UNIVERSITY BABES-BOLYAI
FACULTY OF PHYSICS

SUMMARY

Computational studies of donor-acceptor
molecules for organic photovoltaics

Author: Supervisor:

Sergiu Cristian POP Prof. Dr. Titus Adrian BEU

September, 2012



Keywords: organic photovoltaics, polythiophenes, fullerenes, Density Functional
Theory, Molecular Dynamics, charge transfer, Cayley algorithm



Contents

1 Introduction
2 Theoretical background

3 Morphology studies of polythiophenes and thiophene/fullerene-based dyads
3.1 Vibrational SpectroSCopy . . . . . . . . . e e e

3.2 Molecular dynamics simulations of 3-thiophene-baseddyads . . . . .. ... ...

4 Charge transfer in fullerene-based bulk heterojunctions
4.1 Electron dynamics in donor-acceptor systems . . . . . . . .. ... ... ...
4.2 Electron dynamics formalism . . . . . . ... ... L Lo
4.3 Chain-type oligothiophenes . . . . . . . . . . . .. ... ... ... .. .. ...,
4.4 Star-shape oligothiophenes . . . . . . . . . . ... ... ...

5 Conclusions
5.1 Morphology . . . . . . . .
5.2 Chargetransfer . . . . . . . . . . . e
53 Outlook . . . . .. e

References

13

17
17
17
18
20

24
24
25
25

26



1

Introduction

The main limitation for the conventional inorganic semiconducter-based photovoltaics is the con-
tinuous cost increase for silicon, other materials involved, and the process technologies needed to
build the photovoltaic modules. Over the last years, the cutting edge of the photovoltaic technology
is represented by the third generation of solar cells, which include the dye-sensitized and the poly-
meric solar cells. They are based on 7 conjugated polymers due to their semiconducting properties.
For example, hexathiophene was used to fabricate thin film transistors and organic photovoltaics
with promising performances for large area of electronic circuits. Both doped and undoped cate-
gories exhibit a remarkable chemical and electrochemical stability in air. Physical and chemical
properties of polythiophenes are generally studied either in solution or on polycrystalline thin films
that can be obtained by spin coating and printing in the case of soluble compounds, or by vacuum
evaporation for materials in crystalline phase.

The charge transport in organic semiconductors is sensitive to many factors, such as molecular
arrangement, presence of impurities which can act as dopants or traps, etc. In order to control the
morphology by optimizing the growth process, to design the energetic gaps, as well as tailoring the
optical and electronic properties of thin films based on thiophene oligomers, a comprehensive study
of the physical and chemical properties of the polymers is required. A central role is played by the
vibrational properties, which, being most sensitive to conformational changes induced, for example,
by doping, may provide important structural information susceptible to be useful in developing new

applications.
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Theoretical background

1. Molecular and lattice dynamics in organic molecular crystals

(a) Elements of infrared spectroscopy
(b) Elements of Raman scattering

(c) Electron-phonon interactions
2. The Hartree-Fock Approximation

(a) The Hartree-Fock Equations

(b) The Rothaan Equations
3. Molecular dynamics measurements

(a) Radial distribution function

(b) Diffusion coefficients
4. Charge transfer in organic semiconductors

(a) Excitons formation

(b) Vibronic Coupling
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Morphology studies of polythiophenes and
thiophene/fullerene-based dyads

3.1 Vibrational spectroscopy

3.1.1 Vibrations of polythiophenes

The first part of the present study focuses on the accurate first principles calculation of the equilib-
rium structures, normal modes, and vibrational spectra of the 12 smallest polythiophene oligomers.
Whereas previous works have been concerned only with even-sized molecules [1, 2], we have con-
sidered also the odd-sized ones.

All DFT calculations presented in this chapter, both structural and vibrational, have been carried
out using the GAUSSIAN 03 package [3].

3.1.1.1 Geometries.

Interested in the degree to which different exchange-correlation functionals prove appropriate for
the particular case of polythiophenes, we have performed comparative calculations with the B3LYP
[4] and PBE [5] functionals. In geometrical terms, as seen from. Table 3.1, which lists the relative
deviations of several bond lengths of hexathiophene from experimental values [1], there emerges
a slightly better ability (typically amounting to 0.01 A) of the B3LYP functional to reproduce the
inter-cycle C-C bond [6, 7] and C-S bonds [8]. On the other hand, the PBE-based calculations
provided closer agreement with the experiments for the in-ring double C=C bonds and the bonds

in between, particularly for the ones opposed to the sulphur atoms.
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Figure 3.1. Numbering scheme and HOMO-LUMO orbitals for hexathiophene obtained with the PBE func-

tional.

