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Abstract

The effect of light exposure in ambient air on thin films made from an electron acceptor polymer
poly{[N,N'-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5-(2,2'-
bithiophene)} (N2200), an electron donor polymer Poly[[2,3-bis(3-octyloxyphenyl)-5,8-
quinoxalinediyl]-2,5-thiophenediyl] (TQ1) and their blends, has been studied using UV-vis
spectroscopy and Atomic Force Microscopy (AFM). For solutions of TQ1, N2200 and blends, the
linearity of the Beer-Lambert law for absorption spectroscopy has been verified. The measured UV-
vis spectra show that TQ1 thin films are more sensitive to degradation by simulated sunlight than
N2200 films. They also show that among the polymer blends, the N2200-rich blend with volume ratio
1:2 (TQ1:N2200) was less sensitive to degradation by simulated sunlight than blends of ratio 1:1 and
2:1. The AFM images showed a change in roughness between the undegraded and degraded films,
where the TQ1, 1:1 and 1:2 films obtained lower roughness after 45 hours of degradation, and the
N2200 and the 2:1 films obtained higher roughness.



Sammanfattning

Effekten av simulerad solljusexponering i omgivande luft pa tunna filmer gjorda av en
elektronaccepterande polymer poly{[N,N'-bis(2-octyldodecyl)naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (N2200), en elektrondonerande polymer
Poly[[2,3-bis(3-octyloxyphenyl)-5,8-quinoxalinediyl]-2,5-thiophenediyl]  (TQ1) och  deras
blandningar, har undersokts genom ultraviolett-synlig-spektroskopi (UV-vis-spektroskopi) och
atomkraftsmikroskopi (AFM). Genom lésningar av TQ1, N2200 och blandningar, har det linjara
forhallandet i Beer Lamberts lag for absorptionsspektroskopi verifierats. De matta UV-vis-
spektrumen visar att tunna TQ1-filmer ar kansligare mot degradering genom simulerat solljus an
tunna N2200-filmer. De visar ocksa att den N2200-rika blandningen med ett volymforhallande av 1:2
(TQ1:N2200) var mindre kanslig for degradering av simulerat solljus an blandningar med
volymforhallandet 1:1 och 2:1. AFM-bilderna visade en forandring i rahet mellan degraderade och
icke-degraderade filmer, dar TQ1-, 1:1-, och 1:2-filmerna fick en lagre ytrahet efter 45 timmar av
degradering, och N2200- och 2:1-filmera fick en hogre ytrahet.
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1 Introduction

1.1 Background

Energy generation in the form of solar power has a great advantage over coal or oil when looking at
the environmental impact. While coal and oil power plants release huge amounts of greenhouse gases
into the atmosphere during energy production, solar cells are free from these types of emissions. This
is beneficial to both individuals and the environment.

Due to several factors setting organic solar cells (OSCs) apart from other types of solar cells, there
are specific applications and areas that these types of solar cells are highly suited for. Some of these
factors are their high flexibility, light weight, low production cost, non-toxic active layers, and ability
to be tuned to obtain different colours and shades. These factors make OSC fitting for several different
applications where other types of solar cells are not suitable. One such application is building
integration, for example integration into windows where transparent or semi-transparent OSCs can
be used. Similarly, OSCs can, due to their light weight and flexibility, be integrated into different
means of transportation like cars, busses, or airplanes. In transportation the weight of added solar
cells is an important factor but it is also important to be able to curve and bend the solar cells along
the vehicle so to not disrupt the aerodynamics. Another use of OSCs is clothing integration; by letting
OSCs be integrated into wearables e.g., backpacks and jackets, they could provide the opportunity to
charge devices on the go in situations where electricity is not accessible. In the case of clothing
integration, the light weight, flexibility, and colour tunability of the OSCs are important factors that
make these types of solar cells suitable for such applications. OSCs can also be used for portable
devices like battery chargers, different types of remotes, or lamps. Furthermore, OSCs can be used as
an alternative to silicon solar cells where the installation of silicon solar cells is not applicable for
economical or practical reasons. Due to the low production cost, flexibility, and the light weight of
OSCs, they can also easily and cheaply be transported to places where electric grids are missing, for
example poor areas in developing countries. This would bring the possibility for communities,
organisations, and individuals to obtain electricity for things like lighting, charging batteries, or
refrigeration of medication and vaccines.

OSCs are not yet widely produced commercially but has in lab settings reached a PCE of over 18%
[1] which has brought the efficiency of OSCs to the lower end of the commercially available silicon
solar cells, which has an efficiency of around 18 to 22% [2]. So far single-junction crystalline silicon
solar cells have achieved a PCE of over 26% [3] and perovskite solar cells have reached a PCE over
25% [3] in lab settings. But even though the PCE of OSCs is lower than silicon solar cells and
perovskite solar cells, they have other advantages. They are cheaper to produce, much more flexible,
and have a much lighter weight than silicon solar cells. And in opposite to perovskite solar cells,
which also has a low production cost, high flexibility, and light weight, OSCs do not contain toxic
heavy metals which could be harmful to the environment.



Two of the biggest obstacles for OSCs to overcome for their commercialisation is the environmental
degradation of the active layer and the synthetic difficulties of manufacturing active layers since it is
harder to obtain the desired active layer in a large-scale process in a factory than in a small-scale
process inside a lab. The degradation mechanism and the design rules for improving their stability
has to be studied to combat these issues.

