recent reviews (Scherf and List, 2002; Kim et al., 2000). 

However, the drawbacks of PFs, such as aggregation and/or excimers formation in the 

solid state, insufficient stability, and high energy barrier for hole injection, limit their 

application in polymers LEDs. In fact, PFs are the only class of conjugated polymers 

that can emit a whole range of visible colors with relatively high Quantum Efficiency 

(QE). 

 

Fluorene (Fl) is a polycyclic aromatic compound. Due to strong violet 

fluorescence arising from its highly conjugated planar p-electron system, it was 

named as “fluorene”. Positions 2 and 7 in Fl are the most reactive sites toward 

electrophilic attack, whereas the methylene bridge (at the 9 position) provides an 

opportunity to modify the processability of the polymer by substituents without 

perturbing the electronic structure of the backbone. The varieties, optical and 

electronic properties, and high thermal and chemical stability of PFs make them an 

attractive class of materials for PLEDs. Parent (unsubstituted) PF was first 

synthesized electrochemically in 1985 (Bernius and Inbasekaran, 2000). Generally, 

fluorene homo- and copolymers show excellent thermal stability: the Tdec of many PF 

exceeds 400°C (according to thermogravimetric analysis (TGA) analysis under inert 

atmosphere) (Wu et al., 2004). Grell and coworkers (1998) also show the solvent 

effect on morphology of poly(9,9-dioctylfluorene) (PFO). Dramatic changes in the 

absorption spectra of PFO resulting from the dissolution in moderately poor solvent 

such as cyclohexane, toluene and THF. This result demonstrates that the choice of the 

solvent and casting, drying, and annealing techniques are very important for the 

device performance. Inbasekaran et al. (2000) have developed a number of fluorene 

based homopolymers and copolymers utilizing an improved Suzuki reaction. Presence 
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of carbon-9 in fluorene enhances the effective conjugation and the alkyl groups at C-9 

impart solubility to the polymers. Polyfluorenes are highly fluorescent and LEDs 

based on these polymers appear to have electrons as the majority carrier. Accordingly, 

the device performance is enhanced considerably when modified with a suitable hole-

transporting layer. An optimized green-emitting device exhibits very high luminance 

at very low drive voltage, attributable in part to the high hole mobility of fluorene-

based polymers. Good lifetimes have been achieved with red and green LEDs based 

on fluorine copolymers as emitters. 

 

The major problem in the application of PFs films in blue PLEDs is color 

instability. The initial hypotheses explained by the formation of aggregates (a charge 

transfer (CT) π-π* transition of keto-defects located onto the conjugated chain) or 

excimers (Lemmer et al., 1995 and Lee et al., 1999), resulted in the emission in the 

long wavelength region. Indeed, the green emission increased during the thermal 

annealing and was not observed in polymer solution. Although the exact mechanism 

of the defect formation is not known, it is believed that the monoalkyl fluorene 

moieties, present as impurities in poly(dialkylfluorenes), are the sites most sensitive to 

oxidation.  

 

Synthesis of poly(fluorene-vinylene) and its derivatives 

The modifications of the chemical structure of PF can be done by introducing 

of side-chain substituents and end-capping units, copolymerization with other 

conjugated units and polymer blends. Among them, copolymerization of fluorene 

with other highly luminescent materials offers a possibility of fine-tuning the emitting 

and charge-transport properties of PF. Thus various fluorene-based copolymers were 

synthesized. Poly(9,9-dialkylfluore-2,7-vinylene)s (PFVs) is another class of 

conjugated polymers that combine the structural characteristics of PPVs and PFs and 

show high thermal stability and PL quantum yield. PFVs have recently been 

synthesized by several methods. The first synthesis of PFV was done by Heck 

reaction (Cho et al., 1997). The energy gap of polydialkylfluorene was reduced by 

introducing a vinyl unit in the main chain. Then high molecular weight trans-poly(9,9-



 12

di-n-octylfluorene-2,7-vinylene) was prepared under acyclic diene metathesis 

(ADMET) polymerization (Nomura et al., 2001). A UV–vis spectrum of PFV 

displays two absorption bands at 428 and 455 nm. Fluorescence spectra of polymer 4b 

with excitation at either 428 or 455 nm are comparable to two characteristic peaks at 

465 and 497 nm. Jin and coworker (2002) prepared poly(9,9-di-n-octylfluorene-2,7-

vinylene) (PFV) via Gilch polymerization together with its characterization and 

purification using membrane technology. The drawback of Gilch polymerization is 

the difficulty in controlling the polymerization rate and formation of the insoluble gel 

portion during the reaction. This might cause of head to head defect formation in the 

polymer chain. The absorption of PFV is approximately 40 nm red-shifted relative to 

that of poly(9,9-dialkylfluorene) derivatives. The maximum emission peak is at 507 

nm, which corresponds to greenish-blue light. The energy gap and HOMO level  of 

PFV film are 2.6 and 5.3 eV obtained from the cyclic voltammogram. The optical 

efficiency of PFV obtained by Gilch polymerization was compared to that of PPV 

derivative by Hwang and coworker (2003). Poly[(9,9-di-n-octylfluorenyl-2,7-

vinylene)-co-(1,4-phenylenevinylene)]s [poly(FV-co-PV)s] were synthesized through 

Gilch polymerization, and their light-emitting properties were investigated. The 

copolymers showed almost the same optical properties as the PFV homopolymer, 

regardless of copolymer composition. The PFV and poly(FV-co-PV)s all showed PL 

emission maxima at approximately 465 nm. Interestingly, the EL spectra of these 

devices were similar to the PL spectra of the corresponding polymer film. However, 

the EL devices constructed from the poly(FV-co-PV)s showed 10 times higher 

efficiency than the devices constructed from the PFV. They suggest that this higher 

efficiency is possibly a result of better charge carrier balance in the copolymer 

systems due to the lower HOMO level (~5.5 eV) of the poly(FV-co-PV)s in 

comparison to that of PFV (~5.7 eV). Gilch polymerization is regarded as a useful 

synthetic method for obtaining high molecular weight PPV derivatives suitable for 

practical applications. A popular selected synthetic method is Gilch polymerization 

regarded as a useful synthetic method for obtaining high molecular weight polymers. 

Hwang and coworkers (2009) synthesized the poly[9,9-bis(4-

octyloxyphenyl)fluorenyl-2,7-vinylene] (PBOPFV) via the Gilch polymerization 

route and its light-emission properties were characterized and compared with those of 
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poly(9,9-di-n-octylfluorenyl-2,7-vinylene) (PFV). The results show that introduction 

of alkoxy phenyl groups onto the 9-position of PFV prevents or retards the formation 

of additional emission and also during operation of the EL devices. There was no 

change in the PL spectrum of the PBOPFV polymer films, even after thermal 

annealing in air. It is clear that the introduction of the alkoxyphenyl groups at the 9-

position of fluorene in PFV successfully suppresses the long-wavelength emission in 

its PL and EL. Another synthetic route, Horner-Emmons reaction, is proposed by 

Anuragudom and coworker (2006). The absence of saturated defects was confirmed 

by 1H NMR spectroscopy. The Horner-Emmons PFVs exhibited a greenish 

fluorescence (λmax emission ) 466 nm with shoulder at 496 nm) in THF, which was 

red-shifted compared to the Gilch PFVs (λmax emission ) 453 nm with shoulder at 488 

nm). 

 

Moreover, the electrosynthesis of a soluble poly(fluorenylene vinylene) 

derivative, namely poly(9,9-dioctyl-2,7-fluorenylene vinylene) (PFV), and its 

complete photophysical and electrochemical characterization was reported by Gruber 

and coworker (2006). The advantages of this route are its inherent mild conditions and 

high yield leading to a polymer with high molecular weight, good thermal and optical 

properties. The shape of the absorption spectra of electrochemically prepared PFV 

differs significantly from the described for the same polymer prepared by acyclic 

diene metathesis or via Gilch route. This reflects the fact that the optical properties of 

poly(fluorenylene vinylene)s are very sensitive to synthesis details and thermal 

conversion process, influencing the chain length distribution, degree of interchain 

order and isomeric properties. The solid-state emission spectrum shows three 

characteristic peaks at 478, 507 and 543 nm, in agreement with other PFV synthesis 

methods. In this work, the fluorescence lifetime of PFV was investigated by using 

mathematical fitting of the photoluminescence decay time. The decay time shows two 

time constants, 0.68 and 1.31 ns. The presence of two lifetimes can be assigned to an 

excited state deactivation process of the main chain, induced by the vinylene moiety. 

Because of the freely rotation ability of vinyl group to find an optimal conformation, 

the decay time during charge distribution in the excited state was affected. 
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The design and synthesis the new green electroluminescent polymer by 

modifying the side chain of PFV was proposed by Jin and coworker (2003). The 

electron affinity, cyano substituent, was introduced in order to reduce the electron 

injection barrier. CN-poly(dihexylfluorenevinylene) (CN-PFV), which denotes 

poly[(9,9-dihexyl-9H-fluorene-2,7-diyl)(1-cyanoethene-1,2-diyl)(9,9-dihexyl-9H-

fluorene-2,7-diyl)(2-cyaoethene-1,2-diyl)], was synthesized by condensation 

polymerization utilizing the Knoevenagel reaction. The resulting polymer exhibits 

good solubility in common organic solvents such as chloroform, THF, and ODCB. 

The HOMO and LUMO energy levels of CN-PDHFV are lower than that of PDHFV, 

which can be attributed to the introduction of the electron-withdrawing cyano group. 

This polymer emits the green electroluminescence (λmax = 530 nm.) and shows higher 

EL efficiency than that of PFV. Their experiment is supported by Souza et al. (2000). 

A theoretical and experimental investigation of methoxy- and cyano-substituted p-

phenylenevinylene model compounds were performed. The emission spectrum loses 

structure and shifts to the red. From the theoretical studies, there is no stabilization 

energy in the interaction between the cyano and methoxy groups in the geometry 

optimization. The ab-initio first excited state calculations show that the methoxy-

substituted model compound consists of a HOMO to LUMO transition, which is 

delocalized across the whole molecule.  

 

Zeng et al. (2003) have investigated the influence of electron acceptors and 

donors on the geometric and electronic properties of the poly(9,9-dihexylfluorene-1,4-

phenylene) unit cell. They have shown that sizable effects can be obtained. In 

particular, the use of diamino or dicyano substituents on the phenylene ring allows the 

bandgaps to decrease significantly. This information is of prime importance in the 

design of new chemical structures aimed at a fine-tuning of the emitted color and at a 

significant improvement in quantum efficiency. 

 

The attempt to design a novel polymer to improve the physical and chemical 

properties is reported by various groups of researchers. Copolymerization with other 

conjugated units is one of popular ways to modify the new polymers. Mikroyanidis 

and coworker (2006) synthesize and characterize three new 2,7-fluorenevinylene-
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based trimers by Heck coupling reaction. They contained a central 2,7-fluorene- 
vinylene segment to which a substituent (CHART 1: trimer structures are identified 

by the respective substituent, OXD, TPA, or PYR) This substituent was a derivative 

of 2,5-diphenyl-1,3,4-oxadiazole, triphenylamine, or pyrene. These units are expected 

to improve the electron- and hole-transport properties of the trimers. Their light 

emission was bluegreen in both solution and solid state with PL maximum at the 

range of 455-565 nm and quantum yields of 0.65-0.74 in THF solution. All samples 

were fluorescent and showed nanosecond lifetime with two components in the films. 

  

 
 

The organic light-emitting diodes (OLEDs) with OXD and TPA showed green 

emission with electroluminescence (EL) quantum efficiencies of ηEL ~10-2%, while 

very weak EL efficiency of ηEL ~10-5%, was observed with PYR. 

 

The insertion of fluoro groups in vinylene units was done by Jin and 

coworkers (2007) in order to increase the efficiency of copolymers. poly(9,9-

dihexylfluorene-2,7-vinylene-co-p-phenylenedifluorovinylene) (PFVPDFV), have 

been synthesized by the Gilch polymerization. The fluoro groups were introduced on 
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vinylene units to increase the electron affinities of the copolymers. The maximum 

absorption peak at 413 nm of PFVPDFV was blue-shifted with more amount of the 

PDFV. This is originated from the decrease of the electron density along the π-

conjugated polymer backbone by incorporation of the PDFV segment and decrease of 

the effective conjugation length of the copolymers. The increasing of luminescence 

efficiencies of the copolymers at room temperature was reported caused by the high 

electron injection ability which was originated by the presence of fluoro group on 

vinylene unit, but low solubility is still a problem.  

 

Nomura and coworkers (2008) performed an exclusive end functionalization 

of all-trans-poly(fluorene vinylene)s by grafting poly(ethylene glycol) using ADMET 

condensation proceeds. The resultant copolymers possessed uniform molecular 

weight distributions; the copolymers were identified by 1H and 13C NMR spectra14 

and confirmed that no residual PEG was seen in GPC traces for the isolated 

polymer(s). Thus, they believe that the present approach should offer unique, 

important methodology for precise synthesis of end-functionalized conjugated 

polymers (PPVs, PFVs) for targeted device materials as well as synthesis of various 

block copolymers containing conjugated polymer fragments. Since the studies of 3,6-

carbazole (Cz) containing PAVs are motivated by the strong hole-transporting ability 

of such systems in optoelectronic devices (due to the electron-donating properties of 

the nitrogen atom). Grisorio and coworkers (2007) describe the synthesis and 

properties of new random PFVs containing 3,6-N-octylcarbazole at various 

compositions. The poly(FV-co-Cz)s  copolymers at different mole percent of 

carbazole compositions are achieved by Suzuki-Heck cascade reaction. The PL 

emission of the copolymers, which were found to be similar both in solution and in 

the solid state, whereas, their UV-vis features evidenced a slight blue shift of the 

absorption maxima as a function of the carbazole amount. The electroluminescence 

properties of the polymers were tested by constructing suitable OLED devices of 

configuration ITO/PEDOT-PSS/(polymers)/Ca/Al. The results show that the 

incorporation of carbazole unit can improve the device performance because of the 

better hole transportation in the materials. Moreover, HOMO-LUMO energy level of 



 17

a π-conjugated arylene-vinylene copolymer can be tuned by control the carbazole 

composition. 