The band gap calculated with the B3LYP functional is in asymptotic agreement with data pub-
lished by other authors [8]-[9] and agrees fairly with the experimental band gap of 2.21 eV reported
for hexathiophene by Chung et al. [10].

3.1.1.2 IR and Raman spectra

Our calculations are able to reproduce the experimental vibrational modes and give better results
in cases where the natural symmetry of the considered compounds (Cs;, and Cs,) is imposed and
conserved.

We present comparatively in Figs. 3.2 our calculated IR and Raman spectra for the oligothio-
phenes up to the hexamer, as well as for the 11-mer and 12-mer. As in the case of the geometry

optimization, the results obtained with the 6-31G(d) basis set provide the closest agreement with
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Table 3.1. Representative in and inter-cycle C-C and C-S bond lengths of hexathiophene resulted from ex-

periments [1] and calculated with the B3LYP and PBE exchange-correlation functionals.
Exp. (Ref. [1]) B3LYP PBEPBE

A error (%) error (%)
cicr 1.445(9) 0.4 0.6
C3C8 1.45(1)-1.46(1) -1.0 1.2
Cl11C15 1.45(1) -0.40 -0.6
C1S2 1.730(7)-1.731(7) 1.6 1.8
S2C3 1.733(8)-1.739(8) 1.3 1.4
C11S12  1.729(7)-1.733(7) 1.5 1.7
C8S12  1.733(7)-1.742(8) 1.2 1.4
CI15S16 1.719(8)-1.726(8) 2.0 22
C17S16  1.704(9)-1.711(9) 1.6 1.6
CIC5 1.37(1)-1.38(1) 0.5 1.4
C3C4 1.36(1) 1.5 2.4
C8C9 1.36(1) 1.5 2.4
C10C11 1.38(1) 0.1 0.8
C15C19  1.38(1)-1.40(1) 0.8 0.1
CI17C18  1.31(1)-1.32(1) 3.9 4.7
C4C5 1.40(1)-1.41(1) 0.6 0.4
C9C10 1.40(1) 0.9 0.8
CI18C19  1.41(1)-1.42(1) 0.5 0.5

the experiment, and in the following are exclusively referred to.
We divide conventionally the whole IR and Raman spectral range for the considered polythio-

1. is characterized mainly

phenes into three distinct regions. The first region extends up to 1000 cm™
by out-of-plane vibrations, but also by in-plane modes at the blue end, is quite crowded in terms of
IR-active vibrations, but only moderately populated with Raman features. The second region ranges
between 1000 cm~! and 1400 cm™~! and is moderately occupied by IR spectroscopic features, while
Raman modes are better represented, especially for the monomer and the large oligomers. The third
region spreads up to 1600 cm ™! and is well populated both with IR and Raman-active modes, which
correspond mostly to in-plane motions.

As general remark emerging from Figs. 3.2 is the fair agreement of our calculations for the three
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Figure 3.2. IR spectra (left) and Raman spectra (right) for the oligotiophenes obtained with the basis set

6-31G(d) imposing symmetry conservation and experimental peaks with drop lines [1].

smallest even-size oligomers with the available experimental peaks from the literature (represented

with vertical drop lines) [1].

The 1400-1600 cm™~! region is characterized mainly by in-plane combinations of longitudinal

motions of the H atoms with in-ring stretching vibrations of the C=C double bonds.

Two experimental in-plane Raman-active modes occur at 1460 cm™! for the tetramer and at

1458 cm™! for the hexamer [1]. Our PBE calculations reproduce the experimental frequencies with

even better accuracy than in the dimer case, namely the relative errors drop to approximately 0.5%



3.1 Vibrational spectroscopy 9
~
SR
)

1469.93 cm™ (PBE

(i

1455.47 cm” (PBE)

Figure 3.3. In-plane Raman modes of the teramer and hexamer corresponding to the experimental peaks
located at 1460 and 1458 cm™! [1], obtained with the PBE functional.

for the tetramer and to 0.1% for the hexamer (see Fig. 3.3). In the case of the hexamer, the peak
calculated at 1455.57 cm~! matches fairly the experimental Raman data provided by other groups:
Bazzaoui et al. at 1455 cm™! [11], Loi et al. at 1459 cm™! [12], Weinberg-Wolf et al. at 1461 cm™!
[13], and Brillante et al. at 1460 cm~" [14].