Non-fullerene acceptors (NFASs) have shown great potential as the electron acceptor molecule for
photo-active layers in bulk heterojunction polymer solar cells achieving a power conversion
efficiency (PCE) of over 18% [1] when using small molecule acceptors and polymer donors, while
full-polymer organic solar cells have reached a PCE of over 14% [4]. However, it is just in the last
five years that NFAs have replaced fullerene acceptors as the most common choice in bulk
heterojunction solar cell studies. Solar cells using fullerene acceptors have achieved a PCE of around
11% [5,6]. The delocalised LUMOs of the fullerene acceptors gives a high electron mobility and
allows for efficient percolation. Their shape also makes them fitting for bulk heterojunctions.
However, there are some disadvantages with using fullerene acceptors in the photo-active layer, such
as dimerization in absence of oxygen [7,8] and photooxidation [9,10]. These fullerenes are also
expensive to synthesis, have energy levels that are hard to alter and have low absorptivity in the
visible region of the electromagnetic spectrum. NFAs on the other hand have a higher absorption in
the visible region of the electromagnetic spectrum that can more easily be altered to fit the absorption
of the donor, and they are also cheaper to synthesise. Therefore, NFAs are of great interest in the
studies of polymer solar cells. In this study the electron acceptor polymer poly{[N,N'-bis(2-
octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (Polyera
Activink N2200), or simply N2200 was studied on its own and as a blend with the electron donor
polymer Poly[[2,3-bis(3-octyloxyphenyl)-5,8-quinoxalinediyl]-2,5-thiophenediyl] (TQ1). N2200
was first synthesised in 2009 [11] and so far, N2200 has achieved a PCE of over 11% when used in
organic solar cells [12]. TQ1, when paired with the fullerene acceptor PC70BM, has achieved a PCE
of just over 7% [13].

1.2 Purpose

The purpose of this study was to obtain information and understanding of the photodegradation that
takes place in active layers made from the polymers N2200 and TQ1 which can be used in polymer
solar cells. The stability of thin films made of N2200, TQ1 and their blends of volume ratios 1:1, 1:2
and 2:1 were studied using UV-vis spectroscopy before and after undergoing degradation by exposure
to simulated sunlight and ambient air. Solutions of the polymers and polymer blends were also studied
by UV-vis spectroscopy to verify the agreement with the Beer-Lambert law. The surface morphology
of the undegraded and degraded films were studied using an atomic force microscope in air.



2 Theory

2.1 Molecular energy levels

Conjugated polymers, like TQ1 and N2200, are polymers that contain a backbone chain with altering
single- and double-bonds. The overlapping p-orbitals in the polymers creates a system of delocalised
n-electrons that give these polymers interesting electrical properties and are therefore of interest in
polymer solar cell studies.

HOMO, the highest occupied molecular orbital, is the highest orbital in a molecule that contain
electrons and LUMO, the lowest unoccupied molecular orbital, is the lowest orbital in a molecule
that do not contain electrons. The HOMO and the LUMO are the two orbitals in a molecule that are
the closest to each other and therefore creates the gap across which the electronic excitation occurs.

In the case of organic photovoltaics, two polymers are usually used, where one polymer acts as the
electron donor, and one acts as the electron acceptor. These polymers are mixed to create a bulk
heterojunction (BHJ), depicted in figure 1. This BHJ is kept between a cathode and an anode. The
donor has a higher HOMO and LUMO than the acceptor as shown in figure 2.

Polymer 1

Polymer 2

Figure 1. Bulk heterojunction made from two polymers.
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Figure 2. Energy diagram of a donor-acceptor bilayer, showing HOMO and LUMO levels.



An organic semiconductor can absorb incoming photons. If the incoming photon energy is equal to
the HOMO-LUMO gap, an electron will be excited from the HOMO to the LUMO. If the incoming
photon energy is greater than the HOMO-LUMO gap, the electron may jump to a higher energy level
than the LUMO, one of several vibrational states, and then decay down to the LUMO in a process
called thermalisation (loss of energy through heat loss).

In the active layer of the solar cell, consisting of two polymers, the excited electron in the donor
material gets transferred from the LUMO of the donor to the LUMO of the acceptor, while the hole
stays in the HOMO of the donor. Since the two carriers are still attracted to each other, they form a
charge-transfer state. While in this state, there is still potential for the carriers to recombine, but when
the thermal energy overcomes the binding energy between the hole and the electron, the charges are
separated. The carriers are then free to move to either the cathode, in case of electrons, or the anode,
in case of holes. A simplification of this process is shown in figure 3.
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Figure 3. Process of photon absorption and charge generation in an active layer of an organic solar
cell made from an electron donor and an electron acceptor.

The molecular weight of a polymer can be described in several different ways, the most common are
number average molecular weight (Mn) and weight average molecular weight (Mw). Mn is obtained
by dividing the total weight of all the polymer chains by the total number of polymer chains. While
Mw, as opposed to Mn, takes the molecular weight of the chains into consideration when determining
the contributions to the weight average. A bigger chain contributes more to Mw. The fraction of these
weights (Mw divided by Mn) is called polydispersity index (PDI) and describes the width of the
distribution of molecular weights. The definitions of Mn and Mw is shown in equations (1) and (2).
The larger the width, the broader is the distribution. A PDI of 1.0 would mean that all the chains in
the sample have the same length and thus have the same molecular weight. Mn and Mw are measured
by using size-exclusion chromatography (SEC) [14, 15, 16].
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M; = molecular weight of one chain
N; = number of chains of that molecular weight

2.2 Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy is used to obtain an absorption, reflectance, or transmittance
spectrum of a species in the full visible range and parts of the UV-range of the electromagnetic
spectrum. The species being studied can be in several different forms, such as solution, thin film, or
powder. In a UV-vis spectrophotometer, the light is passing through the sample and a detector on the
other side measures the percentage of transmitted light. When measuring, the solvent and cuvette, in
case of studying a solution (fig. 4 a), or the substrate, in case of studying thin films (fig. 4 b), will
themselves absorb and reflect some of the incoming radiation and give a background absorption or
transmittance spectra. To prevent this, a baseline measurement is performed by measuring the
transmittance of the light passing through either a cuvette containing pure solvent, in the case of
solution measurements, or a clean substrate, in the case of thin film measurements. By doing so the
radiation absorbed or reflected by the solvent, cuvette, and substrate can be omitted and a spectrum
for only the compound can be obtained.
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Figure 4. Absorption, reflectance, and transmittance of incoming light in UV-vis spectroscopy for
solution in cuvette (a) and thin film on substrate (b).