 

Beside the optical properties and applications of poly(fluorene-vinylene) 

derivatives, the photovoltaic properties of this copolymer were studied by Jin et al. 

(2006). The poly(9,9-dioctylfluorenyl-2,7-vinylene) [poly(FV)] and poly[2-(3' 

dimethyldodecylsilylphenyl)-1,4-phenylenevinylene] [poly(m-SiPhPV)], were 

synthesized and used for the fabrication of efficient photovoltaic cells. The results 

show that novel copolymers composed of fluorenylvinylene and phenylenevinylene 

repeating units were found to have high molecular weights and exhibit good solubility 

in common organic solvents. Due to the high glass transition temperatures, these 

polymers are promising materials for photovoltaic applications. The photovoltaic cells 

prepared with poly(FV-co-m-SiPhPV) give the higher efficiency than those of with 

poly(FV) and poly(m-SiPhPV). 

 

Theoretical investigation on conjugated polymers 

In theoretical point of view, structures, optical and electronic properties of 

conjugated polymers are under investigation. Due to the limitation of experimental 

systems, Fundamental study can improve the understanding of the phenomena of 

chemical compounds. In the fluorene system, the HF/6-31G(d) ground state geometry 

and potential curve of bifluorene (BF) were studied by Blondin et al. (2000).  The 

results indicate that optimal conformation of BF is located at dihedral angle around 

45° and 135°. In addition, the observed results show that the presence of alkyl chain at 

the 9-position of BF does not significantly change its potential curve. This strongly 

suggests that the presence of alkyl chains in corresponding polymer should not 

intrinsically change the conformation behavior of each repeating units. The structural 

properties of poly(2,7-fluorene) (PF) were also investigated by Briere et al. (2004).  

The ground state optimization was done by using DFT with plane wave basis set. The 

calculated dihedral angle of PF is 26° which is in agreement with experimental data. 
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The ground and excited states of fluorene-vinylene oligomers and its 

derivatives were calculated in Meeto et al. (2008). In this work, The ground state and 

the lowest singlet excited-state geometries of poly-(9,9-dialkylfluorene-2,7-vinylene) 

copolymer or PFV and its derivatives (FmVn-NH2), (FmVn-CN), (FmVn-OCH3) and 

(FmVn-OH) (m, n = 2–5) were investigated based ton density functional theory (DFT) 

and time-dependent DFT using B3LYP functional. The presence of substituents group 

at vinyl position leads to the twist conformations of all dimers. This can be explain by 

the steric hindrance effect of substituents to the π-orbital of vinylene unit. After 

electronic excitation, most of the derivative of FV dimers exhibits closed-planar 

structures at excitation state. The TDDFT calculated energy gaps of fluorene-vinylene 

based polymers are lower than those of experimental data. The fluorescent lifetime of 

these oligomers were predicted as well.    

 

From our knowledge, until now, there is no theoretical investigation on the 

poly(fluorene-vinylene) copolymer available in the data based. A survey on fluorene-

vinylene-like systems is only available route to collect the useful information. The 

ground and excited states of fluorene-phenylene (FP) based oligomers and polymers 

were studied by Gong et al. (2005). The closed-shell Hartree-Fock method and the 

DFT with various functionals were used to optimize ground stated structures. All 

derivatives are non-planar in their electronic ground states. Then the lowest singlet 

state was investigated by using CIS method. The results show that the primary 

electronic transition is originated from the HOMO to the LUMO orbital (S1← S0). 

 

Due to the limitation of CIS, TDDFT and RI-CC2 are interesting methods to 

perform the excited state calculation. Many calculations were done by TDDFT and 

RI-CC2 methods (Beenken and Lischka, 2005; Lukes et al., 2005; Serrano-Andres et 

al., 2005; Suramitr et al., 2007). The results indicate that TDDFT and RI-CC2 

methods are suitable for evaluating the excitation Properties of the low-lying excited 

states for small- and medium-sized molecules. For example, the vertical excitations 

and the fluorescent transition from the lowest excited state of methylene-bridged 

oligomers (Lukes et al., 2005) were calculated using TDDFT, RI-CC2 and ZINDO/S 

methods. The RI-CC2 and ZINDO/S absorption and fluorescent spectra are agreed 



 19

quite well with the experiment. However, the TDDFT results are underestimated both 

absorption and fluorescent energies. The systematically decrease is found for larger 

systems (N>4).  

 

The time-dependent density functional theory (TDDFT) (Gross et al., 1990), a 

powerful tool for calculating excitation energies, is employed to extrapolate energy 

gaps of the polymers by the calculated excitation energies of their oligomers. It is 

pointed out that TDDFT systematically underestimated the excitation energies by 0.4-

0.7 eV when compare to the experimental results (Ma et al., 2002; Suramitr, 2005; 

Sriwichitkamol, 2006). The reason for this is due to the limitation of the current 

approximate exchange-correlation functional in correctly describing the exchange-

correlation potential in the asymptotic region. However, reasonable results can still be 

expected here, because the Hartree-Fock (HF)/DFT hybrid functional such as B3LYP 

has been used which could partially overcome the asymptotic problem. For linear 

oligoenes, recent studies on the excited energies of the first dipole-allowed 1Bu states 

also showed that TDDFT calculations with the B3LYP functional can correctly 

reproduce the general trend of decreasing excitation energy with chain length, with a 

systematic underestimation of only approximately 0.3-0.5 eV. The survey on 

CASSCF TDDFT and RI-CC2 calculations have been performed on protonated and 

neutral Schiff bases (PSB and SB)  (Aquino et al., 2006). They found that CASSCF 

results are quite reliable even though overshooting of geometry changes is observed. 

TDDFT does not reproduce bond alternation well in the ππ* state.  However, TDDFT 

with the B3LYP functional is expected to be a relatively reliable tool for evaluating 

the excitation energies of the low-lying excited states for small- and medium-sized 

molecules.  
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METHODS OF CALCULATIONS 
 

Quantum Chemical Calculation 

 

Theoretical chemistry (quantum computational chemistry) introduces very 

well defined mathematical approximations to end up chemistry problems. One of the 

challenging tasks for molecular orbital calculations is the important method in 

quantum chemistry to approximate structures and dynamics of molecular system. This 

approach provides a great promise in calculating electronic structures and predicting 

properties of variety of molecules. Until now, molecular orbital investigations have 

been introduced into research at molecular level to study mechanisms of action and to 

guide the design of more potent agents’ novel nanostructures. 

 

Ground State Calculation 

 

1. Models of Calculation 

 

 Starting geometries of (FV)n oligomers and the derivatives were constructed 

by molecular modelling. Due to the computational cost reduction, the alkyl groups at 

9-position on fluorene ring were replaced by hydrogen atoms. Moreover, there are 

some reports said that the alkyl substituents at the 9-position play an important role in 

the thermal stability and solubility and do not affect the electronic structure and 

optical property of fluorene-based polymer (Srivichitkamol et al., 2006; Poolmee, et 

al., 2005). There is also experimental evidence (Zeng et al., 2002) showed that the 

length of alkyl chain does not affect their optical properties such as the location of 

absorption maxima. Therefore, we might neglect the appearance of alkyl group at that 

position here. Consequently, the models and also the bond-numbering used in this 

study are shown in Figure 3. 
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Figure 3  Schematic structure, bond and dihedral angle numbering of studied systems 

in all-trans conformations. 

 

2. Conformational Analysis 
 
 
 In this study, poly(9,9-dialkylfluorenevinylene) was represented by 9H-

fluorenevinylene as a model for calculations. To investigate the effect of substituent 

groups, side chains of oligomeric models were replaced by functional groups as 

shown in Figure 3. Potential energy surfaces of F2V and its derivatives were 

investigated by partial optimizations, based on B3LYP/6-31G(d) methods using 

Gaussian03 program package. The torsion potentials were calculated for the fixed 
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angles, Θ, from the interval 0 to 180 degrees by changing 10 degrees step interval. In 

the case of asymmetric molecules, dihedral angles (Θ1 and Θ2) for both sides are 

investigated due to the different type of steric hindrance. The rotation angle is 

illustrated in Figure 4. Note that for model compound, hydrogen atom instead of alkyl 

group was used in order to simplify calculations. In this point of view, the electron 

donating effect and steric effect are dominated by an atom which is directly connected 

to backbone. 

 

F FV
 

Figure 4  Schematic diagram of dihedral angle used in this calculation. 

 

Preliminary calculations of F2V was performed by using AM1, HF/3-21G(d),      

HF/6-31G(d) and B3LYP/6-31G(d) methods. The ground (S0) electronic state of F2V 

molecules is shown in Figure 5. From the B3LYP calculations, it is shown that the 

molecule has two potential minima at Θ1 = 0 and 180 degrees corresponding to cis 

and trans conformations. Similarly, torsion energy curves obtained from AM1 and HF 

methods showed two minima but the locations of minima are around 30 and 150 

degrees. The energy barriers from the equilibrium geometries to perpendicular 

conformations are different among these methods. 

 

Θ1    Θ2 



 23

 
Figure 5  Potential energy curves of torsional angle Θ1 (∠C14-C15-C22-C23)  

obtained for F2V. The curves were calculated by AM1, HF/3-21G(d), 

HF/6-31G(d) and B3LYP/6-31G(d)  methods. 

 

3. Ground State Geometry Optimization 

Ground state geometries are optimized by the DFT method using the Becke 

three parameter hybrid (B3LYP) (Beck, 1993) and the second-order Møller−Plesset 

theory (MP2) (Møller and Plesset, 1934). The basis set 6-31G(d) was used (Gill et al., 

1992). The calculations are performed on Gaussian 03 program package (Frisch et al., 

2003). Furthermore, Geometry optimizations of fluorene-vinylene dimer (F2V) were 

carried out on Turbomole (5.7.1) program packages (Ahlrichs et al., 1989). The DFT 

level using the resolution of the identity RI approximation (Weigend and Häser, 1997) 

with Perdew–Burke–Ernzerhof (Perdew et al., 1996) (RI-PBE) functional was 

applied. The RI-CC2 (Christiansen et al., 1995) method was applied for F2V as well. 

The implementation of the resolution of the identity (RI) method allows the efficient 

treatment of larger molecules. The Dunning's basis sets SVP and TZVP were used 

(Dunning, T.H.Jr., 1971; Schäfer et al., 1992; Schäfer et al., 1994). Geometry 

parameters in term of bond lengths and bond torsion angles were collected. In general, 
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the bond lengths generated by these calculations were in good agreement with 

experimental values. 

 

Excited State Calculation 

 

1. Excited State Structure 

 

The lowest singlet excited-state geometries of the fluorene-vinylene based 

oligomeric derivatives were optimized at TD-B3LYP/SVP levels of theory. All 

calculations were done using Turbomole version 5.7.1 program packages. For 

comparison, excited state properties were shown relatively with ground state 

parameters.  

 

2. Electronic Property  

 

 2.1 HOMO-LUMO energy 

 

The HOMO-LUMO energy differences for fluorene-vinylene oligomers 

were calculated at B3LYP/6-31G(d) method and plotted against inverse chain length 

and extrapolated to zero which represented to the HOMO-LUMO energy gap of 

polymer at ground state electronic structure.  

 

 2.2 Vertical Excitation Energy  

 

Since the energy gap is related to the lowest excitation energy of a 

polymer system, a recently developed tool, time-dependent density functional theory 

(TDDFT) was used to calculate the lowest excitation energy. The effects of 

substituent group on fluorine ring position were investigated. Vertical excitation 

energies (absorption energy) were computed with TD-B3LYP/SVP and TD-

B3LYP/TZVP methods based on the ground state geometries and the results were 

compared with available experimental data. Polymer data are obtained from oligomer 

calculations by plotting the results against inverse chain length and extrapolating to 
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infinity (Andre´ et al., 1991). All calculations were done using the Gaussian 03 and 

Turbomole version 5.7.1 (Ahlrichs et al., 1989) program packages.     

 

2.3 Ionization Potential (IP) and Electron Affinity (EA) 

 

Ionization Potential (IP) and Electron Affinity (EA) of all derivatives are 

computed by using B3LYP/6-31G(d) method. In this work, we have done IP and EA 

calculation of fluorene-vinylene derivatives by using the following equations 

 

IP(eV)    = E total (cation state with neutral opt.) – E total (neutral opt.) 

EA(eV) = E total (anion state with neutral opt.) – E total (neutral opt.) 

 

Where, neutral optimizations were done in B3LYP/6-31G(d) ground state 

optimizations. Then the single point calculations of cation and anion states based on 

those of optimal structures were followed by the same method. The IPs and EAs are 

obtained as functions of reciprocal chain length for the oligomers studies, with 

assumed linear extrapolation to infinite chain length. 