For the frequency range beyond 1600 cm™!, the Raman spectra appear similar for all three
even-sized oligomers and are dominated by two strong in-plane modes. The best agreement with
the experiments is provided again by the PBE functional. For the tetramer and hexamer, the higher
intensity peak is found at slightly higher frequencies (by less than 0.7%) than the experimental ones
(see Fig. 3.3).

A technical aspect which needs to be stressed again, this time in connection with the IR and
Raman vibrations of the oligomers up to the dodecamer, is that above 1000 cm™! the PBE func-
tional performs consistently more realistically than B3LYP, continuing the trends which have been
already established up to hexamer. Overall, from the PBE-based calculations the IR spectra result

slightly red shifted and the Raman spectra marginally blue shifted (see Figs. 3.2).

3.1.2  Vibrations of thiophene-fullerene dyads

The following analysis focuses on thiophene-based dyads. In such dyads, the donor and accep-
tor entities are covalently bonded and several of the coordinates which characterize their relative

positions and need to be considered when they are non-bonded are thus eliminated.
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3.1.2.1 Infrared-active vibrations

At a first glance, all spectra resemble, excluding, however, a section positioned in the lower fre-
quency range, where most vibrational modes are a result of the thiophene chain vibration. This
spectral range extends from 400 to 900 cm~*. The next distinct spectral region with pronounced
infrared activity: is situated around 1000-1500 cm™! and is mainly due to fullerene vibrations.

The first region is filled mainly with modes corresponding to carbon-sulphur stretching in the
thiophene cycles and some out-of-plane vibrations of the carbon and hydrogen groups. The second
region is not particularly different between the different compounds.

For the 1-thiophene dyad, our PBE calculations shows a feature situated at 676 cm~! and corre-
sponds to the vibration caused by the C-H out-of-plane vibrations and was observed experimentally
at 700 cm~! by Lewandowska et al [15]. In the spectrum of the 2-thiophene dyad, two bands have
been reported in [16]: the first at 724 cm~! and the second, a triplet, was found to peak at 769,
785, and 792 cm~!. These bands are characteristic for C-S in-plane and C-H out-of-plane motions
and have been fairly well reproduced by our calculations at 733, for the first band, and at 773 and
783 cm™! for the triplet. In the infrared absorption spectrum of the 4-thiophene dyad we can recog-
nize several of the features which have been experimentally measured for the 1, 2, and 3-thiophene
dyads.

In the spectrum of the 5-thiophene dyad, the first calculated vibrational feature is observed at
665 cm™! and is due to out-of-plane C-H vibrations in the terminal thiophene cycle. The same
mode was observed experimentally and reported in [16, 15]. The first infrared vibrational mode of
the 6-thiophene dyad is located at 665 cm~! and is due to out-of-plane C-H motions activated in
the terminal thiophene cycle. The obtained result is in a good agreement with the data reported in.
[16].

All studied oligomers show two distinct bands at higher frequencies: one around 2900 cm™*,

stemming from CHj stretchings in the N-methylglycine part, and another at 3200 cm™*

, caused by
the in-plane CH stretchings in the thiophene chain part (Fig. 3.4).

For all molecular compounds considered, the above vibrational modes remain active in the
trans configuration, as well. Overall, the PBE functional reproduces much better the experimentally
measured data without appling any scaling procedures. The spectra generated using the B3LYP
functional follow the PBE results, however with a shift towards higher frequencies. Like in the case
of isolated thiophene chains, we observe an increase in spectral intensity with increasing molecular

size [17].
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Figure 3.4. IR spectra of cis (left) and trans (right) 1-6 thiophene dyads obtained with the B3LYP (black) and
PBE functionals (blue).

3.1.2.2 Raman-active vibrations

The analysis of the Raman spectra is performed in a similar manner with the one for the infrared-
active vibrations.remarkably, there are only few noticeable differences between the Raman spectra
from small to large molecular systems. The same findings have been also reported in [16].

