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Abstract

A theoretical study of poly furfuryle alcohol (PFA), rhodamine B (Rh B) dye and their blends (PFA-
Rh B) is carried out by using the density functional theory (DFT). Electronic states and opto-elec-
tronic properties are investigated. The electronic states indicate that the oligomers of FA are in-
sulators and Rh B is a wide band gap semiconductor. Their blends have a narrow band gap of
about 0.75 eV. The optoelectronic properties are studied using TDDFT, which indicates that the
chain length of poly furfuryl alcohol is an effective parameter to control both energies and intensi-
ties of absorption in which longer chain causes absorption with high intensity within long wave-
length. A single broad baned of electron excitations is more like 8-oligomer-RhB case, which cen-
ters at wavelengths about 599 nm and 625 nm. This band of absorption covers the whole visible
region of spectrum.
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1. Introduction

In 1977, the discovery that polymers could be made to be electrically conductive, created the new field of plastic
electronics [1] [2]. In 1990, electroluminescence was demonstrated for the first time in a conjugated-polymer
system, shifting the emphasis to optoelectronic properties [3]. The first commercial applications of monochrome
polymer light-emitting displays (pLEDSs) are now a fact. Of course, the final aim is a full-color polymer display.
However, due to a wide distribution of HOMO and LUMO levels of polymers, their emission bands are rather
broad, giving rise to mixed-color light emission. Furthermore, the processing of three different polymers for the
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three principal colors is rather costly. One of the recent ideas to circumvent these problems is to use a small frac-
tion (~1%) of dye molecules in a polymer matrix and to exploit the mechanism of energy transfer from polymer
to dye [4]-[7]. By changing the dye rather than the polymer, it should be possible to cover the whole visible-light
spectrum. Recent electroluminescence experiments have shown the possibility of fine-tuning the emission spec-
trum of dipyrrolomethane dyes, commercially known as BODIPY dyes [8] [9], by chemical modification of spe-
cific sidegroups. The idea behind the use of these sidegroups is to manipulate the HOMO and LUMO energies
by extending the m conjugation and adding an electron-donating methoxy group. The fact that they have rela-
tively small bandwidths makes these dyes good candidates for the further development of full-color displays.
Rhodamine B (RhB) is a chromophore from a family of xanthene dyes that is commonly used as an active me-
dium in tunable lasers [10]-[12] due to its high fluorescence quantum yield. It also shows a wide range of appli-
cations in materials science, chemistry and biology as sensitizer in solar cells [13], molecular probe [14], elec-
trochemical luminescence sensitizer [15], water-tracing agent [16] and as a biological stain [17].

A very important aspect for the understanding of the functioning of such polymer-dye blends is the positions
of the HOMO and LUMO energy levels of the dye with respect to the polymer. If both the HOMO and LUMO
energies of the dye are between those of the polymer, both electrons and holes can be trapped on the dye mole-
cules. If both LUMO and HOMO energies of the dye are lower than the corresponding energies of the polymer,
trapping may happen successively: first electrons are trapped by the dye molecules and next the holes by their
Coulomb interaction with the electrons. In the reverse situation, the roles of electrons and holes would be inter-
changed. In all situations, these trapping processes compete with the formation of exciton in the polymer and
subsequent Forster/Dexter transfer of the exciton to the dye. This later process can of course only happen if the
optical gap of the dye is smaller than that of the polymer. In this work, we will calculate the HOMO and LUMO
energies of the dyes shown in Figure 1 and the polymers poly furfuryl alcohol by Density-functional theory in
the local density approximation (DFTLDA). The HOMO energy is given by the highest Kohn-Sham energy of
the occupied states in a DFT calculation. In principle, DFT cannot be used to calculate LUMO energies, due to
the well-known band-gap problem. In particular, energies of unoccupied states are generally under estimated in
DFT [18] [19]. However, we will concentrate here not on absolute values but on trends in HOMO and LUMO
energies and assume that these are well described in DFT. We will especially pay attention to the trends in the
calculated values for the HOMO and LUMO energies of the dyes. We will finally discuss the relative positions
of the HOMO and LUMO levels of the dyes and those of the polymers and the consequences for charge and
energy transport.