                                           

2.4 Fluorescent Energy and Lifetime 

 

In the fuorescence process, a molecule absorbs a photon and, after a 

certain delay, emits a photon of (generally) longer wavelength. Typically, both the 

absorbed and emitted photons are in the visible spectrum, but ultraviolet and infrared 

wavelengths are also possible. Molecules displaying this behavior (fuorophores) are 

usually rather complex organic chemicals. When the fuorescence process is repeated, 

the time delay between the absorption and the emission of a photon varies statistically 

for a fuorophore molecule. The average time delay is called the fuorescence lifetime, 

denoted by τ. If a large number of fuorophore molecules are illuminated by a short 

pulse of light (Dirac pulse) at time t = 0, the intensity of the emitted fuorescence will 

vary according to 
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The fluorescence transition was obtained as the vertical de-excitation at the 

S1 optimized geometry (TD-B3LYP/SVP) of the excited state. As a result, the 

radiative lifetimes were also predicted. Radiative lifetimes were calculated on the 

basis of fluorescence energy and oscillator strengths according to the formula from 

Brandsen et al. (1983) (in au), 

 

 Fluorescence lifetime provides information useful in discrimination of 

particles. Extension of the conjugated backbone leads to a decrease of lifetimes. 
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RESULTS AND DISCUSSION 
 

Ground State Calculation 

 

1.  Conformational Analysis  

 

Potential energy curves for rotation on bond 14 (see Figure 3) were obtained 

by calculating the variation of the total energy of F2V molecule with torsion angle Θ1 

(between the bonds 12, 14 and 15). The changes of rotation are in range of 0 to 180 

degrees in interval of 10 degrees. From Karpfen et al. (1997) study, various 

conjugated and non-conjugated systems were investigated theoretically. They 

reported that the electron correlation contributions   are largely different at various 

torsion angles due to the partial bond breaking of conjugated single bonds by internal 

rotation. The highest perpendicular barrier of bifluorenevinylene obtained by B3LYP 

calculations were attributed to the overestimation of the stability of the planar π 

systems by DFT methods. On the other hands, Bongini and Bottoni (1999) pointed 

out that the DFT approach provides a good description of the conformational 

properties of oligo and polythiophenes, which is in satisfactory agreement with the 

experimental evidence. Therefore, it will be usful to examine the potential energy and 

also structural parameters of fluorene-vinylene based molecules with B3LYP 

functional method. 

  

 The potential energy surface (PES) of  bifluorene-vinylene obtained from 

B3LYP/6-31G(d) method is shown in Figure 6. Based on PES, minimum corresponds 

to an equilibrium structure, two minima around the planar conformations (0° and 

180°) are observed. Consequently, the optimal inter-ring dihedral angles of fluorene-

vinylene based oligomers are found to be planar (as shown in Table 5). We note that 

the similar shape of potential and barrier location with ΔE = 0.22 eV (5.0 kcal.mol–1) 

were obtained for the torsion of phenylene ring around the vinylene single bond at the 

B3LYP/cc-pVDZ theoretical level (Kwasniewski et al., 2003). 
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Figure 6  Potential energy surface (PES) of torsional angle Θ1 (∠C14-C15-C22-C23) 

and Θ2 (∠C29-C28-C23-C22) obtained for F2V. The curves were 

calculated by B3LYP/6-31G(d)  methods. 

 

Potential energy curves of all substituted compounds were shown in Figure 7 

and 8. Torsion potential energy calculations were performed at B3LYP/6-31G(d) 

method.  The presence of substituent groups decreased the energy barrier for the 

torsion of phenylene ring around the vinylene single bond. The presence of 

substituents  groups on vinylene bridge give the structures which are stable in twisted 

form. The obtained potential curves exhibit two non-planar minima corresponding to 

the most stable trans or cis conformations. In the case of symmetric substitutions, the 

most stable conformation of F2V, F2V-(CN)2, F2V-(NH2)2, F2V-(OCH3)2, F2V-(OH)2 

are at 180, 38, 150, 150, 35 degrees.  
 

 

Relative energy 
(kcal/mol) 
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Figure 7  One-dimensional dependence of the electronic ground state and vertically 

excited energies of studied symmetric systems on the torsion calculated at 

the B3LYP/6-31G(d) theoretical level.  
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 Figure 8  One-dimensional dependence of the electronic ground state and vertically 

excited energies of studied asymmetric systems on the torsion calculated at 

the B3LYP/6-31G(d) theoretical level.  
 

As can be seen in Figure 8, the torsional potential curves around the angles Θ1 

and Θ2 exhibit ca two-times lower energy barriers for perpendicular arrangement than 

in the case of planar ones.  The electronic ground state potential curves for mono-

substituted molecules around the second dihedral angle Θ2 have different shape. For 

the F2V-CN molecule, the shape is similar to the potential curve of non-substituted 
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F2V molecule. The different situation is for the electron donor substituted molecules. 

The evaluated curve copies the shape of the dependence around the first dihedral 

angle except OH substitution. It seems that the strong electron-donor groups are able 

directly to affect through the double bond no. 15 the torsional motion on the opposite 

molecular side.  

 

2. Ground stated geometry optimization. 

 

In order to understand structural properties of the fluorene-vinylene copolymer 

and its derivatives, comparison between the ground state geometries in terms of bond 

lengths and torsionals angle was investigated. Molecular structure of fluorene-

vinylene unit with the bond numbering is displayed in Figure 3. Optimized ground 

state geometries of F2V calculated by RI-PBE/SVP, B3LYP/6-31G(d), RI-CC2/SVP 

and MP2/6-31G(d)  methods are displayed in Figure 9. The B3LYP/6-31G(d) and 

MP2/6-31G(d) method were calculated by G03 program and the other  methods were 

calculated by Turbomole (5.7.1). According to these results, bond distances of F2V 

obtained from these methods are not significantly different.  RI-CC2 method provides  

the  shortest bond lengths in fluorene subunit and  double bond (bond number 15) in 

vinyl unit while the single bond characters which are the inter-ring bond distances 

(bond number 14 and 16) and bond distances between two phenyl rings of fluorene 

subunit (bonds 7 and 23) are the longest. Bond lengths obtained from RI-PBE method 

shows the contrary behavior to those of RI-CC2. The bond distances gained from 

B3LYP method are in between those of others. Finally, MP2 bond distances are 

similar to the bonds obtained from the other methods.  

 

Unfortunately, from our knowledge, there is no x-ray structure of fluorene-

vinylene oligomer or polymer available in literature. Therefore, for the sake of 

comparison, we used x-ray structure of polyfluorene (Kawana et al.,2002) as 

reference. Figure 9 indicated that bond distances obtained from these three methods 

are not significantly different to the x-ray distance. Due to limitation of computational 

time and resources, RI-CC2 method might not be an effective tool for the further 
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evaluations. Our calculated  results indicated that B3LYP method with 6-31G(d) basis 

is the appropriated method for the further geometry optimizations. 

 

 

 

 

 

 

Figure 9  Optimized bond lengths (in Å ) of F2V obtained from MP2/6-31G(d), RI-

CC2/SVP, RI-PBE/SVP and B3LYP/6-31G(d) methods. 

 

Then, geometries of the dimer of fluorene-vinylene (F2V) and its derivatives 

as fundamental models were analyzed and depicted in Table 1 and Table 2.  The 

mutual comparison of optimal all-trans ground state 11A geometries in terms of bond 

lengths and torsional angles can help us to understand the structural and energetic 

differences between the studied systems. The obtained minima were checked by      

the normal mode analysis. There are no imaginary frequencies for all optimal 

geometries at the present B3LYP/6-31G(d) level. This implied that the molecular 

structures might be the minimal structures. 
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Table 1   Optimal bond lengths (in Å) for asymmetric substitution systems, obtained 

from B3LYP/6-31G(d) calculations. 

 

 

 

 

 

 

Bond number B3LYP/6-31G(d) 
 F2V F2V-CN F2V-NH2 F2V-OCH3 F2V-OH F2V-CNN-H2 

1 1.402 1.402 1.402 1.402 1.402 1.402 
2 1.402 1.402 1.402 1.402 1.402 1.402 
3 1.393 1.393 1.393 1.393 1.393 1.393 
4 1.398 1.398 1.399 1.398 1.398 1.398 
5 1.415 1.414 1.414 1.414 1.415 1.414 
6 1.401 1.400 1.400 1.400 1.400 1.400 
7 1.469 1.469 1.470 1.469 1.469 1.469 
8 1.417 1.414 1.414 1.414 1.414 1.414 
9 1.399 1.399 1.399 1.400 1.399 1.399 
10 1.387 1.389 1.390 1.390 1.389 1.389 
11 1.395 1.395 1.397 1.395 1.396 1.395 
12 1.416 1.413 1.412 1.412 1.412 1.415 
13 1.414 1.412 1.413 1.413 1.412 1.412 
14 1.465 1.490 1.489 1.484 1.478 1.492 
15 1.354 1.368 1.366 1.358 1.363 1.379 
16 1.465 1.459 1.465 1.464 1.466 1.485 
17 1.416 1.418 1.418 1.417 1.419 1.410 
18 1.413 1.419 1.419 1.417 1.417 1.405 
19 1.387 1.387 1.392 1.389 1.392 1.385 
20 1.395 1.392 1.392 1.393 1.393 1.394 
21 1.416 1.416 1.411 1.414 1.412 1.410 
22 1.399 1.400 1.402 1.400 1.401 1.402 
23 1.469 1.467 1.468 1.468 1.469 1.468 
24 1.415 1.415 1.415 1.415 1.415 1.415 
25 1.401 1.401 1.400 1.400 1.400 1.390 
26 1.399 1.398 1.399 1.399 1.399 1.396 
27 1.393 1.394 1.393 1.393 1.393 1.397 
28 1.402 1.403 1.402 1.402 1.402 1.402 
29 1.402 1.402 1.402 1.402 1.402 1.402 
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Table 2  Optimal bond lengths (in Å) for symmetric substitution systems, obtained 

from B3LYP/6-31G(d) calculations. 
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Bond number B3LYP/6-31G(d) 
 F2V F2V-(CN)2 F2V-(NH2)2 F2V-(OCH3)2 F2V-(OH)2 

1 1.402 1.401 1.402 1.402 1.402 
2 1.402 1.403 1.402 1.402 1.402 
3 1.393 1.394 1.394 1.393 1.393 
4 1.398 1.398 1.399 1.399 1.399 
5 1.415 1.414 1.415 1.415 1.415 
6 1.401 1.400 1.400 1.400 1.400 
7 1.469 1.468 1.469 1.468 1.468 
8 1.417 1.414 1.412 1.413 1.414 
9 1.399 1.400 1.400 1.399 1.398 
10 1.387 1.389 1.392 1.390 1.389 
11 1.395 1.394 1.395 1.395 1.395 
12 1.416 1.412 1.414 1.414 1.415 
13 1.414 1.414 1.415 1.415 1.417 
14 1.465 1.488 1.486 1.484 1.478 
15 1.354 1.379 1.372 1.365 1.367 
16 1.465 1.488 1.486 1.484 1.478 
17 1.416 1.412 1.414 1.414 1.415 
18 1.413 1.414 1.415 1.415 1.417 
19 1.387 1.389 1.392 1.390 1.389 
20 1.395 1.393 1.395 1.395 1.395 
21 1.416 1.414 1.412 1.413 1.414 
22 1.399 1.400 1.401 1.399 1.399 
23 1.469 1.468 1.469 1.468 1.468 
24 1.415 1.414 1.415 1.415 1.415 
25 1.401 1.400 1.400 1.400 1.400 
26 1.399 1.398 1.399 1.399 1.399 
27 1.393 1.394 1.394 1.393 1.393 
28 1.402 1.403 1.402 1.402 1.402 
29 1.402 1.401 1.402 1.402 1.402 
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According to the ground state optimized geometries of the derivatives, based 

on B3LYP/6-31G(d) calculation, the changes of atomic bond lengths of all derivatives 

(Figure 10 and 11) were compared to the fluorene-vinylene dimer. In all cases the 

smallest C–C bond distances are located in the central part of the fluorene rings (see 

bond numbers 3, 10, 19 and 27) and of the double bond on the vinylene bridge (see 

bond number 15). The largest bond lengths are found for the bond distances between 

two phenyl rings of fluorene subunit (bonds 7 and 23) which have a larger single bond 

character than the others. The single bonds 14 and 16 on vinylene bridge exhibit also 

the largest distances. The substitution of vinylene bridge affects only the bonds in the 

vicinity of added group, especially the bonds of vinylene bridge. The double bond 

number 15 and the neighbouring single bonds 14 and 16 are elongated while the 

bonds on rigid fluorene rings are very slightly shortened. Our calculations indicate 

that the differences in bond length changes for electron-withdrawing and electron-

donating substitutions are significant only for vinylene bridge position. The most 

significant bond length differences were found to be at the inter-ring (in bond number 

14 and 16) and the vinylene double bond (in bond number 15) of all trans-derivatives. 
The electron-withdrawing (CN) substitution elongates the bond length of about 0.03 

Å while the electron-donating groups (NH2, OCH3, and OH) changed it only by 0.02 

Å with respect to the F2V molecule. For the others, small extensions are in the range 

of 0.005 Å corresponding to both asymmetric and symmetric substitutions. Changing 

of bond distances are varied in the similar pattern even the molecules have different 

substituent groups. In comparison with mono-substituted molecules, the double bond 

on vinyl position of   di-substituted molecules is more elongated. From these results 

we might say that substituents on vinyl position has a slightly affect to the bond 

distances. 
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Figure 10  Computed B3LYP/6-31G(d) bond lengths of the asymmetric substitution   

molecules under study. For notation see Figure 3. 
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Figure 11  Computed B3LYP/6-31G(d) bond lengths of the symmetric substitution  

molecules under study. For notation see Figure 3. 

 

Next, considering similar structural properties of fluorene-vinylene oligomer, 

which extend from dimer to pentamer, the models were analyzed and compared based 

on optimized geometries of the ground state to study the chain length dependence on 

the oligomer bond length. Bond lengths of fluorene-vinylene oligomers obtained from 

B3LYP/6-31G(d) are shown in Figure 12 as an illustrated model. Yang, et al. (1996) 

calculated the structures of three series of copolymeric polyfluorene by B3LYP/6-

31G(d) method and they found that the bond lengths and bond angles do not suffer 

appreciable variation with the oligomer size.  
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Figure 12  Optimized bond distances of FnVm (n=2-5 and m=1-4) as obtained from 

B3LYP/6-31G(d) calculations, bond distances are given in Å unit           

(Y axis). 
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Corresponding to their results, it was found that the bond length does not 

display significantly variation with the oligomer size in the series of FnVm. Lukes et 

al. (2005, 2007) indicated that the elongation of the molecular chain leads only to 

small changes in the inter-ring distances of p-phenylene oligomers and the largest 

change occurs for a terminal ring becoming an inner one. From Chidthong et al. 