There are only few spectral regions showing distinctive features with increasing system size.
The most important frequency domain ranges between 1400 and 1600 cm™! and this region con-
tains the most intense peaks, which are determined mainly by C=C bond stretching vibrations.

In the experimental spectrum of the 1-thiophene dyad [16], the important features were found
in the range between 1000-1600 cm~!. The most representative bands are very well reproduced
by our PBE based calculations. In the spectrum of 2-thiophene dyad, the experimental vibrational
features were obtained in [16] at the same frequencies as in the case of 1-thiophene dyad. Our

PBE calculations were able to reproduce the experimental modes rather accurately. The Raman
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Figure 3.5. Raman spectra of cis (left) and trans (right) 1-6 thiophene dyads obtained with the B3LYP (black)
and PBE functionals (blue).

spectrum of 3-thiophene dyad looks little different than for the previous ones. The main feature
was measured in [16] at 1459 cm™! and was calculated by us at 1478 cm™1.

The spectrum of the next three dyads are very similar with some minor exceptions. The first
spectral feature was calculated for the 4 and the 5-thiophene dyads at 1033 cm~! and it describes
the C-C-H vibrations. For the largest intensity mode there are noticeable differences in the spectra
of the last three dyads. This mode is mainly due to C=C in-plane stretchings and is situated at 1473
cm~! for the 4-thiophene dyad and is also visible in infrared. For the 5 and 6-thiophene dyads the
Raman spectra exhibit the last feature at 1458 cm~! (which coincides to the one experimentally
measured in [16] for 1, 2, and 3-thiophene-dyads), and at 1452 cm™!, respectively.

As in the infrared spectra, the trans version of the above studied molecules presents the same
vibration modes with a slight shift towards smaller frequencies, Figure. 3.5 right. Also, in this case

the PBE reproduces significantly better the previous published experimental data than B3LYP.
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3.2 Molecular dynamics simulations of 3-thiophene-based dyads

There is still another beneficial feature of the thiophene-based dyads, which is yet neither fully
understood, nor efficiently used to its fullest potential, namely their capacity of self-arrangement
when fabricated as thin films.

Specifically, we have studied the 3-thiophene-based dyad P3HT-(CgoN), which stands out by its
electronic properties, namely a bandgap which is lower as compared to other compounds, reason
why is suitable for photovoltaic applications. On the existence of the covalent bond between the
donor and acceptor rests the main advantage of such dyads of being able to form structured films.

Being by nature a dynamic process, we have investigated the self-assembling of the thiophene-
based dyads by Molecular Dynamics (MD) simulations. To this end, we have employed the AM-
BER 12 package [27]. The simulated system was typically constructed of 216 dyads (each com-
posed, in turn, of 92 atoms). The total of 19872 atoms have been enclosed in a simulation box of
dimensions 6.38 x 6.08 x 6.37 A and periodic boundary conditions have been applied in all three
Cartesian directions.

A subsequent equilibration of roughly 1 ns completed the preparation of the initial configura-
tion. Both at room temperature (300K) and the higher temperature considered (1300K), the data
collection time from the production runs extended over as long as 10 ns. One should note, that
performing NVT simulations (with constant number of particles, volume and temperature) one em-
ploys actually the kinetic definition of the temperature, which does not perfectly match the physical
definition. The main measured quantities, defined as time-averages along the MD trajectories, used
to characterize dynamically the evolution of the system morphology and dyad mobility have been
the radial distribution function and the diffusion coefficient, respectively.

The observed radial distribution functions for the pairs Cgy-Cgp and Cgo-thiophene are plotted
respectively in Figs. 3.6-3.7. Overall, the distributions show the typical behavior, with an asymp-
totic value of 1, implying that under any particular direction a generic moiety would have at least
one counterpart. However, as regards the structured peaks at finite inter-distances, there are signifi-
cant differences.

As can be seen from the left panel of Fig. 3.6, where the RDF for the Cg-Cgo pair at room
temperature is depicted, the most probable is a complex composed of six 3-thiophene dyads, which
surround the generic central dyad at an average distance of about 9.8A. In counting the nearest
neighbors, instead of barely considering the magnitude of the major peak, we have considered its

integral. The more remote spherical vicinity of any dyad can be seen to be structured, the RDF
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Figure 3.6. Radial distribution functions for the Cgy-Cgg moieties in the P3HT-(CgoN) system at 300K (left)
and 1300K (right).
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Figure 3.7. Radial distribution functions for the Cgp-thiophene moieties in the P3HT-(CggN) system at 300K
(left) and 1300K (right).

evidencing further peaks around 13, 16.5 and 18 A.