The UV-vis spectrophotometer uses double beams, where one beam goes through the sample and one
beam, the reference beam, goes through the air directly into a detector. By doing this the reference
beam can compensate for fluctuations from the source and these fluctuations can be cancelled out,
giving a more accurate measurement. The measurements on solutions in this project were made using
a cuvette sample holder (fig. 5). The thin film measurements were made using a diffuse reflectance
accessory (DRA) (fig. 6). A DRA uses an integrating sphere to capture the transmitted or reflected
electromagnetic radiation simultaneously. The inside of the sphere is highly reflective and incoming
radiation will undergo many diffuse reflections. In transmittance mode, the thin film is placed at the
transmittance port, shown in figure 6, and the incoming radiation, going through the sample, can then
dissipate in three ways. The largest part of incoming light will eventually be absorbed into the sphere
walls, a small portion will go out through the empty ports, and the rest will go into the detector inside
the sphere. Since the radiance along the inside surface of the sphere is uniform and proportional to
the source input flux, the sphere detector has the ability to sample the radiance of the inside surface
and then relay the detector signal for processing, and in that way obtain a correct measurement [17,18].
When using double beams with an integrating sphere, the beams are temporally sequenced by the
chopper of the instrument, meaning that only one beam is present in the sphere at any given time.
This is an important step to ensure that the spectrophotometer can distinguish between the reference
beam and the sample beam and give a correct measurement [17,18].

Referance detector

\
L

Reference beam

Sample beam

/

Sample detector

Figure 5. Cuvette holder for solution measurements (top down view). The figure shows the sample
beam (red) pass thourgh the cuvette holder holding a cuvette containing the solution, and the
reference beam (blue) passing through the empty cuvette holder. The sample beam continues into the
sample detector and the reference beam continues into the reference detector.
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Figure 6. Integrating sphere used in a diffuse reflectance accessory for UV-vis spectroscopy. The
figure shows the incoming sample beam (red) being reflected by three mirrors and enter the sphere
through the transmittance port. The incoming reference beam (blue) is reflected by two mirrors and
passes through a lens and enters through one of the reference ports.

The spectrophotometer always measures transmittance when obtaining an absorption spectrum, the
computer program used translates the transmittance to absorbance using the formula shown in
equation (3) [19].

A=2—1logo(T) @)
Where A is the absorbance and T is the transmittance given in percent.

Equation (3) is obtained though the Beer-Lambert law. The law relates the transmitted intensity I; to
the concentration c, the sample path length 1, the molar attenuation coefficient €, and the incoming
intensity lo, at each wavelength A as:

I = 1o - 107!

And can be rewritten as:
I
logqo (i) =—g cl=-A

—log,o(T") = A

~logio (535) = 10g10(100) — 1og;(T) = 2 — logso(T) = A

A=2-10g,,(T)

Where A is the absorbance, T’ is the transmittance in decimal form, and T is the transmittance in
percent.



2.3 Absorption spectra

In quantum mechanics, molecular orbitals can be expressed as a linear combination of atomic orbitals
where the electron configurations of the atoms are described as wavefunctions. When two atoms are
brought close together their orbitals can either undergo constructive or destructive interference.
Constructive interference between two orbitals will reinforce their intensity and create a bonding
orbital, and destructive interference between two orbitals will decrease their intensity and create an
anti-bonding orbital. The bonding orbital is lower in energy than the anti-bonding orbital and will
therefore fill up with electrons first. Because of this, a molecule usually has many more energy levels
than an atom and as a result the absorbed light creates a broader absorption peak than that of atoms.
The absorption of a photon leads to the transition of an electron from a lower energy level to a higher
energy level. The species absorbs the energy in form of visible and ultraviolet light that excites the
electrons in bonding or non-bonding orbitals of the molecules to higher anti-bonding molecular
orbitals. Four different types of transitions can take place: n—n*, n—n*, 6—c*, and n—¢*, where n* and
o* stands for anti-pi bond and anti-sigma bond, respectively. The HOMO-LUMO gap is the onset of
absorption. The absorbance of a polyatomic molecule is a result of not only the change in electronic
state but also the vibrational and rotational states of the molecule. The energy that is absorbed by a
molecule can be divided into three components, the electronic energy, the vibrational energy, and the
rotational energy. The electronic energy is the energy of the molecule that comes from the different
energy states of the molecule’s bonding electrons. The vibrational energy is related to several
different interatomic vibrations that take place inside the molecule, and the rotational energy is the
energy that comes from several different rotational motions occurring in the molecule. The distance
between electronic energy levels is larger than the distance between the vibrational energy levels, as
shown in the Jablonski diagram in figure 7. Similarly, the distance between the rotational energy
levels is smaller than the distance between the vibrational energy levels. This means that the
vibrational energy levels are superimposed upon the electronic energy levels and in turn the rotational
energy levels are superimposed upon the vibrational energy levels. The absorption of energy within
the visible or ultraviolet part of the electromagnetic spectrum results in an electronic transition of an
electron from the ground state to an excited state. If the absorbed energy lies within the infrared part
of the electromagnetic spectrum, the transition occurs between two vibrational states.

The electrons in a single molecule at 0 K have discrete electronic energy levels and the absorption of
a photon would therefore generate the transition of an electron between these discrete energy levels,
resulting in a discrete absorption peak. At higher temperatures, the molecule begins to vibrate and
rotate which makes it possible for several different electron transitions between the ground electronic
level and several vibrational levels of higher electronic levels to take place [20].

The shape of the absorption peaks is determined by several different factors within the polymer, e.g.,
the molecular weight, the PDI, and the polymer conjugation length. The conjugation length describes
how delocalised the electron cloud is for an electron with a certain energy, e.g., an electron in the
HOMO is delocalised in a certain part of the polymer chain with a certain length, this length being
the conjugation length. Similarly, when the electron gets excited to the LUMO the electron will have
a certain delocalisation there as well.