(2007) study, it was found that the inter-ring bond distances do not display 

appreciable variation with the oligomer size in the series of (FPy)n. Moreover, the 

bond-changing pattern is varied systematically when molecular chain is elongated. 

These behaviors have been also found in the case of fluorene-vinylene oligomer and 

its derivatives. Therefore, one might said that the basic structures of the polymer can 

be described as their oligomers.  

 

The data collected in Table 3 show that the dependence of the dihedral angles 

Θ1 (between the bonds 12, 14 and 15) and Θ2 (between the bonds 15, 16 and 17) 

between fluorene unit and the vinylene bridge on the substitution is significant. The 

B3LYP/6-31G(d) calculations  indicate  totally planar structure for the optimized F2V 

molecule.  

 

3. Bond Length Alternation (BLA) 

 

Bond length changes in aromatic systems can also be described by bond length 

alternation (BLA) (Tretiak, et al., 2002). The BLA values for selected molecular 

fragment can be defined as the differences in lengths between single and double 

bonds between non-hydrogen atoms. The positive (negative) sign of BLA indicates 

that the molecular unit has an aromatic (quinoid) isomer. With respect to this 

definition, the BLA value for central vinylene bridge may be evaluated as following  

 

BLA = (d14+d16)–2 d15,   

 

where d symbols denote the bonds determined in Figure 3. As can be seen from data 

in Table 3, the mono-substitution with electron-withdrawing CN group leads to 

decrease of the BLA value by 0.006 Å with respect to the F2V molecule. The next 
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presence of CN group has an additive influence on the BLA decrease. A small 

increase of BLA value is obtained for amino derivatives F2V-NH2 and F2V-(NH2)2. 

However, the increase of BLA for the F2V-(NH2)2 molecule is larger than two. For the 

push-pull system F2V-CN-NH2, the resulting influence of both groups has a 

compensate character. The BLA value is similar to the non-substituted F2V molecule. 

 

Table 3  Optimal dihedral angles, Θ1 (between the bonds 12, 14 and 15) and Θ2 

(between the bonds 15, 16 and 17), (in degrees) and BLA parameters (in Å) 

for all-trans conformations, obtained by B3-LYP/6-31G(d) calculations. 

 

Molecule  Θ1 Θ2  BLA 

F2V  0 0  0.224 

F2V-(CN)2  38 -38  0.218 

F2V-(NH2)2  45 -45  0.236 

F2V-(OCH3)2  32 -31  0.238 

F2V-(OH)2  30 -30  0.222 

F2V-CN  28 -7  0.212 

F2V-NH2  36 -31  0.227 

F2V-OCH3  34 -7   0.232 

F2V-OH  25 31  0.218 

F2V-CN-NH2  52 -44  0.223 

 

According to the ground state and the lowest singlet excited state optimized 

geometries, based on B3LYP/6-31G(d) and TD-B3LYP/SVP calculations, 

respectively, the change of atomic bond length of all copolymer derivatives at ground 

state were compared to the fluorene-vinylene dimer as demonstrated in Figure 3. 
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Excited State Calculation 

1. Excited State Structure 

 

The geometrical and energetic values are collected for the extremal points in 

Table 4.  As can be seen in Figure 13, the non-substituted molecule F2V has two 

planar minima and barrier for perpendicular arrangement (∆E = 0.245 eV or 5.65 

kcal.mol–1). We note that the similar shape of the potential and a barrier location with 

∆E = 0.22 eV (5.0 kcal.mol–1) were obtained for the torsion of phenylene ring around 

the vinylene single bond at the B3LYP/cc-pVDZ theoretical level (Kwasniewsky et 

al., 2003). The presence of cyano or amino groups on vinylene bridge give structures 

which are stable in the twisted form. The obtained potential curves exhibit two non-

planar minima corresponding to the most stable trans or cis conformations and two 

first-order saddle points. The most stable conformation of F2V-(NH2)2 molecule is at 

45 degrees while the F2V-(CN)2 molecule prefers trans conformation  (144 degree). 

The mutual comparison of the energy barriers with respect to the F2V molecule shows 

that the vinylene bridge substitution decreases the barrier at perpendicular 

arrangement. The cyano substitution decreases the barrier relative to F2V by 0.092 eV 

(for F2V-CN) and by 0.128 eV (for F2V-(CN)2). Although the amino substitution 

leads to the higher decrease of the perpendicular barrier relative to F2V (0.108 eV for 

F2V-NH2 and 0.169 eV for F2V-(NH2)2), the torsion at the planar arrangements is 

more restricted. The electronic ground state potential curves for mono-substituted 

molecules around the second dihedral angle Θ2 have different shape. For the F2V-CN 

molecule, the shape is similar to the potential curve of the   non-substituted F2V 

molecule. A different situation occurs for the F2V-NH2 molecule. The second 

evaluated curve copies the shape of the dependence around the first dihedral angle. It 

seems that the strong electron-donor amino group is able directly to affect through the 

double bond no. 15 the torsional motion on the opposite molecular side. The mutual 

modification of the torsional potential with the amino or cyano groups is also 

observed for mixed F2V-CN-NH2 molecule.  
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As can be seen in Figure 14, the torsional potential curves around the angles 

Θ1 and Θ2 exhibit two-times lower energy barriers for perpendicular arrangement 

than in the case of planar ones. In addition, the potential curve for the torsion around 

the angle Θ1 (at the side of CN substitution) exhibits a more stable conformation at 

132 degree. The energy difference with respect to the second minimum at 52 degree is 

0.021 eV. This is a different situation that was presented for above mentioned 

potentials for F2V-CN and F2V-NH2 molecules. The discussed features may have 

therefore different but determining impact on the excitation-relaxation phenomena 

which may occur in various time-dependent optical experiments. 
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Figure 13  One-dimensional dependence of the electronic ground state and vertically  

                  excited energies of the studied asymmetric systems on the torsion 

calculated at the B3LYP/6-31G(d) theoretical level. The ground-state 

energy minimum is taken as energy reference (see also Table 4). The open 

square denote electronic ground state and the next symbols indicate the 

first six excited states (S1: ○; S2: Δ; S3: ∇; S4:+; S5:×; S6: −). 
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 Figure 14  One-dimensional dependence of the electronic ground state and vertically         

               excited energies of studied symmetric systems on the torsion calculated at 

               the B3LYP/6-31G(d) theoretical level. The ground-state energy minimum 

               is taken as energy reference (see also Table 4). The open squares denote 

               electronic ground state and the next symbols indicate the first six excited 

               states (S1: ○; S2: ∆; S3: ∇; S4: +; S5: ×; S6:- ). 
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According to the ground state and the lowest singlet excited state optimized 

geometries, based on B3LYP/6-31G(d) and TD-B3LYP/SVP calculations, 

respectively, the change of atomic bond length of all copolymer derivatives at ground 

state were compared to the fluorene-vinylene dimer as demonstrated in Figure 15. The 

most significant bond length differences were found to be at the inter-ring (R14 and 

R16) and vinylene double bond (R15). For the others, small differences are in the 

range of ± 0.005 angstrom corresponding to all types of substituents. However, it was 

found that electron withdrawing substituents, such as CN group, make the inter-ring 

bonding much lengthening than a donating group (NH2, OCH3 and OH) as compared 

with F2V. In addition, NH2 substitution on vinylene unit can extend the inter-ring 

bonds (R14, R15 and R16). This might be dued to the steric effect of NH2 group to a 

hydrogen atom on the fluorene unit and weak intramolecular hydrogen bonding 

occurred. 

 
 

Figure 15  Relative ground state and the first lowest excitation state bond lengths (in 

angstrom), calculated by B3LYP/6-31G(d) and TD-B3LYP/SVP methods, 

respectively, of the copolymer derivatives as compared to fluorene-

vinylene dimer.  
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Comparison between all FV derivatives, all substituents can affect to the 

conjugation along polymer chain (Figure 16). The effect was due to steric hindrance 

and electronegativity of the substitutent groups. Both electrons withdrawing (CN) and 

donating (NH2, OCH3 and OH) groups can twist the inter-ring torsion angle by ca. 30 

degrees.  In addition, steric effect provides much more shift of torsion angle as found 

in the case of NH2 and OCH3 substituted groups. Especially in the case of F3V2-NH2, 

the ground state torsion angles are twisted both side of vinyl group (ground state: φF1-

V1 = 150.3 and φV1-F2 = 145.6 degrees) and they are still unchanged after the excitation 

(excited state: φF1-V1 = 153.4 and φV1-F2 = 144.2 degrees). This steric effect on torsion 

of NH2 substituent is also affected to inter-ring bonds that are stretched both side of 

vinyl group.  From Chidthong, et al. (2007), it was found that excited state dihedral 

angles always shift to be planar or to the nearest planar structure. In our case, the 

results indicate that there are two types of changes which are corresponding to the 

type of substituent groups. Electron withdrawing groups (CN) make the inter-ring 

constrain even after excitation occurred as can be seen in the Figure 13 as there are 

slightly changes of torsion angles (less than 5 degrees). On the other hand, electron 

donating group (NH2, OCH3 and OH) can handle only one side of torsion (torsion of 

F1-V1 and F2-V2 are tend to be close to planarity) while another side is about 150 

degrees and can be shifted to near planar structure (165 degrees) after excitation 

process. 
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Figure 16  Ground (S0) and excited (S1) states torsional angle changes (in degrees) of 

FV-derivatives. Optimized ground state geometries, calculated from 

B3LYP/6-31G(d) method and excited state geometries, by TD-

B3LYP/SVP method. F3V2-NH2 is represented by solid circles, F3V2-CN 

by open circles, F3V2-OCH3 by solid triangles, F3V2-OH by open 

triangles. 

 

 

 

 

 

 

 

 

 

F3V2-(NH2) 
F3V2-(CN) 
F3V2-(OCH3) 
F3V2-(OH) 



 48

Table 4  Relative energies ∆E and dihedral angles Θ1 and Θ2 of external points for 

torsional dependencies with respect to the most stable structure. The angles 

are in degrees and energies in eV or kcal/mol (values in parentheses).  

Molecule  Θ1 Θ2  ∆E 

F2V  0 
90 

180 

0 
0 
0 
 

 0.000 (0.00) 
0.245 (5.65) 
0.003 (0.07) 

 
F2V-(CN)2  0 

38 
90 

144 
180 

 

–46 
–38 
–29 
–37 
–45 

 0.099 (2.28) 
0.000 (0.00) 
0.117 (2.70) 
0.001 (0.02) 
0.069 (1.59) 

F2V-(NH2)2  0 
45 
90 

128 
180 

 

–57 
–45 
–39 
–37 
–45 

 0.224 (5.17) 
0.000 (0.00) 
0.076 (1.75) 
0.038 (0.88) 
0.298 (6.88) 

F2V-CN  0 
28 
90 

148 
180 
25 
29 

 

0 
–7 
0 
–7 
–1 

–90 
–180 

 0.029 (0.67) 
0.001 (0.02) 
0.153 (3.53) 
0.000 (0.00) 
0.024 (0.55) 
0.293 (6.76) 
0.049 (1.13) 

F2V-NH2  0 
36 
90 

146 
180 
36 
35 
35 
39 

 

–31 
–31 
–28 
–24 
–38 
0 

–90 
–148 
–180 

 0.102 (2.35) 
0.000 (0.00) 
0.137 (3.16) 
0.002 (0.05) 
0.134 (3.09) 
0.070 (1.61) 
0.132 (3.04) 
0.013 (0.30) 
0.085 (1.96) 

 
 

The chain length dependence on the oligomer torsion angles (φ), both at the 

ground and excited states was then investigated on fluorene-vinylene oligomers and 

its derivatives. Relative differences of the oligomer torsion angles were compared 

within  the FnVm oligomers. The most interesting inter-ring torsional modes are the 

related torsions between vinylene and fluorene units (Table 5) along the oligomer 
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chain. Yang, et al. (2005) calculated the structures of three series of copolymeric 

polyfluorene by B3LYP/6-31G(d)  method and they found that the bond lengths and 

bond angles do not suffer appreciable variation with the oligomer size. Corresponding 

to their results, it was found that the inter-ring dihedral does not display significantly 

variation with the oligomer size in the series of FnVm. The obtained results bring us to 

expect the polymer conformation by considering their oligomer geometries. 

Moreover, there is no remarkable change in the torsional angles between the two 

states. The vinylene unit apparently develops a good coplanarity with the fluorene 

unit in the alternating copolymer backbones. Ground state-torsion angles tend to 

slightly twist (around 2°-3°) when increasing the chain length, whereas the excited 

state-torsion angles are thereby practically unaffected and keep a value of about 180°. 

This change is within the range of theoretical error.  

 

Table 5  Optimized inter-ring torsion angles, φ (degrees) of FnVm (n=2-5, m=1-4) in 

the ground state (S0) and the lowest excited state (S1), obtained from 

B3LYP/6-31G(d)  and TD-B3LYP/SVP calculations. 

 

 
Torsional angle, φ (degrees) 

F2V F3V2 F4V3 F5V4 

 S0 S1 S0 S1 S0 S1 S0 S1 

F1-V1 0 0.4 -0.4 0.8 -0.2 -0.3 -0.1 0 

V1-F2 1.4 0.4 1.3 0.3 1 0.2 0.9 0.7 

F2-V2   -179.2 -179.9 -179.4 -179.9 -179.5 -179.8

V2-F3   178.5 179.8 178.6 -180.0 178.7 179.4 

F3-V3     0.5 0.2 0.4 0.3 

V3-F3     -0.6 -0.2 -0.7 -0.4 

F3-V4       178.8 179.8 

V4-F4       -179.0 -179.7
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2.  HOMO-LUMO and Vertical Excitation Energy 

 

In order to understand the physical origin of optical transitions for the 

selected excitation energies, it is useful to examine the relevant (highest) occupied 

and lowest unoccupied molecular orbitals that play a dominant role. As can be seen in 

Table 6, in all molecules for the lowest excitation energy, the electron is excited from 

the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 

orbital (LUMO). This transition has π→π* character. However, the orbital 

presentation of the next transitions is different with respect to the substitution. As 

presented in Figure 17, the HOMO orbital of F2V molecule is located mostly on the 

double bond of vinylene bridge (bond no.15) and neighbouring bonds on fluorene 

units perpendicular oriented with respect to the chain (see bonds no. 12, 13 an 17, 18). 