2. Methodology

We have used a linear scaling, fully self-consistent density functional method for performing first-principles
Calculations, as implemented in Amsterdam density functional ADF electronic structure program [20]. In our
calculations we have used Density Functional Theory (DFT) based on the work by Hohenberg and Kohn [21]
and by Kohn and Sham [22]. We have used local density approximation (LDA) [18] for the exchange correla-
tion potential. The double zeta (DZ) basis set was used for all calculations. In this study, we have calculated
frontier electronic states and electron excitation spectra of the monomer, oligomers, dye and oligomers-dye
complex of furfuryl alcohol with Rhodamine B. To obtain the poly furfuryl alcohol structures, we started from
the optimized structures of the neutral form. The geometries structures of molecules and complex molecules
were optimized under no constraint. We have examined the electronic states of HOMO and LUMO levels; the
energy gap (Eg) evaluated the difference between the HOMO and LUMO energies. The optoelectronic proper-
ties are investigated by using the TDDFT (LDA/DZ) calculations on the fully optimized geometries that inter-
preted in form of oscillator strengths as a function of wavelength.

3. Results and Discussion

Table 1 lists the theoretical electronic parameters of the studied conjugated compounds. The calculated values
for the HOMO and LUMO energies of all the oligomers and dyes are shown in Figure 1 and Table 1. The fol-
lowing observations can be made By increasing the repeating units, furfuryl alcohol oligomers have small desta-
bilizations in HOMO and LUMO levels that may change with magnitude of about 0.5 eV. The energy gap has
the same destabilization, and still has large values because the adding of a repeating unit does not alter the
n-system of the furfuryl alcohol polymer and the polymer skeleton which is build up by o-bonds which keep the
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Rhodamine B Base Furfuryl alcohol unit

8-oligomerfurfurylalcohol

8(4-oligomer) furfuryl alcohol 4(4-oligomer) furfuryl alcohol-Rhodamine B

Figure 1. The optimized structures of PFA, Rodium-B and oligmer furfuryl alcohol 8-oligomer furfuryl alcohol.

Table 1. Values of HOMO (eV), LUMO (eV) and Eg (eV) energies calculated for furfuryl alcohol oligomers and dye ob-
tained by LDA/DZ.

Molecule HOMO (eV) LUMO (eV) Eg (eV) p (D)
Monomer (FA) —6.51 -1.99 4,52 2.26
2-Oligomer (FA) -6.22 -2.05 417 2.14
3-Oligomer (FA) -6.08 -1.90 4.18 3.12
4-Oligomer (FA) -5.93 -1.72 4.21 242
5-Oligomer (FA) -5.88 -1.94 3.94 1.72
6-Oligomer (FA) -5.95 -1.74 421 1.98
7-Oligomer (FA) -5.79 -1.83 3.96 2.87
8-Oligomer (FA) -5.93 -1.88 4.05 1.87
Dye -5.10 —2.50 2.60 3.35
Dye-dimer —3.48 —2.76 0.72 3.12
8-oligomer + dye —4.61 —3.86 0.75 12.10
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energy difference of occupied and unoccupied states. 2). The dye molecule has a semiconductor energy gap, and
the HOMO level is higher than that of furfuryl alcohol oligomers by 0.83 - 1.41 eV, while the LUMO level is
lower than that of furfuryl alcohol oligomers by 0.5 - 0.78 eV. 3) The dye-dimer has a significant change in
HOMO level toward higher energy, also the LUMO level is lowered by 0.26 eV. The energy gap of dye dimer is
very small which is in the range of attractive semiconductor values. The dipole moments of furfuryl alcohol oli-
gomers, dye and dye-dimer have high values that reflect the localized states of electron clouds over the molecule
skeletons, and this may explain the high energy gaps. Although the dye-dimer has a high dipole moment, the
energy gap is very narrow, which may be caused by the nature of interaction between the two dye molecules.
The energy levels of dye-dimer are distributed between these two molecules alternatively, where HOMO and
LUMO + 1 exist on one molecule and HOMO-1 and LUMO exist on the other. The complex of 8-oligomer +
dye is a very interested material, which has a small energy gap and a very high dipole moment. The complex
blend case significantly affects dipole moments due to the interaction that changes the positive and negative
charge-center distance, and also affects the charge-center positions.