Where the peak maxima of an absorption spectrum lie are given by the energy difference between the
HOMO and the LUMO, i.e., the HOMO-LUMO gap or bandgap. The energy of the electronic
transition due to excitation by a photon is inversely proportional to the wavelength of the photon, as
shown in equation (4), e.g., a transition with an energy of 2.0 eV will give an absorbance maximum
at roughly 620 nm. The HOMO-LUMO gap can be influenced by the length of the polymer chain,
the number of monomers a chain contains, and the conjugation length. [21, 22].
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Figure 7. Jablonski diagram showing electronic and vibrational energy levels and absorption lines.
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Oligomers consisting of just a few monomers can have a significantly different spectrum than longer
polymers. This is because the length over which the electrons can be delocalised is longer than the
length of the molecule, in the case of monomers or short oligomers. Confining the electrons to a
shorter chain will widen its bandgap due to quantum confinement effects. As the chain length
increases, the HOMO-LUMO gap reduces. This has been shown in previous work where the gap went
from roughly 3.8 eV for the single TQ1 monomer to 2.48 eV for the TQ1 oligomer consisting of eight
monomers [21]. The conjugation length can also be limited due to disorder and kinks appearing in
the polymer chain. This is because disorders and kinks can break the conjugated length and shorten
the length of the electron delocalisation [21]. The effect of increasing number of monomers is limited
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to the effective conjugation length where adding more monomers will not have any further effect and
the bandgap will saturate to a certain value for all polymers longer than this length. As an example,
this number is around 9 monomers in the case of TQ1 [21].

A monomer of TQ1 has a weight of 619 g/mol and a monomer of N2200 has a weight of 990 g/mol.
Dividing the Mn of the polymer by the weight of the monomer gives an average of the number of
monomers in the polymer. For the polymers used in this study, the molecular weights, Mn, are 44000
g/mol for TQ1 and 54000 g/mol for N2200. This gives TQ1 an average length of around 79 monomers,
and N2200 an average length of about 126 monomers. But since the TQ1 and N2200 used in this
study have a PDI of 3 and 2.3, respectively, there will be a big variation among the polymer chain
length. In any case, the length of the polymer chains used in this study can be considered considerably
longer than the effective conjugation length.

The temperature of the solution containing the polymer can also affect the position of the absorption
peak maxima and the width, as shown in earlier studies [22]. The surrounding of the polymers also
plays a part in the positions and the shape of the absorption maxima since the polymers can interact
with their surroundings. Intermolecular interactions can take place between the polymers in both
solution and film; however, molecules are much denser packed in a solid film than in a dilute solution,
hence the intermolecular interaction between the molecules is expected to be more significant in a
film. This usually leads to a strong shift in the absorption peaks in the film spectrum compared to the
corresponding solution spectrum. In the case of solutions, the polymers may even interact with the
solvent making different transitions possible.

2.4 Beer-Lambert Law

The Beer-Lambert law states that one can relate the absorbance of a material containing a single
attenuating species of uniform concentration to the optical path length through the sample, the optical
attenuation of the species, and the concentration of the species. The formula expressing this is given
in equation (5).

A=¢g-l-c ®)

Where A is the absorbance, ¢, is the molar attenuation coefficient of the attenuating species, | is the
optical path length and c is the concentration of the attenuating species [23].

The Beer-Lambert law can also be used for blends where two different attenuating species are used,
provided that the species do not interact. The formula for blends is shown in equation (6).

A=¢g 'l c;+ &-lc (6)

Where &; and &, are the molar attenuation coefficient for the two different species and ¢, and c; are
the total concentration of the respective species in the solution.
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2.5 Vibrational spectra

The types of vibrations a molecule may undergo are divided into two categories: bending and
stretching vibrations. Bending vibrations change the angle between two bonds while stretching
vibrations changes the interatomic distance between two atoms along the same axis [20]. Vibrational
stretching is divided into symmetric and asymmetric stretching as seen in figure 8 a) and b), and
bending stretching is divided into four categories: twisting, scissoring, wagging, and rocking as

shown in figure 9 a) to d).
a) b)
>< ><

Symmetric stretching Asymmetric stretching
vibration vibration

Figure 8. Symmetric and asymmetric stretching vibration.
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Figure 9. Different types of bending vibrations. “+” indicates motion out of the page, indicates

motion into the page.

2.5 Atomic force microscopy

In an atomic force microscope (AFM), images of a material’s surface morphology can be obtained
by measuring atomic forces. The surface of a sample is scanned in a raster pattern by a tip attached
to a force-sensing and flexible cantilever. The sample rests on a piezoelectric tube scanner that moves
the sample under the tip during the scanning process. These movements are induced by applying
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voltage, making the piezo either contract or expand in different ways. A laser is pointed at the end of
the cantilever and reflected onto a position-sensitive deflector. The laser is part of a feedback loop
where the position of the laser will give the system information about the cantilevers position and
oscillation. The basic set up of the AFM is shown in figure 10. An AFM can be driven in three
different modes: Contact mode, non-contact mode and tapping mode. In this study, tapping mode was
used. In tapping mode, the cantilever is made to oscillate at or near its resonance frequency, this is
usually done by a piezo element that is positioned at the base of the cantilever. While scanning in
tapping mode the amplitude of the driving signal and the frequency is kept constant. As the cantilever
oscillates and the tip comes close to the surface the cantilever experience forces that lead to a change
in the amplitude of the oscillations. These changes in amplitude are used as feedback and the height
is managed such that the oscillation amplitude is kept at the constant set value. The change of the
cantilever height is then used to create the height image of the sample [20].