At the higher temperature (1300K), the Cgo-Cg radial distribution function (see the right panel
of Fig. 3.6) maintains the general features found at room temperature. However, as evidenced by
the integral of the main peak, the coordination reduces from 6 to 5 and the secondary peaks become
more diffuse, indicating, as expected, a less structured vicinity.

The Cgp-thiophene radial distribution functions (see Figs. 3.7), complement the information
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provided by the Cgy-Cgyp RDFs, indicating also some orientation ordering within the system of
dyads. A first sphere of coordination is identified around 7.5 A at 300K and, slightly shifted to
about 8 A at 1300K, both evidencing on average 1.5 thiophene chains around any Ce,N moiety.
Having in view the most probable Cg(-Cg distance of 9.8 A, it becomes obvious that head-to-head
relative positions of two neighboring dyads are highly improbable. Nevertheless, in general, the
orientation ordering is much less pronounced than the Cg(-Cg positional one.

A second Cgp-thiophene coordination sphere can be identified at room temperature at about
17.3 A from any CgN derivative and it results on average from the presence of 7 thiophene
chains (left panel of Fig. 3.7). At high temperature (right panel of Fig. 3.7), the average radial
Cgo-thiophene structuring becomes washed-out, as in the case of the Cgy-Cgy RDF, however, with
a broad coordination sphere still recognizable around 18 A.

The thiophene-thiophene RDF for 300K, shows a discrete radial probability maximum around
7 A, involving on average 0.5 thiophene chains, and yet a second one at about 12 A, involving
3 chains around any thiophene chain. This anyway rather vague structuring almost vanishes at
the higher temperature. Obviously, there are only marginal orientation correlations between the
thiophene chains.

As mentioned in chapter 2, for large evolution times of the system as compared to the charac-
teristic collision interval of the system, the self-diffusion coefficients can be calculated according

to the Einstein expression:

N

1 2
D= tlggom <Z [r; (t) — 1 (0)] > ) (3.1)

i=1
and, essentially, it is proportional to the mean square displacements of the particle positions with
respect to their initial positions divided by the simulation time.

The mean square displacements (MSDs) of the thiophene-fullerene dyads for the temperatures
300K and 1300K, along with the corresponding self-diffusion coefficients D are plotted respec-
tively in Figs. 3.8 and 3.9. As one can easily notice, there is a qualitative difference between the
profiles at low and high temperatures.

A most significant finding is that the MSDs at 300K are three orders of magnitude lower than at
1300K, corresponding to net displacements as low as 2 A/ns. In addition the MSD profile at 300K
is very noisy (left panel of Fig. 3.8) and, instead of behaving quasi-linearly in the limit ¢ — oo, it
saturates, indicating the degradation of the spatial correlations between the dyads.

At high temperatures, the quasi-linear time-dependence of the MSD is apparent from the left
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Figure 3.8. Mean Squared Displacement and self-diffusion coefficient for the P3HT-(CgoN) dyad at 300K.
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Figure 3.9. Mean Squared Displacement and self-diffusion coefficient for the P3HT-(CgoN) dyad at 300K.

panel of Fig. 3.9, and it is obviously affected by significantly less noise than at low temperature.
The corresponding diffusion coefficient (right panel) turns out to be three orders of magnitude
larger than at 300K and amounts to a physically reasonable value of 5.6 x 10~%cm?/s.

One of the major findings of the MD simulations on the P3HT-(CgoN) dyads, with direct prac-
tical implications is that an efficient self-assembling of a thin dyad film cannot be achieved at room
temperature, where the reorientation of the dyads is hampered and one cannot really speak of dif-
fusion. Only at high MD temperatures one can actually find a genuine diffusion process, which can

bring about the self-organization of the dyads by annealing.
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Charge transfer in fullerene-based bulk heterojunctions

4.1 Electron dynamics in donor-acceptor systems

Due of their different architecture as compared to the double layer structures, the bulk heterojunc-
tions (BHJ) show an increased charge transfer between the donor-acceptor molecules since the
excitons are created throughout in the bulk.