The LUMO orbital is spread over the single bonds of vinylene bridge (bonds no. 14 

and 16) and bonds on fluorene units which are oriented parallel with the molecular 

chain (see bonds no. 10, 11 and 19, 20). The presence of electron withdrawing cyano 

group in F2V-CN and F2V-(CN)2  molecules increases the electron delocalization in 

HOMO over the fluorene units. On the other hand, the electron donating amino 

groups in F2V-NH2 and F2V-(NH2)2 molecules is responsible for the electron 

delocalization over the vinylene bond no. 15. The opposite situation is observed in the 

shape of LUMO orbitals for both types of derivatives. With respect to this fact, we 

can deduce that the optical transition for cyano derivatives is oriented from the 

fluorene units to the CN chromophore while for the amino derivatives it is spread 

from the central part to the fluorene units. This character is also reflected for the 

higher vertical excitations. The transitions from lower occupied orbitals to the LUMO 

orbital play important role for the CN derivatives. The transitions from HOMO orbital 

to the next unoccupied orbitals occur for the amino derivatives (see Table 6
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Table 6  The lowest excitation energies in eV and oscillator strengths (values in parentheses) for the optimal all-trans geometries. The values 

written in italics stand for the excitation contributions in percentage involved in each calculated transition (H denotes HOMO and L 

is LUMO). 

 

Molecule S1 S2 S3 S4 S5 S6 S7 

F2V 3.23 (1.870) 
99 %: H→L 

 

3.98 (0.000) 
60 %: H–1→L 
38 %: H→L+1 

 

4.18 (0.000) 
50 %: H→L+3 

4.19 (0.006) 
68 %: H→L+2 

4.41 (0.00) 
43 %: H→L+2 

4.44 (0.019) 
33 %: H–2→L 

4.44 (0.000) 
60 %: H–3→L 

F2V-(CN)2 2.82 (0.907) 
99 %: H→L 
 

3.22 (0.000) 
97 %: H–1→L 

 

3.64 (0.009) 
70 %: H–2→L 

 

3.67 (0.000) 
75 %: H–3→L 

 

3.86 (0.004) 
68 %: H–4→L 

 

3.88 (0.000) 
73 %: H–5→L 

 

4.29 (0.336) 
72 %: H–6→L 

 
F2V-(NH2)2 2.90 (0.586) 

99 %: H→L 
 

3.30 (0.000) 
97 %: H→L+1 

 

3.53 (0.009) 
94 %: H→L+2 

 

3.61 (0.000) 
92 %: H→L+3 

 

4.21 (0.016) 
91 %: H→L+4 

 

4.24 (0.000) 
90 %: H→L+5 

 

4.41 (0.713) 
93 %: H–2→L+1 

 
F2V-CN 3.08 (1.424) 

99 %: H→L 
 
 

3.72 (0.096) 
91 %: H–1→L 

 

4.08 (0.002) 
98 %: H–2→L 

 

4.08 (0.016) 
62 %: H–3→L 

 

4.22 (0.007) 
42 %: H–5→L 

 

4.26 (0.006) 
44 %: H–4→L 

 

4.39 (0.063) 
75 %: H→L+1 

 

F2V-NH2 3.29 (1.099) 
99 %: H→L 
 

3.86 (0.251) 
87 %: H→L+1 

 

4.03 (0.013) 
67 %: H→L+2 

 

4.08 (0.021) 
69 %: H→L+3 

 

4.40 (0.079) 
83 %: H–1→L 

 

4.54 (0.023) 
39 %: H→L+6 

 

4.58 (0.027) 
41 %: H→L+5 
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F2V: 
 

H → L 

 

 
F2V-(CN)2: 

 
 H→L 

 

F2V-(NH2)2:  
 

H → L 
 

 

F2V-CN: 
 

H → L 
  

 

 
F2V-NH2: 

 
H → L 

 

   

Figure 17  Plots  of  the  B3LYP/6-31G(d)  molecular  orbitals  contributing 

significantly to the lowest energy transitions of studied molecules 

in  all-trans conformation. H denotes HOMO and L is LUMO. 
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The B3LYP/6-31G(d) method was used on the basis of the ground state 

optimized structures to compute vertical electronic excitation energies, HOMO 

energies, and absorption spectra of all oligomers were investigated in this work (Table 

7 and Figure 18). The vertical excitations energies with highest oscillator strength (π-

π* transition) of each polymer calculated by TD-B3LYP/SVP and TD-B3LYP/TZVP 

methods were collected and extrapolated by linear regression technique. It was found 

that excitation energies of these materials are quite lower than the experimental data. 

There are 2.08 eV for  FnVm and 2.40, 2.13, 2.41 and 2.24 eV for its derivatives, F3V2-

CN, F3V2-NH2, F3V2-OCH3 and F3V2-OH, respectively, which are calculated from 

TD-B3LYP/SVP method. The differences between experiment (Jin et al., 2002; Jin et 

al., 2003) and calculated energy gaps are slightly higher than standard criteria (0.3 

eV) even the high basis set (TZVP) was used (2.19 eV for FnVm and 2.11, 2.37, 2.35 

and 2.11 eV for its derivatives, F3V2-CN, F3V2-NH2, F3V2-OCH3 and F3V2-OH, 

respectively). Corresponding to calculated excitation energies, absorption 

wavelengths calculated from TD-DFT method with both basis sets are much longer 

than those of experiments. Our results are in the same trend with studies of Geogieva 

et al. (2005). They varied the size of basis set in electronic calculation of coumarin 

system. The extension of basis set from SVP to TZVP leads to small decrease in 

excitation energy for π→π* transition  and  to an increase of the excitation energy for 

n→π* transition. Moreover, they compared the calculated energy gap in gas phase 

and in an aqueous solvent condition (with PCM model) as well. The presence of 

solvent can slightly decrease the energy gap of coumarin and gives a good agreement 

with experimental results.  

 

Some reports suffered from this theoretical deviation, Hutchison et al. (2002, 

2003) and Brocks et al. (1993) pointed out that density-functional theory (DFT) 

method within the local-density approximation (LDA) can compute equilibrium 

geometries in excellent agreement with experiments for both conjugated organic 

oligomers and polymers. However, DFT method calculated band gaps are typically on 

the order of 40% smaller than the experimental optical absorption band-gap data for 

conjugated  
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organic materials.  polymers.  Suramitr, et al. (2005) studied on 

oligophenylenevinylene derivatives and also found that extrapolated excitation 

energies calculated by TD-DFT are underestimated when compared to the 

experiment. However, there exist several successful investigations on the TD-DFT 

excitation energy prediction. Because the excitation energy of polymers depends on 

the planarity along chain length, polymers that suffered from the steric hindrance on 

the inter-ring position show higher energy (blue shift) than others. It can be clearly 

seen in the case of F3V2-NH2 and F3V2-OCH3, the Eexc calculated from TD-

B3LYP/SVP and TD-B3LYP/TZVP (values in parenthesis) methods are quite similar, 

2.40(2.37), 2.41(2.35), respectively. Poolmee et, al. (2004) performed the calculation 

on fluorene thiophene copolymer and they showed that TD-DFT excitation energies 

using DFT and AM1 optimized geometries provide a good energy gap due to the 

shortening inter-ring distance and planarity of oligomer structure.  
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 Table 7  Extrapolated excitation energy (Eexc), oscillator strength (f), HOMO energy, and absorption wavelength (λ abs) of the derivatives 

calculated from TD-B3LYP/SVP and TD-B3LYP/TZVP methods, the values in parenthesis are  experimental results. 

Column 1 indicates the oligomers and polymers (n,m = ∞)  for different copolymers.  

  

 TD-B3LYP/SVP TD-B3LYP/TZVP 

Eexc (eV) f HOMO (eV) (λabs) (nm.) Eexc (eV) f HOMO (eV) (λabs) (nm.) 
FnVm         

dimer 3.10 (3.08)c 2.11 -5.03 (-5.49)c 400.5 (368)c 3.01 (3.08)c 2.01 -5.25 (-5.49)c 411.2 (368)c

trimer 2.74 (2.83)c 3.20 -4.89 (-5.35)c 452.6 (398)c 2.67 (2.83)c 3.09 -5.09 (-5.35)c 463.6 (398)c 
tetramer 2.57 (2.74)c 4.24 -4.83 (-5.34)c 481.1 (413)c 2.61 (2.74)c 4.10 -5.03 (-5.34)c 470.7 (413)c

pentamer 2.49 (2.69)c 5.29 -4.80 (-5.33)c 497.2 (419)c 2.52 (2.69)c 4.87 -5.09 (-5.33)c 492.7 (419)c

Eg (n,m =∞) 2.08 (2.6)a    2.19 (2.6)a    
FnVm-CN         

dimer 2.94 1.54 -5.59 421.3 2.88 1.48 -5.80 430.1 
trimer 2.64 2.27 -5.52 468.8 2.60 2.19 -5.70 476.0 

tetramer 2.52 3.06 -5.45 491.2 2.48 2.97 -5.65 499.3 
pentamer 2.47 4.01 -5.44 502.7 2.43 3.89 -5.64 510.7 

Eg (n,m =∞) 2.13 (2.4)b    2.11 (2.4)b    
FnVm-NH2         

dimer 3.31 1.18 -4.88 374.3 3.25 1.17 -5.11 381.6 
trimer 3.00 1.99 -4.74 412.7 2.95 1.97 -4.97 419.9 

tetramer 2.88 2.87 -4.68 430.1 2.83 2.84 -4.91 437.6 
pentamer 2.75 3.50 -4.60 451.1 2.71 3.46 -4.82 458.2 

Eg (n,m =∞) 2.40    2.37    
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Table 7   (Continued) 

 

 TD-B3LYP/SVP TD-B3LYP/TZVP 

Eexc (eV) f HOMO (eV) (λabs) (nm.) Eexc (eV) f HOMO (eV) (λabs) (nm.) 
 

FnVm-OCH3

        

dimer 3.18 1.95 -4.86 389.1 3.12 1.91 -5.08 396.7 
trimer 2.90 2.76 -4.80 427.2 2.85 2.70 -5.02 435.2 

tetramer 2.79 3.45 -4.83 443.8 2.74 3.38 -5.03 451.9 
pentamer 2.73 4.33 -4.84 454.5 Na Na Na Na 

Eg (n,m =∞) 2.41    2.35    
FnVm-OH         

dimer 3.21 1.32 -4.94 386.0 3.16 1.29 -5.17 292.1 
trimer 2.84 2.04 -4.77 436.9 2.80 2.06 -5.00 442.6 

tetramer 2.70 2.73 -4.70 458.3 2.67 2.76 -4.96 464.0 
pentamer 2.65 3.61 -4.68 468.2 2.61 3.62 -4.91 474.3 

Eg (n,m =∞) 2.24    2.21    

 
a Jin et al., 2002 
b Jin et al., 2003 
c Lui et al., 2007 
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Figure 18  Calculate excitation energies of PFV, PFV-CN, PFV-NH2, PFV-OCH3 and 

PFV-OH by TDB3LYP method with SVP and TZVP basis sets based on 

ground state geometries optimized by B3LYP/6-31G(d) method. 
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 In the case of FV oligomers, there are experimental data of HOMO energy 

absorption wavelength and excitation energy of each oligomer (Table 7) studies by 

Liu et al., (2007). It can be seen that our calculated HOMO energies and excitation 

energies of fluorene-vinylene oligomers are in good agreement with the experimental 

data. However, the linear extrapolation of the excitation energies with respect to 

inverse oligomer units is quite lower to the experimental value. Jansson, et al. (2007) 

studies the effect of conjugation lengths of singlet and triplet excited states of 

oligofluorene (dimer to heptamer) and uses an empirical relationship proposed by 

Meier et al. (1997). From their results, the linear relationships between excitation 

energies and 1/n are observed only in range of n less than 5 with corresponding to the 

fitting parameter. For  n > 5, excitation energy seems to be in constant value.   Finally 

they suggest that in order to get more accurate ex citation energy for the infinite 

fluorene oligomer,   one need to use higher order polynomial fitting function.  

 

Similarly, in fluorene-vinylene system, we extend the oligomer units up to 

heptamer (n = 7) in order to investigate the dependence of the order of fitting 

function. Figure 19 (a and b) shows the first order and the second order fitting 

function of excitation energies of fluorene-vinylene oligomers when the numbers      

of units are from 2 to 7 units. The extrapolated excitation energies of 

polyfluorenevinylene obtained from linear and polynomial fittings are 2.11 and 2.21 

eV, respectively. Interestingly, the results show that the polynomial extrapolated 

excitation energy is closer to the experimental value.  
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(a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(b) 

 
Figure 19  Correlation of the excitation energies of fluorene-vinylene oligomers  with 

the inverse chain units (dimer to heptamer). The energies are calculated 

by B3LYP/6-31G(d) method. 
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3.  Ionization Potential and Electron Affinity 

 

One of the obstacles in performing conjugated polymer devices is their charge 

transfer properties. One major problem with organic polymers for such applications is 

that they are usually much better at accepting and transporting holes than electrons. 

Therefore, limitation of polymer applications in electronics field such as organic light-

emitting displays (LEDs) is reached. Ionization potentials (IPs) and electron affinities 

(EAs) are used to estimate the energy barrier for the injection of both holes and 

electrons into the polymer. Methods for adjusting them should be considered. Many 

ways have been used to modulate IPs, EAs, and band gaps of polyfluorenes 

derivatives including conjugation length control, as well as the introduction of 

electron-donating or -accepting groups to the parent chromophore (Levesque et al., 

2001).  