Laser Photodiode

Piezo

element .
Cantilever

Tip
#ﬁ samp|e

Piezoelectric
tube scanner |

Figure 10. Basic setup of an atomic force microscope

3 Experimental section

3.1 Materials

The TQ1 used in this study was synthesized by Dr Desta Gedefaw at Chalmers university and had a
weight average molecular weight (Mw) and a number average molecular weight (Mn) of 133 kg/mol
and 44 kg/mol, respectively. The N2200 used was purchased from Ossila (Great Britain) and had a
Mw and Mn of 125 kg/mol and 54 kg/mol, respectively. The molecular structures of TQ1 and N2200
are shown in figure 11 a) and b). The quartz glass substrates used were 2 mm thick squares with 25.4
mm sides and was purchased from SPI Supplies (USA). The Chloroform (analysis grade) was
purchased from Merck KGaA (Germany). The isopropanol (technical grade) was purchased from
VWR Chemicals BDH (France).
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Figure 11. Molecular structure of a) TQ1 and b) N2200

3.2 Sample preparation

3.2.1 Thin films

The quartz glass substrates were cleaned in isopropanol using an ultrasonic bath for 60 minutes
followed by ozone cleaning for 20 minutes. When being reused the substrates were cleaned with
chloroform as a first step. TQ1 and N2200 solutions with a concentration of 10 g/l were prepared in
amber glass vials, containing a stirrer bar, by mixing the pure polymer with chloroform. The solutions
were stored on a magnetic stirrer heat plate at 190 rpm and 45 degrees Celsius overnight inside a
glovebox. Polymer blends of different volume ratios (1:1, 1:2, 2:1) were mixed from the pure
solutions inside the glovebox under yellow light and was left on the same heat plate overnight. The
pure solutions and blends were spin coated onto quartz substrates to create thin films using a spin-
coater inside the glovebox. The spin coating was done by ramping up to 100 rpm for 3 seconds,
followed by going from 100 to 3000 rpm for four seconds and lastly keeping 3000 rpm for 80 seconds.
The thin films underwent degradation by being exposed to ambient air and simulated sunlight (AM
1.5) using a solar simulator with an intensity of 1000W/m? that was calibrated using a silicon
photodiode reference cell. The thin films were kept inside the glovebox when not being measured or
undergoing degradation.

3.2.2 Solutions

The diluted solutions where prepared by a two-step process. First, 1980 ul of chloroform and 20 pl
of the undiluted 10 g/l solution were added to an empty vial. Then, 600 pl of the newly diluted solution
were mixed with 2400 pl of chloroform to obtain a diluted solution with the concentration of 0.02 g/I.
The calculations for this process can be seen in equations (7) to (11).

13



CiVi = Cka (7)

10 ug/ul-20 ul = ¢, - 2000 pl (8)

c, = 0.1pg/ul )
0.1pg/ul-600 pl = c5 3000 ul (10)

c3 =0.02pg/ul =0.02g/1 (12)

c; = concentration before dilution cx = concentration after dilution
V; = volume before dilution Vi, = volume after dilution

A concentration of 0.02 g/l was chosen after some testing since the absorbance value of that
concentration was between 0 and 1 a.u. when being measured by UV-vis spectroscopy.

3.3 Instruments

The UV-vis spectrometer used was a Cary 5000 UV-Vis-NIR spectrophotometer from Agilent
Technologies (USA) and the software was Cary WinUV 6.1. For thin film measurements a diffuse
reflectance accessory (DRA) was also used.

The solar simulator used was a Sol2A model 94022A and the silicon photodiode reference cell used
was of model 91150V, both from Oriel Instruments (USA).

The atomic force microscope was a Veeco DI Innova Atomic Force Microscope from Bruker (USA)
and the tip used was from Olympus (Japan) with a resonance frequency of 300 Hz. The software used
was Nanoscope 9.2. For AFM image analysis the software used was SPIP and Gwyddion.

3.4 Sample characterisation

3.4.1 Thin films

The absorption spectra of the unexposed thin films of the polymers and polymer blends spin coated
on quartz substrates were measured in a wavelength range of 300 to 850 nm and with a 1 nm step size
using a UV-vis spectrometer with the diffuse reflection accessory (DRA). The spectra of the films
were measured again after degradation by simulated sunlight and ambient air. This was repeated with
degradation times of 2, 5, 10, 20, 30 and 45 hours. A clear quartz glass substrate was used as a baseline
reference when measuring the absorbance. A control sample of TQ1 and N2200 thin films was also
prepared and measured before and after 47 hours of degradation, to check for reproducibility of the
results.
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3.4.2 Solutions

Pure polymer solutions and blend solutions were diluted in two steps to a concentration of 0.02 g/l
using chloroform and put into glass cuvettes. The solutions were measured in a wavelength range of
300 to 900 nm and with a 1 nm step size using a UV-vis spectrometer using a cuvette sample holder.
A baseline absorption spectrum was measured using a cuvette with pure chloroform and then the
absorption spectra for pure solution and blends were measured.

3.4.3 Atomic force microscopy

Height images of the films’ surface were obtained using an AFM before and after 45 hours of
degradation. The images were measured with a resolution of 512 lines per image with a 2 x 2
micrometre scan area and with a scan rate of under 0.5 Hz. Since the piezoelectric tube scanner
surface is magnetic, a small circular metal plate was attached using double sided adhesive tabs under
every film to ensure that the film stayed in place during the scanning process.

4 Results

4.1 UV-vis absorption spectra

4.1.1 Thin films

The UV-vis absorption spectra obtained from TQ1, N2200 and blend films during different stages of
degradation are shown in figure 12 and 13.

The spectrum of the non-degraded TQ1 film in figure 12 a) shows two characteristic bands, one with
maximum at 622 nm and one with maximum at 360 nm. These bands have been reported in previous
works [24, 25]. The peak at 360 nm is a result of the n—nt* electron transition in the conjugated
backbone meaning that electrons of a pi bond get excited to an anti-pi bond. The peak at 622 nm is
the result of a transition between HOMO and LUMO (the lowest energy transition), and has a strong
intramolecular charge transfer (ICT) character, because a large fraction of an electronic charge is
transferred to one region of the molecule to another (donor moiety to acceptor moiety) [26]. A gradual
decrease of absorbance with increasing exposure time to simulated sunlight in air was observed, with
a total decrease of the 622 nm peak by 32% after 45 hours of exposure. The peak also underwent a
blueshift to 600 nm after 45 hours of degradation.