In the reported study, we have investigated computationally the electron transfer between donor-
acceptor molecules involving two different donor categories, namely chain and star-shaped. Both
of these types of donor molecules can be mixed individually with fullerene derivatives (playing the

role of acceptor parts) to form bulk heterojunction active layers.

4.2 Electron dynamics formalism

For the calculation of the electron transfer (ET) in our systems we basically used the quantum
mechanical (QM) methodology developed in the group of Professor Francesco Zerbetto, from the
Department of Chemistry "Ciamician” at the University of Bologna [18, 19, 20].

The method is based on the quantum mechanical description of the electron dynamics in the
formalism of Roothaan’s equation and using for the temporal evolution Cayley’s algorithm. Our
improved version of this method, which identifies the main computational bottlenecks was recently
published in [21]. Moreover, the computational speed was increased by 50 times using the new

graphic processing unit (GPU) as compared to the classical CPU’s.
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The time-dependent Schroedinger equation [22] is solved via Cayley’s algorithm [18]:

N iAt_,

where @; is the one electron molecular orbital (MO) of a multi-electron system, H' is the corre-
sponding Hamiltonian operator in matrix form, At an incremental time step, ¢ is the time coordi-
nate, h is the Dirac constant, and 7 is the imaginary unit. The QM description in the Hamiltonian
is at some level of theory (HF, DFT, CCSD(T), MCSCE, CI, etc) and MOs are expressed as linear
combinations of a chosen set of basis functions (most commonly atom-centered Cartesian Gaus-
sians), that is the LCAQO approach [23]. As the Hamiltonian from the above equation represents a
matrix, the expressions 1+, 1—, and ()~ also refer to matrix syntax.

The Cayley algorithm provides a step-by-step solution with respect to the time coordinate, so
that by successive forward propagation in time, a complete image of the time dependence can be
established.

4.3  Chain-type oligothiophenes

In previous publications, Blouin et al. [24] reported the synthesis and performance of a PCDTBT-
based device accounting for 3.6% power conversion efficiency from a BHJ-type structure with a
Voc value of nearly 0.9V. Later Park et al. [25] reported an efficieny of 6.1 % for the PCDTBT/[6,6]-
phenyl C7; butyric acid methyl ester (PC;;BM) device, which is one of the best performances
among any other BHJ-based systems studied at present.

Our computational studies are focused on the above mentioned system, PCDTBT [24], as donor
molecule and [6,6]-phenyl C7; butyric acid methyl ester (PC7;BM) [26] as acceptor counterpart.

In our study, we employ two variants of initial preparation of the system. In the first case we
calculate the donor population transfer for optimized relative geometries using the GAUSSIAN
package [3], while in the second case we perform the same type of calculations using a snapshot
extracted from molecular dynamics simulations carried out with AMBER12 package [27].

The distance between the donor/acceptor was optimized in sequence using two different func-
tionals B3LYP [4] and PBE [5]. In both cases the donor-acceptor distance was almost invariant
(3.4 A). The total population transfer amounts to about 60% and, as expected, we have not ob-
served significant differences between the results obtained when using different functionals.

Figure 4.1 plots the evolution of the LUMO orbitals involved in the electronic transfer for the

optimized system. As can be seen, the primary orbitals involved in the transfer are LUMO and
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Figure 4.1. Electron transfer for the PCDTBT/PC70BM system optimized by DFT (left) and extracted from
an MD snapshot (right).

Figure 4.2. LUMO orbital for the PCDTBT/PC70BM configuration.

LUMO+2, with a population transfer of 43% and 13%, respectively. The population transfer from
the LUMO orbital takes place over a period of 100 fs within the calculated range.
The molecular dynamics snapshot used in our study was chosen from a distribution of several

geometries of the system simulated at room temperature. As part of the methodology of using MD
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Figure 4.3. LUMO+3 orbital for the PCDTBT/PC70BM configuration extracted from an MD snapshot.

snapshots, we have also perform the analysis using the data generated during the first 100 fs of
simulation. The detailed electronic transfer which occurs for each orbital is shown in Fig. 4.1 right.
The approximate calculated value of the total population transfer of this system is almost double as
compared to the case where the relative distance between the donor/acceptor pair was optimized.
The primary orbitals involved in the transfer are LUMO (Fig. 4.2) and LUMO+3 (Fig. 4.3), respec-
tively. In the case of the LUMO orbital a transfer of 56% occured and for LUMO+3, a value of
61% was obtained.