 

In this work, we have done IP and EA calculation of fluorene-vinylene 

derivatives by using the following equations 

 

IP(eV)    = E total (cation state with neutral opt.) – E total (neutral opt.) 

EA(eV) = E total (anion state with neutral opt.) – E total (neutral opt.) 

 
 Where, neutral optimizations were done in B3LYP/6-31G(d) ground state 

optimizations. Then the single point calculations of cation and anion states based on 

those of optimal structures were followed. The IPs and EAs are obtained as functions 

of reciprocal chain length for the oligomers studies, with assumed linear extrapolation 

to infinite chain length. Calculated IP and EA of FV oligomers, CN, OCH3 and OH 

derivatives are shown in Table 8. For PFV, CN-PFV, OCH3-PFV and OH-PFV, the 

energies required to create a hole in the polymer are 5.1, 5.7, 5.2 and 4.9, respectively. 

The calculated IP of PFV is nearly equal to the experimental one (5.3 eV). 
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Table 8  Ionization Potential (IP), Electron Affinity (EA), Highest Occupied 

Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital 

(LUMO) of FV based oligomers calculated by B3LYP/6-31G(d). 
 

Oligomer IP  
(eV) 

EA  
(eV) 

HOMO 
(eV) 

LUMO (eV) 

FV-H     
n=2 6.17 -0.56 -5.04 -1.69 
n=3 5.81 -0.93 -4.89 -1.84 
n=4 5.61 -1.14 -4.83 -1.92 
n=5 - - - - 
n=∞ 5.06 (5.3)* -1.71 (1.6)* -4.62  -2.15 

FV-CN     
n=2 6.71 -1.24 -5.59 -2.37 
n=3 6.4 -1.64 -5.5 -2.55 
n=4 6.22 -1.84 -5.45 -2.62 
n=5 6.02 -1.97 -5.37 -2.76 
n=∞ 5.64 -2.45 -5.26 -2.96 

FV-OCH3     
n=2 5.95 -0.27 -4.79 -1.36 
n=3 5.68 -0.65 -4.81 -1.55 
n=4 5.61 -0.91 -4.83 -1.68 
n=5 5.49 -1.06 -4.84 -1.76 
n=∞ 5.22 -1.56 -4.87 -2.01 

FV-OH     
n=2 6.19 -0.23 -4.94 -1.42 
n=3 5.77 -0.66 -4.77 -1.62 
n=4 5.55 -0.88 -4.70 -1.70 
n=5 5.42 -1.02 -4.68 -1.74 
n=∞ 4.90 -1.54 -4.49 -1.97 

  

*Lui et al., 2007 
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4.  Fluorescence Energy and Lifetime 

 

Fluorescence energies and lifetimes computed with the TD-B3LYP/SVP 

method using S1 optimized geometries are collected in Table 9. The extrapolated 

fluorescence energies obtained from the TD-B3LYP/SVP method since the linear 

relationship between the fluorescence energies on the reciprocal chain lengths are 

supposed. According to Table 9, it is shown that the fluorescence energies of every 

molecule are red shift from the excitation energies. There are 1.74, 2.00, 1.73 and 

1.78 eV for CN, OCH3, OH and based structure, respectively. Radiative lifetimes 

have been computed for spontaneous emission by using the Einstein transition 

probabilities on the basis of fluorescence energy and oscillator strengths (Brandsen 

and Joachain, 1983) (in au). 

 

 Fluorescence lifetime provides information useful for the discrimination of 

particles. Extension of the conjugated backbone leads to a decrease of lifetimes. The 

lifetimes of these molecules are slightly different by ca. 0.2-0.4   ns.   The lifetimes of 

FV based molecule and CN, OCH3 and OH substituents are 1.0, 0.8, 1.0, and 0.6 ns, 

respectively. Among the three derivatives, the OCH3 shows the lowest lifetime which 

is close to polyfluorene-vinylene. Recently, Gruber and coworkers (2006) determined 

the fluorescence lifetime of PFV by using mathematical fitting of the 

photoluminescence decay time-resolved spectrum. The resulting lifetime shows two 

time constants, 0.68 and 1.31 ns. The presence of two lifetimes probably due to an 

excited state deactivation process of the main chain, induced by the vinylene moiety. 

In addition, the second decay time might be occurred by the green-emission of the 

keto-defect in polymer chain. From the table 9, Calculated fluorescent lifetime of PFV 

is 0.6 ns. which is in good agreement with the available experimental data. 
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Table 9  Calculated fluorescence energies (Eflu) and radiative lifetimes of FV 

oligomers as obtained from TD-B3LYP/SVP calculations. Geometries 

were optimized at TD-B3LYP/SVP level. 

 

 TD-B3LYP/SVP 

 Eflu (eV) Lifetime (ns) 

PFV 1.78 0.6 (0.68)* 

CN-PFV 1.74 1.0 

NH2-PFV 1.77 0.6 

OCH3-PFV 2.00 0.8 

OH-PFV 1.73 1.0 

 

*Gruber et al., 2006 
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CONCLUSION 
 

The (TD)-B3LYP method was used for the systematic theoretical investigation 

of the photo-physical properties of substituted model bifluorenevinylene compounds. 

The various substitutions of the vinylene unit by electron-acceptoring (CN) and/or 

electron-donating (NH2, OCH3 and OH) groups were considered. DFT with B3LYP 

functional geometry was found to be a suitable method to estimate both structural 

parameters and electronic properties of poly-(9,9-dialkylfluorene-2,7-vinylene). 

Substitution at the vinylene unit by various functional groups was considered and 

resulting in FV derivatives. There were electron-withdrawing CN group and electron-

donating groups, NH2, OCH3 and OH groups. FV oligomers exhibits planar structures 

but all substituted oligomers display torsional shifts from the planarity (Θ = 7-50 

degrees). Therefore, substitution leads to the twisting of the molecular fragment on 

the side of substitutions.  

 

Theoretical excited state calculations of modeling polymeric systems are 

underestimated to those of the available experimental data. The obtained results 

indicate that substituents on vinylene unit can exhibit different electronic properties of 

the whole polymer. According to our results, we suggested that polyfluorene-vinylene 

with methoxy substitution on vinylene unit is an interesting material to be further 

synthesized as this copolymer demonstrates to give a high excitation energy within 

the fluorene-vinylene derivatives under this investigation. 

 

In the case of the F2V-NH2 molecule, the amino group is also responsible for 

the non-planarity on the non-substitute side. The next impact of the chemical 

modification of vinylene bridge is connected with the changes of electronic ground 

state torsional potentials of the fluorene unit around the single bond. The non-

substituted molecule F2V has two planar minima and the barrier for perpendicular 

arrangement. For example, the presence of electron-withdrawing (cyano) or electron-

donating (amino) groups on vinylene bridge is responsible for the restriction of the 
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torsional motion at the barriers located for planar and perpendicular arrangements. 

The energy barriers are also dependent on the substitution. 

 

The TDDFT torsional potential energy curves in the vertically excited states 

were also investigated in this work. From our calculations, we do not find any 

indication of state crossings of the S1 state with higher ones for all investigated 

systems. The symmetric bi-substitution very effectively decreases the sensitivity of 

the evaluated potential curves on the torsion. The potential energy curves for the next 

higher excited states of F2V molecule are quite closely spaced to each other and show 

multiple intersections (around 70 degree to 120 degree). On the other hand, the 

substitution can modulate the separation of crossing region of potential curves 

between the next lowest excited states. The absence of the intersections of excited 

states around the stable structures and relative well separation of the lowest excited 

state around the minima enable us to perform the molecular dynamics studies of 

investigation. 
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APPENDIX A 
 
 

Theoretical Background 
 

1.  Density Functional Theory 

 

Methods that are rooted in the so-called density functional theory are currently 

regarded as very promising since are able to include a large amount of correlation 

effects in a formalism that essentially requires very similar computational resources as 

the Hartree-Fock procedure. In fact the algorithms of the approach, in which the 

electron density is described in terms of one-electron basis functions, are very similar 

to the single-determinant HF algorithm. This property has helped to establish density 

functional methods as a standard tool for chemistry and physics. 

 

While the concept of expressing part or all of the molecular energy as a 

functional of the electron density goes back to the early days of quantum theory, 

Density Functional Theory (DFT) was put on a rigorous theoretical foundation by the 

Hohenberg-Kohn theorem. It states that there exists unique density ρ  that yield the 

exact ground energy of system. The subsequent work of Kohn and Sham laid the basis 

for practical computational applications of the DFT to real systems. The basis of their 

formalism are the so-called Kohn-Sham equations. 

  

iii EH Ψ=Ψ                  (1) 

  

in which the Hamiltonian H  is defined as 
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where KSV is a local potential defined such that the total density of the non-interacting 

system  
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                                         2

i
i∑Ψ=ρ                                                                (3) 

 

is the same as the density of the “real” system. KSV  has the three components extV , 

CV  and XCV  containing the nuclear and external, Coulomb potential of the electrons 

and the exchange-correlation interactions. 
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In most cases the expressions for EC and EX cannot be computed analytically 

and must be obtained by numerical methods. The key difference between the Hartree-

Fock and Kohn-Sham approaches to the SCF methods is the term EXC, which was 

mostly omitted in above discussion. In HF theory, this EXC is written as 

 

                         ∑
λσμ

β
λσ

β
μ

α
λσ

α
μ λσμ=

v
vv

HF
XC )/v)(PPPP(

2
1E                                           (5) 

 

while the KS theory introduces a functional 

  

∫= )drγ,γ,γ,ρ,f(ρE ββαβαα
βαHF

XC                  (6) 

  

for the description. The density gradient invariants γ )( yxxy ρ∇ρ∇=γ  

 

Density Functionals 

 

It is often customary to make a partition of the density functional into an 

exchange and correlation part for the separation of  

  

)(E)(E)(E CXXC ρ+ρ=ρ                  (7) 
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Although distinction between exchange and correlation contributions is 

somewhat artificial in the context of DFT, the above separation considerably 

simplifies the discussion. It should, however, be explicitly noted that the definition of 

EC does not correspond to the ab initio EC since correlation has, by definition, 

meaning only in a mean field approximation and DFT is not using such an 

approximation. The exchange part, on the other hand, follows closely the HF 

definition of exchange, does however not necessarily reproduce the exact exchange. 

 

Exchange 

 

The exchange energy of a uniform spin-polarized gas of spin density σρ  is 

  

∑∫ σ
σ ρρ−= dr))r((f)r(E S

X
S
X                  (8) 

  

with 3
1
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X )]r([))r((f σσ ρα=ρ  and 
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X 4
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⎜
⎝
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π

=α . The exchange expression is 

sometimes lebeled Slater exchange, thus the superscript S. This exchange expression 

serves as a base for other functional, which can be conveniently expressed in terms of 

their enhancement factor FX over the exchange of the uniform electron gas 

         

                  dr))r(),(F))r((f)r(E X
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For instance, the exchange functional proposed by Perdew and Wang uses the 

following factor: 
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with 15/1m = , 14b = , 2.0c =  and )/()24(s 3/43/12 ργπ= σσ
−  σσγ  here is again the 

squared density gradient 2
ω∇ . One of the most used exchange functionals is that of 

Becke 1988, which is often labeled B88 or simply B. 
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which uses the values )/(x 3/4
σσσ ργ=  and 0042.0=β  in order to maintain correct 

boundary conditions. In a different approach, Perdew and Wang proposed an 

exchange formula that is designed from purely first principles. 
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where 19645.0a1 = , 7956.7a2 = , 2743.0a3 = , 1508.0a4 −= , 004.0a5 =  and s the 

same as in eq. 32. 

 

In practice, the three above exchange functionals are very similar, and are in 

fact based on minor corrections to the previous ones. Therefore they can be expected 

to produce very similar results. The enhancement over the simple electron gas, 

however, are significant enough and usually constitute constitute a major 

improvement.  

 

Correlation 

 

While it is possible to obtain EC by some numerical methods from EXC and the 

already known EX (cf. eq. 31) for the uniform electron gas, it is much more common 

to use separate correlation functionals. Distinction is made between local and gradient 

corrected functionals, referring to absence or presence of first order terms of the 

density σρ . The local functional proposed by Vosko, Wilk and Nusair (VWN) was 
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obtained using Pad’e approximated interpolations of Ceperley and Alder results of 

their accurate quantum Monte Carlo calculations for the homogeneous electron gas. 

The functional is, 
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where the functions 2/1
brx = , cbxx)x(X 2 ++=  and 2/12 )bc4(Q −=  and the 

constants are 0621814.0A = , 409286.0x0 −= , 0720.13b =  and 7189.42c = . br  

represents are the Wigner-radius and is defined by 3
b )r(

3
4/1 π

=ρ . Together with the 

exchange expression from eq. 40 this constitutes what is often called the local density 

approximation (LDA) or local spin density approximation (LSDA) when spin is 

considered (Gies and Gerhardts, 1987). 

 

Due to the experiences with the LDA and as a consequence of some of its 

shortcomings, recent developments have resulted in a number of gradient corrections 

to local functionals like the aforementioned VWN or a completely new class of 

gradient corrected functionals. 

 

Another frequently used functional has been published by Lee, Yang and Parr. 

It replaces both the local and the gradient part of the LDA correlation functional. 
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Hybrid Functionals 

 

More recently, following an approach proposed by Becke, the combination of 

DFT functionals with ab initio formulations led to a class of expressions which are 

essentially a mixture of both DFT and HF contributions with fitted coefficients for 

each contribution. The aim of this approach is to provide expressions that include the 

full exchange contribution and avoid side-effects arising from a complete replacement 

of the DFT exchange expression by the HF one. As an example, the B3LYP 

functional looks like this: 

  
LYP
CC

VWN
C

B
XX1

HF
XX0

S
XX0

B3LYP
XC ΔEaEΔEa)Ea(1EaE +++−+=                  (15) 

with 80.0a 0X = , 72.0a 1X =  and 81.0aC = , which are values fitted for a selected set of 

molecules to reproduce the heat of formation. The term HF
XE  is calculated using the 

Kohn-Sham orbitals in the manner of the HF procedure by computing the exchange 

integrals )v/v( μμ . The B3LYP functional often uses VWN
C

LYP
C

LYP3
C EEE −=Δ . 