The spectrum of non-degraded N2200 in figure 12 b) shows two absorption bands, one at 390 nm and
one at 700 nm. These bands are a result of a m—mrt* electron transition and the HOMO-LUMO transition
with strong ICT character, respectively [27]. A gradual decrease of absorbance with increasing
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exposure time to light in air was observed. After 45 hours of degradation the intensity of the peak at
700 nm decreased by 12% and the peak underwent a blueshift to 695 nm.

In figure 13 a) the absorption spectra of the TQ1:N2200 1:1 blend film is shown. The two absorption
bands of the non-degraded blend film are located at 370 nm and 635 nm. After 45 hours of
photodegradation the intensity of the 635 nm peak decreased by 34%.

Figure 13 b) shows the absorption spectra of the TQ1:N2200 1:2 film. The peaks are located at 377
nm and 641 nm. After 45 hours of degradation the peak at 641 nm decreased in intensity by 27.5%.

The absorption spectra of the TQ1:N2200 2:1 film is shown in figure 13 c) and has its peaks at 367
nm and 632 nm. The intensity of the peak located at 632 nm decreased by 40% after 45 hours of
degradation.

Figure 14 shows the change in normalized absorbance with respect to the degradation time. From the
figure it can be determined that TQ1 photodegrades faster than N2200. It can also be determined that
the TQ1:N2200 film with a 1:2 volume ratio was the most stable to photodegradation among the
blend films.

Figure 15 shows the change in normalized absorbance with respect to the degradation time for the
high energy peaks. The high energy peaks follow the same pattern of degradation as the normalised
degradation of the low energy peaks. For the high energy peak, N2200 had the lowest total
degradation after 45 hours at 7%, the 1:2 blend had the second lowest at 12%, TQ1 had the third
lowest at 17%, 1:1 had the fourth lowest at 17.5% and 2:1 had the highest degradation at 24%. The
TQ1 high energy peak underwent a slight blueshift from 361 nm to 357 nm. The N2200 peak
underwent a small blueshift from 393 nm to 390 nm. The 1:1 blend peak did not shift position and
remained at 370 nm. The 1:2 blend peak underwent a redshift from 377 nm to 382 nm and the 2:1
blend peak underwent a slight blueshift from 367 nm to 364 nm.

A second set of TQ1 and N2200 films was made, and its absorption spectra was measured before and
after 47 hours of photodegradation. The absorption spectra are shown in figure 16.
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Figure 12. UV-vis absorption spectra of a) TQ1 thin film and b) N2200 thin film for different times
of photodegradation in ambient air.
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Figure 13. UV-vis absorption spectra of polymer blend thin films of ratio a) 1:1, b) 1:2 and c) 2:1
for different times of degradation.
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Figure 16. Absorption spectra of second set of TQ1 and N2200 films, undegraded and degraded (47

hours).

4.1.2 Solution spectra

Figure 17 shows the measured value of the absorbance of TQ1, N2200 and TQ1:N2200 blend
solutions with different ratios. Figure 18 shows the calculated expected values of the blends’
absorbance according to the Beer-Lambert law. The calculated values were obtained using fractions
of the polymers in accordance with the volume ratio and the measured absorbance of TQ1 and N2200
(see equations (12) to (14)). By comparing the measured result with the calculated results in figure
18, one can determine that the solutions follow the linearity of the Beer-Lambert law.

1 1

Apq = EATQI + EAszoo
1 2

Aip = gATQ1 + gAszoo

2 1
Ay = gATQ1 + gAszoo

Argq1 = absorbance of TQ1 at specific wavelength

Apn2200 = absorbance of N2200 at specific wavelength

20

(12)
(13)

(14)
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4.1.3 Comparison of solutions and thin films

The spectra of undegraded TQ1 and N2200 thin films and solutions is shown in figure 19. The peak
position and full width at half maximum (FWHM) of the low energy peaks of the TQ1 and N2200
undegraded solutions, and of the TQ1 and N2200 films at different stages of degradation are shown
in table 1 and 2. The FWHM for TQ1 was calculated with the base set to 0.046 a.u. This value was
chosen since the absorbance saturates at 0.046 a.u. (instead of zero) when going to longer wavelength,
as seen in figure 12 a). The FWHM for N2200 was measured in the spectra as they are, without any
correction since the graphs do not approach any constant value when entering the IR part of the
electromagnetic spectrum.
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Figure 19. TQ1 film and solution absorption spectra (a) and N2200 film and solution absorption
spectra (b).
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Table 1. FWHM and peak position of TQ1 film for different stages of degradation and undegraded
TQL1 solution. (low energy peaks).

TQ1 Solution Oh 2h 5h 10h 20h 30h 45h
Peak position (nm) 619 622 619 618 617 610 605 600
FWHM (nm) 118 128 130 132 132 135 139 143

Table 2. FWHM and peak position of N2200 film for different stages of degradation and undegraded
N2200 solution. (low energy peaks).

N2200 Solution Oh 2h 5h 10h 20h 30h 45h
Peak position (nm) 704 700 699 698 697 696 696 695
FWHM (nm) 162 194 195 195 195 199 200 203

4.2 Atomic force microscopy

Height images of the surfaces of undegraded and degraded TQ1 and N2200 films are shown in figure
20. Figure 20 a) shows the surface of undegraded TQ1, b) shows TQ1 after 45 hours of degradation,
c) shows undegraded N2200 and d) shows N2200 after 45 hours of degradation. Figure 21 a), c¢) and
e) show the surfaces of the undegraded 1:1, 1:2 and 2:1 blend films, respectively. Figure 21 b), d) and
f) show the surfaces of the 1:1, 1:2 and 2:1 blend films that were degraded for 45 hours. The N2200
film surface shows a very different morphology then the TQ1 film surface, where the N2200 film
surface has a fibril-textured morphology and the TQ1 film surface has a more amorphous and bumpier
morphology. All images are 2 x 2 micrometres in size.