In conclusion, the total population transfer in the two analyzed situations is rather different, both
quantitatively and qualitatively. In both cases two orbitals play a major role, one being the LUMO
orbital. However, by case, in the flatter optimized structure, the LUMO+2 plays the second most

significant role, while, in the MD simulated structure, the LUMO+3 has significant contributions.

4.4  Star-shape oligothiophenes

The second type of investigated thiophenes-based donor molecules is characterized by a star-like
shape. These particular oligomers attract a lot of attention because they exhibit many interesting
properties, like self-assembly characteristics, which can be applied to forming new molecular struc-
tures.

In our transport calculations we have considered the trithienobenzene core in two distinct con-
figurations: trans and cis (Figs. 4.4), described in detail in [28]. We have built the donor/acceptor
molecular systems by bringing the planar molecule (donor) in the proximity of the fullerene (ac-
ceptor) in such way that the benzene cycle from the donor molecule is parallel with and overlaps a
hexagon of the fullerene.

The optimizations performed with the two exchange-correlation functionals (B3LYP and PBE)
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Figure 4.4. Structures of trithiophene trans (left) and cis (right)

reveal that the relative positions of the donor and acceptor molecules slightly depend on the used
functional (Table 4.1), with the donor-acceptor center-to-center distances obtained with the B3LYP
functional typically exceeding the values yielded by using the PBE functional. As expected, the
small but genuine differences in the geometrical configurations are reflected by corresponding dif-
ferences in the donor-acceptor population transfer.

In conclusion, whereas the trithiophene compound in trans configuration shows a tendency of
increasing the electron transfer between the donor and acceptor moieties with the decrease of the
relative distance between the donor-acceptor pair, in the case of the cis configuration, the electron
transfer decreases with decreasing distance.

Overall, the molecular compound in cis configuration features a significantly enhanced donor-
acceptor electron transfer as compared to the trans configuration. The rather moderate population
transfer for the trans system is to be ascribed to all four lowest LUMO orbitals (LUMO, LUMO+1,
LUMO+2, and LUMO+3), while in the case of the cis configuration, for the one order of magnitude
stronger electron transfer mainly the LUMO and LUMO+1 orbitals are responsible.

Pursuing the idea that the relative distance between the donor and acceptor affects in a deci-

sive manner the population transfer, we chose the trans configuration to perform a study aimed to

Table 4.1. Relative donor-acceptor distance and average population transfer for trithiophene (cis and trans)
optimized with the B3LYP and PBE functionals

Donor type Functional Relative distance [A] Population transfer [%]
Trithiophene-trans ~ B3LYP 3.9 7.7
Trithiophene-trans PBE 3.7 9.6
Trithiophene-cis B3LYP 4.1 11.38

Trithiophene-cis PBE 3.8 11.11
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Figure 4.6. LUMO (left) and LUMO+3 (right) orbitals for trithiophene trans, showing the maximum electron

transfer.

estimate the donor-acceptor distance corresponding to the optimal electron transfer.

In conclusion, the best electronic transfer occurs at a center-to-center donor-acceptor distance of

3.4 A. The strongest localized contribution to the population transfer occurs for the LUMO orbital
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of the donor (Fig. 4.6, left) when the thiophene ring is facing one of the six-membered rings of the
fullerene. Similar findings have been reported by Tamura et al. [29]. The higher orbitals, LUMO+1
and LUMO+2, show evenly distributed electron densities across the donor molecules (Fig. 4.7).

An interesting behavior was found at donor-acceptor distances below 3.4 A, namely the activity
of LUMO+1 and LUMO+2 is increasing rapidly up to 3.2 A and then it decreases all the way to the
end of the simulated time interval. The activity of the LUMO and LUMO+3 orbitals is increasing
gradually up to a donor-acceptor distance of 3.4 A, then it is decreasing similarly with the other
two orbitals (Fig. 4.8).
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Conclusions

5.1 Morphology

The thesis reports on DFT computational investigations of the IR and Raman-active vibrations of
polythiophenes with up to 12 cycles and matches the results against experimental evidence from
the literature.

As a general remark concerning the equilibrium structures of the oligothiophenes, the C-C dis-
tances between in-ring atoms are consistently better reproduced by the PBE functional but, on the
other hand, the inter-ring C-C and in-ring C-S bond lengths are better reproduced by the B3LYP
functional. The bandgaps calculated for the 12 considered thiophenes show a monotonic decreasing
trend with increasing chain size and for the B3LYP functional they converge towards the hexathio-
phene bandgap resulting from the measurements.