 

2. Time Dependent Density Functional Theory  

 

 Ground-state DFT is based on the papers by Hohenberg and Kohn, and by 

Kohn and Sham. The main results are that the density of system is identical to the 

density of an associated non-interacting particle system moving in a local potential              

νs (r) defined by the Khon-Sham equations (atomic units are used throughout): 

 

   [ ] )()()(
2
1 2 rrrv iiis ϕεϕρ =⎥⎦

⎤
⎢⎣
⎡ +∇−          (16) 

 

 Here the local potential νs[ρ](r) is the so-call Kohn-Sham potential, consisting 

of the external potential νext (the Coulomb field of the nuclei and external fielda if 

present), the Hatree potential νH , which is trivially calculated from the density, and 

the xc potential νxc which is the only unknown part: 
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     )()()()( rvrvrvrv xcHexts ++=  (17) 

 

  The Kohn-Sham orbitals ϕi move in the effective field νs which depends upon 

the electron density ρ(r). This density is exactly obtained by summing the squares of 

the Kohn-Sham orbitals and multiplying by their occupation numbers ni. 

  

     2)()( rnr i

occ

i
i ϕρ ∑=  (18) 

 

  As the KS potential νs(r) and the density ρ(r) are inter-dependent, the equation 

have to be solved in a Self-Consistent Field (SCF) procedure, which means that one 

iteratively adapts the effective potential νs and the density  ρ until the difference in the 

energy between two subsequent cycles is sufficiently small. In the most 

straightforward fashion, this can be performed by mixing the density of the previous 

cycle with a small part of the density in the present cycle. This “simple damping” 

approach usually converges very slowly, and in practice the Direct Inversion in the 

Iterative Subspace (DIIS) procedure by Pulay and co-workers, is much to be 

preferred. In the DIIS approach, not only the result of previous cycle, but the results 

of all, or many, previous cycles is taken into account, in order to obtain the optimal 

guess for the next cycle. If one is close to self-consistency, this procedure converge 

the SCF equation above. 

 

  In order to solve the KS equations an approximation for the exchange-

correlation (xc) potential νxc(r) is required and the simplest one is the LDA which is 

based upon the local density of the system. The GGAs go beyond this and take the 

local gradient of the density into account as well, allowing for a much improved 

accuracy in the results for energies and geometries. Many other approximations, for 

examples those based directly on the KS orbitals, are also available. 

 

  The usual ground state DFT scheme enables one to determine the density, and 

consequently the dipole moment, of a molecule with or without external electric fields 
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(Van Gisbergen et. al., 1999). This affords the determination of the static 

polarizability and hyperpolarizability tensors α, β and γ by performing calculations in 

small electric fields of varying magnitudes and directions. In this so-call finite field 

(FF) approach, the tensor are then determined from finite difference techniques. The 

main advantage of this approach is that no programming work is needed. Any 

standard DFT code will allow the determination of static properties in this manner. 

However, for the determination of higher order tensors, such as γ, one need very well 

converged solution to the KS equations in order to make reliable predictions, which 

may be technically hard to achieve and which will certainly lead to considerable 

increase in CPU time consuming. 

 

  The most fundamental disadvantage of the FF approach, however, is that one 

has access to static properties only. The frequency-dependent polarizability and 

hyperpolarizabilty tensors are not accessible. Excitation energies and oscillator 

strengths can also not be obtained from the FF calculations. This is an important 

drawback of the FF approach, as it makes a direct comparison with experimental 

results are impossible. Especially for hyperpolarizabilities, it is known that there are 

substantial differences between the frequency-dependent and zero frequency results. 

 

  If one is interested in the time dependent properties mentioned above, a time 

dependent theory is required. There is a statement that, under curtain quite general 

conditions, there is an one-to-one correspondence between time-dependent one-body 

densities ρ(r,t) and time dependent one-body potentials νex(r,t), for a given initial 

state. That is, a given evolution of the density can be generated by at most one time-

dependent potential as derived by Runge and Gross   (Rung and Gross, 1984); 
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   Then, one can define a fictitious system of noninteracting electrons moving in 

a time-dependent effective potential, whose density is precisely that of the real 
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system. The time dependent potential is known as Kohn-Sham (KS) potential νs(r,t) 

which is subdivided in the same manner as its static counterpart: 

  

      ),(),(),(),( trvtrvtrvtrv xcHexts ++=  (20) 

 

the Hatree potential being explicitly given by: 
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In practice, we always need to approximate unknown functional. An obvious and 

simple choice for TDDFT is adiabatic local density approximation (ALDA), 

sometime called time-dependent LDA. The time dependent xc potential νxc[ρ](r,t) 

being an unknown functional of the time dependent density ρ(r,t) now given by: 
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ii trntr 2),(),( ϕρ  (22) 

 

   If a certain approximation for the time dependent xc potential νxc (r,t) has been 

chosen, the TDKS equations can be solved iteratively to yield the time dependent 

density of system, which may be exposed to an external time dependent electric field. 

If one is interested in the effects due to extremely large laser fields, the perturbative 

expansion of the dipole moment become meaningless, and the TDKS equations have 

to be solved non-peturbatively. This has until now been performed for atoms, by    

Ullrich and gross (Hirata et.al., 1999), and more recently also by others, and gives 

access to such effects as higher harmonic generation (HHG). These applications fall 

into three general categories: nonperturbative regimes, linear (and higher-order) 

response, and ground-state applications. When the perturbing field is weak, as in 

typical spectroscopic experiments, perturbation theory applies. Then, instead of 

needing knowledge of the functional νxc[ρ](r,t) at densities that are changing 

significantly with time, which might differ substancially from a ground-state density, 
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This potential is needed in the vicinity of the initial state, which is taken to be a 

nondegenerate ground-state. These changes are characterized by a new functional, the 

exchange-correlation kernel (Gross et al., 1985). The exchange-correlation kernel is 

much more manageable than the full time-dependent exchange-correlation potential, 

because it is a functional of the ground-state density alone. Analysis of the linear 

response then shows (Appel et al., 2003) that the latter is (usually) dominated by the 

response of the ground-state Kohn-Sham system, but corrected by TDDFT via matrix 

elements of the exchange-correlation kernel. In the absence of Hartree-exchange-

correlation effects, the allowed transitions are exactly those of the ground-state Kohn-

Sham potential. But the presence of the kernel shifts the transition frequencies away 

from the Kohn-Sham values to the true values. Several approaches to extracting 

excitations from TDDFT for atoms, molecules, and clusters are currently being used. 

The standard approach in quantum chemistry is to very efficiently convert the search 

for poles of response functions into a large eigenvalue problem (Furche et al., 2005), 

in a space of the single-particle excitations of the system. The eigenvalues yield 

transition frequencies, while the eigenvectors yield oscillator strengths. This allows 

use of many existing fast algorithms to extract the lowest few excitations. The 

TDDFT has been programmed into most standard quantum chemical packages and 

after a molecule’s structure has been found, it is usually not too costly to extract its 

low-lying spectrum. Moreover, the number of these TDDFT response calculations for 

transition frequencies is growing exponentially at the present (Burke et al., 2005). 

Challenges remain for the application of TDDFT to solids (Onida et al., 2002), 

because the present generation of approximate functionals (local and semi-local) loses 

important effects in the thermodynamic limit, but much work (some reported in this 

book) is currently in progress. 

 

   However, the drawback of this is that the calculations are very time 

consuming, forbidding the treatment of medium-sized molecules. If one restricts 

oneself to properties which are accessible through perturbative methods, as we will do 

here, a much more efficient approach is possible, allowing the treatment of large 

molecules (>100 atoms).  This approach will be the subject of the next section. For 
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more information on time dependent DFT in general, the reader is referred to the 

excellent reviews by Gross and co-workers. 

 

3. Second-Order Approximate Coupled-Cluster 

 

   The CC2 model is an approximated coupled-cluster singles-and-doubles 

(CCSD) method which has been proposed in 1995 by Christiansen, Jørgensen and 

Koch for response calculations on molecules which are out of reach for CCSD and 

higher correlated methods. It is one of the simplest correlated ab initio methods for 

excited states and yields energies for singly-excited states which are correct through 

second-order in the electron-electron interaction (dynamic electron correlation), as the 

well-known second-order Møller-Plesset perturbation theory (MP2) does for ground 

states. It is thus well-suited for the study of excited states of large closed-shell (or at 

least "single-reference") molecules. In difference to the perturbative doubles 

corrections CIS(D) to the widely used configuration interaction singles (CIS) method 

and similar perturbative approaches to excited states which use non-degenerate 

perturbation theory, CC2 is not limited to energetically isolated states. A feature, 

which is important in the search of excited state equilibrium structures. In several 

applications CC2 has been shown to be a viable tool for such studies. 

 

   As MP2 and other related methods based on a second-order treatment of 

electron correlation, CC2 can be implemented very efficiently with a so-called 

resolution of the identity approximation for the integrals which describe the electron-

electron interaction and thereby made applicable to relatively large molecules, which 

have been intractable with conventional implementations. As demonstrated in the mid 

1990's by Weigend and Häser for MP2, the computationally costs and demands (CPU 

time, memory and disk space) are for most applications reduced by orders of 

magnitudes.  

 

   During the last years we have in our group developed the RI-CC2 code of the 

Turbomole packages, an implementation of CC2 with the resolution-of-the-identity 

approximation which includes  



 93

• ground and excitation energies  

• transition matrix elements (e.g. oscillator or rotatory strength)  

• first-order properties (expectation values)  

• analytic gradients for ground and excited states  

  

The Turbomole Program 

 

   Turbomole is the ab initio electronic calculation that implements various 

quantum chemistry algorithms. This program was developed by group of prof. 

Reinhart Ahlrichs at the University of Karlsruhe. In 2007, the TURBOMOLE GmbH 

(Ltd) was founded by the main developers of the program: R. Ahlrichs, F. Furche, C. 

Hättig, W. Klopper, M. Sierka and F. Weigend. The company took over the 

responsibility for the coordination of the scientific development of the program, to 

which it holds all copy and intellectual property rights. For the further program 

development, all researchers interested in TURBOMOLE development can submit 

project proposals to the company. The proposals are reviewed by the founding 

members of TURBOMOLE GmbH.  

 

   With almost 20 years of continuous development TURBOMOLE has become 

a valuable tool used by academic and industrial researchers. It is used in research 

areas ranging from homogeneous and heterogeneous catalysis, inorganic and organic 

chemistry to various types of spectroscopy, and biochemistry.  

 

 Presently TURBOMOLE is one of the fastest and most stable codes available 

for standard quantum chemical applications. Unlike many other programs, the main 

focus in the development of TURBOMOLE has not been to implement all new 

methods and functionals, but to provide a fast and stable code which is able to treat 

molecules of industrial relevance at reasonable time and memory requirements. 
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Outstanding features of TURBOMOLE 

 

• Direct and semi-direct algorithms with adjustable main memory and disk 

space requirements 

• Full use of all finite point groups 

• Efficient integral evaluation 

• Stable and accurate grids for numerical integration 

• Low memory and disk space requirements 

 

Feature list 

 

• Key methods 

 

o Restricted, unrestricted, and restricted open-shell wave functions 

o Density Functional Theory (DFT) including most of the popular 

exchange-correlation functionals, i.e. LDA, GGA, hybrid 

functional 

o Hartree-Fock (HF) and DFT response calculations: stability, 

dynamic response properties, and excited states 

o Two-component relativistic calculations including spin-orbit 

interactions for all exchange- correlation functional 

o Second-order Møller-Plesset (MP2) perturbation theory for large 

molecules 

o Second-order approximate coupled-cluster (CC2) method for 

ground and excited states 

o Treatment of Solvation Effects with the Conductor-like Screening 

Model (COSMO) 

o Universal force field (UFF) 
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• Key properties 

 

o Structure optimization to minima and saddle points (transition 

structures) 

o Analytical vibrational frequencies and vibrational spectra for HF 

and DFT, numerical for all other methods 

o NMR shielding constants for DFT, HF, and MP2 method 

o Ab initio molecular dynamics (MD) 

 

• DFT and HF ground and excited states 

 

o Efficient implementation of the Resolution of Identity (RI) and 

Multipole Accelerated Resolution of Identity (MARI) 

approximations allow DFT calculations for molecular systems of 

unprecedented sizes containing hundreds of atoms 

o Ground state analytical force constants, vibrational frequencies and 

vibrational spectra 

o Empirical dispersion correction for DFT calculations 

o Eigenvalues of the electronic Hessian (stability analysis) 

o Frequency-dependent polarizabilities and optical rotations 

o Vertical electronic excitation energies 

o Transition moments, oscillator and rotatory strengths of electronic 

excitations, UV-VIS and CD spectra 

o Gradients of the ground and excited state energy with respect to 

nuclear positions; excited and ground state equilibrium structures; 

adiabatic excitation energies, emission spectra 

o Exited state electron densities, charge moments, population 

analysis 

o Excited state force constants by numerical differentiation of 

gradients, vibrational frequencies and vibrational spectra 
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• MP2 and CC2 methods 

 

o Efficient implementation of the Resolution of Identity (RI) 

approximation for enhanced performance 

o Closed-shell HF and unrestricted UHF reference states 

o Sequential and parallel (with MPI) implementation (with the 

exception of MP2-R12)  

o Ground state energies and gradients for MP2, spin-component 

scaled MP2 (SCS-MP2) and CC2 

o Ground state energies for MP2-R12 

o Excitation energies for CC2, ADC(2) and CIS(D) 

o Transition moments for CC2 

o Excited state gradients for CC2 and ADC(2) 

 

The Theory of Photophysic Processes 

 

1. Photophysical Process 

 
 If a substance is irradiated with electromagnetic radiation, the energy of the 

incident photons may be transferred to the atoms or molecules raising them from the 

ground state to an excited state. This process, known as absorption, is accompanied by 

attenuation of the incident radiation at a particular frequency and can occur only when 

the energy difference between the two levels is exactly matched by the energy 

of the photons. The frequency of the radiation is given by 

 

E2 – E1   =   ΔE   =   hν                    (1) 

  

where E1 and E2 are the energies of the two levels and ΔE is the difference between 

them. The absorbed energy is rapidly lost to the surrounding by collisions allowing 

the system to revert or relax to the ground state. Sometimes the energy is not 

dissipated in this way but is re-emitted a few million seconds later-a process known as 

fluorescence. 
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 A useful way of representing the energies of the electronic states of molecule 

is a Jablonski diagram, such as in Fig. A3. The vertical scale represents potential 

energy. The horizontal scale has no particular significance; it allows us to separate to 

singlet and triplet state manifolds (sets of energy levels) so that the excited states are 

more clearly distinguished. Superimposed on each electronic state is a set of 

vibrational energy levels. For the sake of clarity, a set of rotational energy levels 

superimposed on each vibrational level is not shown. 