Figures 22 a) to e) show profiles of the undegraded and degraded films and table 3 shows the Root
Mean Square (RMS) roughness of the undegraded and degraded films. The profiles were measured
in a horizontal direction at random locations of the images. The roughness was measured from a 1 by
1 micrometre area of each image. By studying the images, the profiles in figure 22, and the roughness
values from table 3 it can be determined that the surfaces show changes before and after degradation.
In the case of TQ1, several high spots that had a height of over 2 nm disappeared after degradation
and the film seems to be flatter overall with lower roughness. The 1:1 and 1:2 polymer blend films
also obtained a lower roughness and became flatter, while the N2200 and the 2:1 polymer blend films
obtained higher roughness.
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Figure 20. AFM images of a) TQ1 film at 0 hours of degradation, b) TQ1 at 45 hours of degradation,
c¢) N2200 at 0 hours of degradation and d) N2200 at 45 hours of degradation. The bar represents 500
nm.
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Figure 21. AFM images of TQ1:N2200 blend films, a) shows 1:1 at 0 hours of degradation, b) 1:1 at
45 hours of degradation, c) 1:2 at 0 hours of degradation, d) 1:2 at 45 hours or degradation, e) 2:1
at 0 hours of degradation, and f) shows 2:1 at 45 hours of degradation. The bar represents 500 nm.
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Figure 22. Line profiles at random positions, obtained from AFM images of the film surfaces before
and after 45 hours of degradation.

Table 3. RMS roughness, measured on a 1 x 1 micrometre area, of thin film surfaces before and after

45 hours of degradation.

RMS roughness (pm) TQ1 N2200 1:1 1:2 2:1
Undegraded 499 613 426 520 315
Degraded 316 670 345 467 381
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5 Discussion

5.1 UV-vis spectroscopy of thin films

5.1.1 Low energy peaks

The changes observed in the UV-vis absorption spectra of thin films of the pure polymers upon
exposure to simulated sunlight in air show that TQ1 films photobleach faster than N2200 films. From
this we can conclude that TQ1 is more sensitive to photodegradation than N2200. This does not,
however, correspond with previous work where it was found that N2200 films were more sensitive
to photodegradation than TQ1 [28]. Possible reasons for this could be that the molecular weight (Mn
and Mw) of the N2200 used in this work differs from that in the previous work. In this experiment
the PDI for N2200 was 2.3 with a Mw of 125kg/mol, while the PDI in the previous work was 4, with
a Mw of 192kg/mol. It is possible that the lower and narrower distribution of molecular weights in
this work resulted in a better and more homogeneous packing of the N2200 molecules in the thin
films, which in turn contributes to a lower sensitivity to photodegradation, compared with the
previous work. It is however unlikely that this on its own could explain the big difference in
degradation rate of N2200. Neither could this explain the difference in the degradation of TQ1 films
(faster degradation in this work compared to previous work) since the same batch of TQ1 was used
in both studies.

Because of this contradiction between the studies, a second set of TQ1 and N2200 films was made,
and measured by absorption spectroscopy, degraded for 47 hours, and then measured again. The new
result corresponds very well with the first results obtained in this study. The graphs before and after
degradation are shown in figure 16 for both films. The low energy peaks of the films, which were
degraded for 47 hours, lost 12.3% and 35.5% of the initial absorbance for N2200 and TQl1,
respectively. Comparing these results, with the loss of 12% absorbance for N2200 and 32%
absorbance for TQ1 obtained in the first measurement, show that the two results are in very good
agreement. One can also see from the absorbance maxima in figure 16 that the N2200 film for the
new measurement is nearly twice as thick as the N2200 film used in the first measurement. This larger
film thickness closely corresponds to that used in the earlier study [28], and thus one can draw the
conclusion that the thickness of the thin film does not have a large effect on the rate of
photodegradation. In conclusion, while the molecular weight distribution can play a role, the complete
explanation for the differences between the obtained results in this study and the ones reported in the
earlier study remain currently unknown.

5.1.2 High energy peaks

How the different high energy peaks shift in the blend spectra shown in figure 13 is expected and can
be explained by the shift, degradation rate and position of the pure polymer high energy peaks in
figure 12. Since the N2200 contribution to the blend peaks degrades slower and is positioned at 393
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nm and the TQ1 contribution degrades faster and is positioned at 360 nm, the redshift of the 1:2 blend
absorption peak and the blueshift for the 2:1 blend absorption peak is expected. In the case of the 1:1
blend absorption peak, even though no shift of the peak maximum occurs, one can see a broadening
of the peak towards longer wavelengths due to the strong contributions of the N2200 absorbance. As
previously mentioned, the high energy peaks of TQ1 and N2200 are a result of n—m* electron
transitions. It is also worth noting that the high energy peaks follow the same pattern of degradation
as the low energy peaks with regard to which film degraded faster or slower.

5.2 UV-vis spectroscopy of solutions

Following the Beer-Lambert law for absorption spectroscopy of solutions, the absorbance of the
blends, given in in equations (6), should be equal to the absorbance of TQ1 and to that of N2200 for
the wavelengths where TQ1 and N2200 have the same absorbance. This means that the absorbance
of the pure polymer and blend solutions at these particular wavelengths should coincide. However,
this is not the case, as seen in figure 17. This is most likely due to a slight deviation from the desired
concentration that occurred during the dilution process. This easily happens when a volatile solvent
like chloroform is used. If we correct for this deviation in concentration theoretically, calculated
absorption spectra for the blends can be obtained that more correctly fit the expected outcome. Figure
23 shows the result of increasing the concentration of the blend of ratio 1:1 by 3.7% and decreasing
the concentration of the blends of ratios 1:2 and 2:1 by 1.7% and 16%, respectively. As an example,
the deviation of the concentration for the 2:1 blend, that resulted in an absorbance that was 16%
higher than the expected absorbance, could be the result of adding 23 pl of solution instead of 20 pl
in the first step of the dilution, or alternatively, that around 90 ul of solvent evaporated when the
undiluted solution was kept on the magnetic stirrer heat plate, or that the amount chloroform added
during the dilution was not exact. It is more likely to be a combination of these things than any single
one on its own. The result of these corrections in concentration together with the calculated values
for the blend spectra are seen in figure 24. It is also worth noting that concentration variations could
have appeared in the diluted solutions of pure N2200 and TQL1.