Regarding the IR and Raman vibrations of tyhe polythiophenes, it is worth noting that we
achieved with both functionals an agreement with the experiments which is superior to previous re-
ports, even without applying any frequency scaling. The B3LYP functional produces better agree-
ment with the experiments mainly in the lower frequency range (below 1000 cm™1), in particular
in describing the out-of-plane modes which are predominant in this domain and on the other hand,
the PBE functional performs significantly better in the intermediate and higher frequency domain
(above 1000 cm™1), where the frequencies predicted for the prevailing in-plane vibrations match
remarkably the experimental values.

For the second class of molecular systems investigated in the thesis in terms of structural and
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vibrational properties, namly thiophene-fullerene dyads, both the IR and Raman features are better
reproduced with the PBE functional and are definitely superior as concerns the agreement with the

experiments than previously published calculations.

5.2 Charge transfer

The total population transfer for the system containing a chain-type donor is higher in the snapshot
extracted from MD simulations than in the optimized case having a particular geometry that favors
the transfer from donor to acceptor. In both configurations the LUMO orbital plays the major role
and by case, in the more flat optimized structure, LUMO+2 plays a bigger role and in the MD
simulated structure, the LUMO+3 has a bigger contribution.

The relative distance for the optimized star-type donor based system does not change signif-
icantly with the configuration type (cis/trans). On the other hand, the electron transfer is very
different between the cis and trans configurations. The systems implying donors in cis configu-
ration show a better electron transfer than the trans-based system, amounting to an average of 54%.
In the cis configuration, only the LUMO and LUMO+1 orbitals are involved, while for the trans
system, the population transfer is distributed over all four monitored orbitals (LUMO, LUMO+1,
LUMO+2, and LUMO+3).

Pursuing the idea that the relative distance between the donor and acceptor affects in a decisive
manner the population transfer, we chose the trans configuration to perform a study aimed to esti-
mate the donor-acceptor distance corresponding to the optimal electron transfer. The best electronic
transfer was found to occur at a center-to-center donor-acceptor distance of 3.4 A. Responsible for
the strongest localized contribution to the population transfer is the LUMO orbital of the donor

when the thiophene ring is facing one of the six-membered rings of the fullerene.

5.3 Outlook

As future steps of this research, we will consider further donor-acceptor combinations susceptible
of high efficiency electron transfer, from among the ones mentioned in chapter 4, but which have not
been analyzed yet as part of the reported investigations. One of the most promising donor candidates
is anticipated to be PCPDTBT (poly[2,6-(4,4-bis-alkyl-4H-cyclopenta[2,1-b;3,4-b]dithiophene)-
alt-4,7-(2,1,3-benzothiadiazole)]) and a matching acceptor would be PC;yBM ([6,6]-phenyl C70-

butyric acid methyl ester). Several such donor-acceptor pairs will be investigated in detail.
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The theoretical methodology will be similar to the one validated in this thesis and will imply:
(1) DFT-based geometry optimizations using comparatively different exchange-correlation func-
tionals; (2) molecular dynamics simulation of morphology evolution during the film growth; (3)
electron transfer calculations based on the quantum mechanical formalism developed, using either
optimized structures or MD snapshots.

The systems showing the best potential for electron transfer will be subject to extensive MD
simulations under various conditions, in a wide range of temperatures. Based on the analysis of the
resulted radial distribution functions, the most representative configurations will be extracted and
will be employed in electron dynamics calculations of population transfer and, finally, compared
with the charge transfer efficiencies obtained for the optimized structures.

With a view to providing “rules-of-thumb” for practical fabrication of structured organic thin
films based on bulk heterojunctions, the study will also focus on optimizing the relative donor-
acceptor positions for significant population transfer.

The detailed investigations of the charge transfer in the representative geometrical arrangements
chosen for the considered donor-acceptor pairs will provide ”performance maps”, which, by aver-
aging, will enable the calculation of charge carrier mobilities in more realistic extended systems, as
models for real bulk heterojunction-based materials. Equally, the calculations are expected to offer
information about the nature of the organic donor-acceptor type semiconducting molecules which

are most suitable for building self-arranged structures.
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