The frontier levels (HOMO-1, HOMO, LUMO, and LUMO + 1) are distributed over the dye molecule as that
in the gas phase, but the strong change in the energy gap of complex occurs by the strong interaction between
the 8-oligomer and dye molecule. The long range electrostatic interaction in complex case has the value of —2.29
eV which indicates the attractive force between the two kinds of molecules at blend operation.

Figure 2 shows the theoretical prediction of the electronic transitions spectra of furfuryl alcohol oligomers.
Calculations of molecular orbital geometry show that the visible absorption maxima of this kind of poly furfuryl
alcohol corresponds to the electron transition from HOMO to LUMO. The /.. is a function of the electron
availability. This band was due to electronic transition of the cyclic group (transition of & — n* type). The excita-
tion energies are red shifted in all cases as the furfuryl alcohol chain becomes longer. TD-LDA/DZ predicted
three absorption peaks for monomeric dye in gas phase as shown in Figure 3: at 450 nm (S, — S, transition with
the oscillator strength f = 0.021), at 400 nm (S, — Sg with f = 0.02) and 330 nm (S, — Sy, transition with the. os-
cillator strength f = 0.078). For comparison, the dimer geometry was fully optimized with the LDA/DZ method
in gas phase, which results in an intermolecular distance of 15 A. As expected, the use of fully optimized geo-
metries may lead to noticeable calculated excitation spectra. The electronic transitions of dimer are fully differ-
ent from one of a single molecule, where it is shifted toward longer wavelength and has a single broad band of
excitations (over 450 nm to 800 nm) which are centered on singlet states of 532 and 575 nm. These excitations
occur via transfer of one electron between the monomer units that results in the (RhB)* —(RhB)™* configuration.
In xanthene dyes, the fluorescence quenching may occur as a result of a bimolecularphotoredox reaction that
involves intermolecular electron transfer in the excited states. Currently, it is widely accepted that the quenching
occurs via internal conversion and intersystem crossing in the excited states of aggregates (e.g., dimers) of dyes
in solution. Indeed, xanthene dyes can form aggregates in polar solution due to the strong electrostatic and dis-
persion interactions between the dye molecules. They are capable of strong optical absorption that cannot be
realized in the monomeric-species.

It is suggested that the polymer-RhB blend may be an attractive material for electric and optoelectronic pur-
poses. Figure 4 shows the electronic spectra of three types of blends, first 4-oligomer-RhB, second 8-oligomer-
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Figure 2. TD-DFT (LDA/DZ) electronic transitions of polyfurfuryl alcohol (PFA) as a func-
tion of wavelength. 1-uint (solid line), 4-unit (dashed line) and 8-unit (dotted line).
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Figure 3. Electronic transitions of dye. Monomer (solid) and dimer (dashed).
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Figure 4. Electronic transitions of polyfurfuryl alcohol-dye blends (4-units-solid, 8-units-
dashed and 4(4-units)-dottted).

RhB and the other is 4-chains of 4-oligomers-RhB. The spectra are very complex, where in the first case the
spectrum is similar to that of RhB single molecule but within a different range of wavelength (red shift). The
second one is very similar to that of RhB dimer, with the same values of oscillator strength and range of energies.
So, the chain length of poly furfuryal alcohol is an effective parameter to control both the energies and intensi-
ties of absorption, longer chain causes absorption with high intensity within long wavelength. The longer chain
of polymer may make strong electrostatic interaction with dye molecule which affects the electron transfer from
the dye to polymer chain. The case of four chains of 4-units is studied here to reflect the properties of poly fur-
furyl alcohol colloidal when it interacts with RhB molecule. A single broad band of electron excitations is more
like 8-oligomer-RhB case, which is centered on wavelengths about 599 nm (f = 0.24) and 625 nm (f = 0.26).
This band of absorption covers the whole visible region of spectrum. The colloidal of PFA makes a strong inte-
raction with the RhB molecule even in the case of short chains.

4. Conclusion

The density functional theory shows that the poly furfuryl alcohol becomes semiconductor when mixed with
rhodamine-B as reflected from the relation of calculated oscillator strength and wavelength. This behavior is
generated from strong electrostatic interaction of rhodamine-B with different chain units of poly furfuryl alco-

hol.
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