The correct way of calculating the expected absorbance of the polymer blends is complicated. In this
experiment it was calculated by using a factor corresponding to the volume ratio used for each
polymer. However, this method does not give a perfect result. Since the polymers have weights
described in two different ways, Mn, and Mw, it is unclear whether the molecular weight should be
taken into account when calculating the absorbance of blends in the best way possible. Therefore, the
way it was calculated in this experiment is deemed to be a good enough approximation. It would,
however, be interesting to try to find a correct way to incorporate Mn and Mw when calculating the
expected absorption spectra of the blend films and in that way get a more accurate result.
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5.3 Comparison of thin films and solution

The spectra of the undegraded TQ1 film and the TQ1 solution are shown in figure 19. For the TQ1
film one can see that the low energy absorption peak has two contributions, one with maximum at
622 nm and one around 590 nm. Similarly, one can see that the low energy absorption peak in the
TQ1 solution spectrum has a similar shape with a contribution at 620 nm and another contribution at
around 588 nm. The similarity of the solution spectrum and film spectrum of TQ1 is surprising.

The low energy absorption peak of the N2200 film also has a slight tendency to show a similar double
contribution, with one maximum at around 700 nm and a shoulder at around 643 nm. The
contributions to the low energy peak of the N2200 solution spectrum are less obvious, and the
absorption peak appears more as one peak with a certain asymmetry.

Based on a comparison of the TQ1 spectra in figure 19 a) with the ones reported in earlier work [24]
a larger difference was expected between the TQ1 solution spectrum and the TQ1 film spectrum. In
this work the spectra are found to be nearly identical in shape. The TQ1 low energy peak is not as
broad as expected, the reason to this remains currently unknown. However, it is worth noting that the
solvent in this work differs from that of the earlier work where o-dichlorobenzene (ODCB) was used.

The FWHM values for the low energy peaks in the TQ1 and N2200 film spectra, shown in table 1,
increase with increasing time of degradation. This increase of peak width could possibly be a result
of several new, different transitions, from or to states that are being created due to the degradation of
the molecule. However, it is hard to draw any conclusions without studying the films with other
methods, such as Fourier-transform infrared spectroscopy. Furthermore, the FWHM of the low
energy peak of the TQ1 solution spectrum and the undegraded TQ1 film spectrum are closer in value
than expected (only 10 nm difference). One would expect the difference to be higher, as in the case
of the N2200 solution and the undegraded N2200 film (32 nm difference). This broadening is
expected because the number of intermolecular interactions should be much higher in a solid film
than in a solution.

5.4 Atomic force microscopy

From the AFM images it is apparent that the pristine N2200 film have a different morphology than
the pristine TQ1 film. The N2200 film has a fibril-textured morphology, while TQ1 has a more
amorphous, bumpy surface morphology. This has also been reported in earlier works [29, 30, 31]. It
has also been reported, in the case of the N2200 film, that the RMS roughness and the size of the
fibrils are affected by the solvent used [31]. A fibril-texture can also be observed in the image of the
N2200-rich 1:2 film, though not as clear as in the pristine N2200 film. The AFM images also showed
a change in RMS roughness between the undegraded and degraded films. The change in surface
structure was, however, harder do analyse with the current image quality. A higher image resolution
would be needed to obtain a better understanding of the changes of the surface morphology upon
exposure of the films to simulated sunlight in air. It is also important to take into consideration that
the condition of the tip used for scanning plays an important role in the obtained image quality. A
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sharper and cleaner tip gives a truer image of the surface. This could be a reason for a slight variation
in image quality between some of the obtained images, such as the difference of the images in figure
20 a) and b). The tip was changed a couple of times during this study.

6 Conclusion

The effect of photodegradation of polymer thin films by simulated sunlight has been studied using
UV-vis spectroscopy and atomic force microscopy. The polymers studied were the electron donor
polymer TQL, the electron accepting polymer N2200, and their blends of different volume ratios. The
linearity of the Beer-Lambert law was also confirmed for blend solutions of the same polymers. The
UV-vis spectroscopy studies have shown that N2200 is less sensitive to photodegradation than TQ1.
Among the blends, the 1:2 TQ1:N2200 blend was the least sensitive to photodegradation, while the
2:1 blend was the most sensitive.

AFM imaging showed a clear change in roughness before and after degradation for thin films. TQ1
and TQ1:N2200 blends of ratio 1:1 and 1:2 obtained a lower roughness after degradation, while
N2200 and the TQ1:N2200 blend of ratio 2:1 obtained a higher roughness.

6.1 Future work

To obtain more information about the degradation process of TQ1, N2200 and their blends there are
several interesting measurements that can be done and parameters that can be varied such as:

e More extended studies using AFM to obtain higher quality images of the surface
morphology.

e Measure the thickness of the films before and after degradation.

e Study the molecular bonds before and after degradation using Fourier-transform infrared
spectroscopy to identify which chemical changes are induced by the photodegradation.

e Measure several different batches of the same polymer (with different molecular weights) to
confirm the obtained results.

e Measure UV-vis spectroscopy with a DRA where the film is centre mounted and thus can
measure transmittance and reflection at the same time.

e Measure the degradation of polymer solutions.

e Use other solvents for solution measurements and for coating of films.

e Study the effect of pre-annealing the film before degradation.
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