 

 

 
Appendix Figure A1    Generalized Jablonski Diagram. 

 

There are two kinds of photophysical processes indicated in Figure A1. Those 

interconversions denoted by straight lines are radiative processes, which occur 

through the absorption or emission of light. Those indicated by wavy lines are 

nonradiative processes, which occur without light being absorbed or emitted. The 

numbers on the lines are keys to the following definitions: 
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1. Absorption of Light. A ground state molecule (S0) may absorb a photon of 

light, thus becoming converted to an excited state. The most likely transitions are 

S0→S1 or S0→S2, although S0 to higher excited singlet state transitions are also 

possible. 

 

2. Vibrational Relaxation. The absorption from S0 to Sn involves an energy 

change from the 0th vibrational level of S0 to any vibrational level of the excited state. 

However, the ν = 0 is also the vibrational level is the level most populated at room 

temperature for the ground electronic state of molecule, and ν = 0 is also the 

vibrational level of the excited electronic state that is most likely to be populated at 

equilibrium. Unless the molecule dissociates before equilibrium can be obtained, there 

is a very rapid process (with a rate constant of about 1012 sec-1) that relaxed the 

higher vibrational level of the excited state to its 0th vibrational level in condensed 

phases (i.e., solids or liquids). 

 

3. Internal Conversion is a non radiative process that converts a higher 

electronic state into a lower state of the same multiplicity (a higher singlet state into a 

lower singlet state or a higher triplet state into a lower triplet state). The name arises 

because the process occurs internally; the line for internal conversion is a horizontal 

one. This means that the the 0th vibrational level of S2 is converted into a 

vibrationally excited S1 can then relax to its 0th vibrational level. The rate constants 

for internal conversion are fast ( > 1010 sec-1), especially when the two states are 

close in energy. 

 

4. Radiationless Decay is a process by which electronically excited states are 

returned to ground states (typically from S1 to S0) without the emission of light. 

Radiationless decay often has a slower rate constant (ca. <106 sec-1) than other forms 

of internal conversion because the energy gap between S1 and S0 is usually greater 

than that between S2 and S1 or other pairs of excited states. 

 

5. Intersystem Crossing, the conversion of a singlet state into a triplet state 

(or vice versa), requires a spin flip of an electron. The probability of intersystem 
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crossing depends, among other things, on the energy gap between the singlet and 

triplet states, so values of kisc vary from 106 to 1010 sec-1. The Tn states is lower in 

energy than the corresponding Sn state because of the lower electron repulsion for 

unpaired electrons. 

 

Processes 2-5 are nonradiative processes. The following are radiative processes. 

 

6. Fluorescence is the emission of light from an excited state to a ground state 

with the same multiplicity. Usually the emission is S1→S0, and generalization to that 

effect is known as Kasha’s rule. However, anomalous fluorescence (S2→S0) occurs 

in some compound, among them azulene, thiocarbonyl compounds, and some gaseous 

polyenes. 

 

7. Phosphorescence is the emission of light from an excited state to a ground 

state with different multiplicity (usually from a triplet excited state to singlet ground 

state). This process involves both an electronic state change and a spin flip so, like   

S0→Tn absorption, phosphorescence is a spin-forbidden process 8. Triplet-Triplet 

Absorption. A molecule in a triplet excited state may absorb a photon to give a higher 

triplet state, so a UV-Vis spectrum may be obtained, and the time-dependence of the 

excited state decay may be monitored. Flash spectroscopy is triplet-triplet absorption 

spectroscopy that can be an important technique for detecting triplet excited states. 

 

9. Singlet-Singlet Absorption. Because triple states may persist longer than 

singlet states, the only excitation of excited states possible during much of the 

development of photochemistry was triplet-triplet absorption. With the advent of 

picosecond and femtosecond spectroscopy, it has become possible also to measure 

transitions from one excited singlet state to another, higher energy excited singlet 

state. 
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10. Singlet-Triplet Absorption, like phosphorescence, is a spin-forbidden 

process, so ordinarily S0→Tn transitions are not observed in UV-Vis spectroscopy. 

However, these transitions can be seen under certain conditions. For ultraviolet and 

visible wavelengths, one should expect that the absorption spectrum of a molecule 

(i.e., a plot of its degree of absorption against the wavelength of the incident 

radiation) should show a few very sharp lines. Each line should occur at a wavelength 

where the energy of an incident photon exactly matches the energy required to excite 

an electronic transition as shown in Figure A2. In practice it is found that the 

ultraviolet and visible spectrum of most molecules consists of a few humps rather 

than sharp lines. These humps show that the molecule is absorbing radiation over a 

band of wavelengths. One reason for this band, rather than line absorption is that an 

electronic level transition is usually accompanied by a simultaneous change between 

the more numerous vibrational levels. Thus, a photon with a little too much or too 

little energy to be accepted by the molecule for a ‘pure’ electronic transition can be 

utilize for a transition between one of the vibrational levels associated with the lower 

electronic state to one of the vibrational levels of a higher electronic state. 

 

 
 

Appendix Figure A2    Idealized Absorption Spectrum. 
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   If the difference in electronic energy is ‘E’ and the difference in vibrational 

energy is ‘e’, then photons with energies of E, E+e, E+2e, E-e, E-2e, etc. will be 

absorbed. Furthermore, each of the many vibrational levels associated with the 

electronic states also has a large number of rotational levels associated with it. Thus a 

transition can consist of a large electronic component, a smaller vibrational element 

and an even smaller rotational change. The rotional contribution to the transition has 

the effect of filling in the gaps in the vibrational fine structure. In addition, when 

molecule are closely packed together as they normally are in solution, they exert 

influences on each other which slightly disturb the already numerous, and almost 

infinite energy levels and blur the sharp spectral lines into bands.  

 

2. Fluorescence and Phosphorescence 

 

   For most organic molecules, fluorescence is the spontaneous emission of light 

from the ν = 0 vibrational level of the first excited singlet state to some vibrational 

level (ν = 0, 1, 2, …) of the (singlet) ground electronic state. As indicated in the top 

portion of Figure A3, the energy of the photon emitted in the ν = 0 to ν = 0 

fluorescence is the same as the energy of the photon absorbed in the ν = 0 to ν = 0 

transition if the geometry of the photoexcited molecule is nearly the same as that of 

the ground state molecule. However, all other fluorescence lines are at longer 

wavelengths (lower energy). Thus, the fluorescence and emission spectra should 

overlap at the 0,0 transition, providing confirmation of the 0,0 energy of the 

electronically excited state. In molecules such as anthracene, the σ bonding provides a 

molecular framework for the planar π system, and the π bonding results from 

population of many bonding MOs. Therefore promotion of one electron to an 

antibonding MO may not seriously distort the molecular geometry. In such cases there 

can be a nearly mirror image relationship between the absorption and fluorescence 

spectra of organic molecules, particularly when the spectra are plotted as intensity 

versus energy (cm-1) instead of wavelength. The similarity arises because the factors 

that make some ν = 0 to ν = x transitions more probable than others also make some   

ν = 0 to ν = x emissions more probable.  
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   For some molecules, however, the geometry of the ground and excited states 

may be very different. As a result, there may be a large difference between λmax for 

absorption and λmax for emission, and the 0,0 transition may be weak or not present.  

 

   A similar relationship between geometry and a mirror image appearance of 

singlet-triplet absorption and phosphorescence is expected, but this is often difficult to 

determine experimentally, in fluid solution phosphorescence is usually reduced by 

diffusion-limited bimolecular interaction of the excited triplet compound and one or 

more ground state species. However, phosphorescence can often be observed by 

irradiating the compound in environments in which diffusion is quite slow, such as in 

an organic glass at liquid nitrogen temperature.  

 

   Singlet-triplet absorption is ordinary difficult to detect because the transition is 

spin-forbidden. Heavy atom solvents or oxygen perturabation have been used to 

induce singlet-triplet absorption, but absorptions observed in this manner are weak, 

and it is important to establish that the observed absorption is not due to artifacts 

resulting from the solvent or additive. 

 

 
Appendix Figure A3   Schematic representations of the origins of UV-Vis absorption 

(bottom) and fluorescence (top) spectra. 



 103

3. Franck-Condon principle 

 

   The different electronic states of a molecule are often associated with different 

shapes of molecule because the different electron distribution around the molecule 

changes the electrostatic Coulombic forces that maintain the nuclei in specific relative 

positions. Since nuclei are considerably more massive than electrons, the Franck- 

Condon principle states that:  

 

   An electronic transition takes place sufficiently rapidly that the nuclei do not 

change their internuclear positions during the transition.  

 

   Consequently, when energy is absorbed in an electronic transition, the nuclei 

suddenly find themselves in a new force field and at positions which are not in 

equilibrium for the new electronic state. This is shown schematically in Figure A4, in 

which an electronic absorption from the ground state appears as a vertical line 

because of the Franck-Condon principle. The internuclear separation of the ground 

state becomes a turning point, the extent of maximum displacement, in a vibration of 

the excited state.  

 
Appendix Figure A4    Illustration of the Franck-Condon principle for vertical 

                                       electronic transitions. 
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   The vertical transition has the greatest transition probability but transitions to 

nearby vibrational levels also occur with lower intensity. Therefore, instead of an 

electronic absorption occurring at a single, sharp line, electronic absorption consists 

of many lines each corresponding to the stimulation of different vibrations in the 

upper state. This vibrational structure (or progression) of an electronic transition can 

be solved for small molecules in the gas-phase, but in a liquid or solid collision 

broadening of the transitions cause the lines to merge together and the electronic 

absorption spectrum is often a broad band with limited structure (Figure A5). The 

Franck-Condon principle also applies to downward transitions and accounts for the 

vibrational structure of a fluorescence spectrum. 

 
 

Appendix Figure A5   Relationship between the broad electronic absorption and 

        fluorescence bands of liquids and solids. 
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APPENDIX B 
 

Oral Presentation and Poster Contributions to Conferences 

 

Oral Presentation I 

 

Meeto, W., S. Suramitr, S. Vannarat and S. Hannongbua. Ground and Excited 

States Geometries of Fluorenevinylene Based Oligomers: Time Dependent 

Density Functional Theory Study:  The 11th Annual National Symposium 

on Computational Science and Engineering (ANSCSE11), Prince of Songkla 

University (PSU), Phuket Campus, Thailand, 28-30 March 2007. 
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Poster Presentation I 

 

Meeto, W., S. Suramitr, P. Poolmee, K. Sriwichitkamol, and S. Hannongbua. Effect 

of Conjugation Length on Structural and Electronic Properties of 

Conjugated Polymeric Compounds: The abstract of 31st  Congress on 

Science and Technology of Thailand (STT 2005), Suranaree University of 

Technology , Nakhon Ratchasima, Thailand, 18-20 October 2005. 

 

Poster Presentation II 

 

Meeto, W., S. Suramitr, and S. Hannongbua. Quantum Chemical Calculations on 

Structural and Electronic Properties of Poly(fluorenevinylene):  

International Conference on Modeling in Chemical and Biological 

Engineering Sciences, Rama garden hotel, Bangkok, Thailand, 25-27 October 

2006. 

 

Poster Presentation III 

 

Suramitr, S., W. Meeto and S. Hannongbua. Theoretical Investigation of Ground 

and Excited States Geometry of Conjugated Based on Carbazole 

Copolymers:  International Conference on Modeling in Chemical and 

Biological Engineering Sciences, Rama garden hotel, Bangkok, Thailand, 25-

27 October 2006. 

 

Poster Presentation IV 

 

Meeto, W., S. Suramitr, and S. Hannongbua. Electronic Properties of the 

Poly(fluorenevinylene) Derivatives: Time Dependent Density Functional 

Theory Calculations:  German-Thai Sysposium on Nanoscience and 

Nanotechnology, The Tide Resort, Bangsean Beach, Chonburi, Thailand, 27-

28 September 2007. 
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APPENDIX C 

 
Publications 

 

Publication I 

 

Meeto, W., S. Suramitr, S. Vannarat and S. Hannongbua.  2008.  Structural and 

electronic properties of poly(fluorene–vinylene) copolymer and its derivatives: 

Time-dependent density functional theory investigation.  Chem. Phys.  349: 

1-8. 
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Publication II 

 

Meeto, W.,  S. Suramitr, V. Lukeš, P. Wolschann and S. Hannongbua. 2010. Effects 

of the CN and NH2 substitutions on the geometrical and optical properties     

of model vinylfluorenes, based on DFT calculations. J. Mol. Struct. 

(Theochem). 939: 75-81 
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Publication III 

 

Suramitr, S., W. Meeto,  P. Wolschann and S. Hannongbua. 2010. Understanding on 

absorption and fluorescence electronic transitions of carbazole-based 

conducting polymers: TD-DFT approaches. Theor. Chem. Acc. 125: 35-44 
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