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I. Introduction:

The interest in organic semiconductors has stromgtyeased over the last decade due to their
application in optoelectronic devices like orgafield effect transistofs(OFET), organic light
emitting diodes (OLED) and organic photovoltai€3P{). The first commercial launch of OPV
devices by Konarka in 2009 additionally boosted dfffert spent on this topic. Although organic
materials cannot compete with their inorganic cerparts in terms of device efficiency so fahey

are interesting as their properties can be easiigd via chemical synthesis both in small molecule
(e.g. phthalocyanind and polymeric materials (e.g. thiophene based ernads). “Bulk
heterojunction” devices, whose photoactive layersesis of a blend of electron donor (usually-a
conjugated polymer) and an electron acceptor (lysadfullerene), can be processed cost effectively
via solution based techniques like spin coatingtaioblading or roll to roll (e.g. Konarka Company)
printing. Another approach for multilayer devidgeghe vacuum evaporation of small molecules at a
commercial scale without high temperature processteps (e.g. Heliatek). Generally OPV devices
exhibit some major advantages compared to sili@set devices. These advantages are cheaper and
less energy consuming manufacturing, semi-transpgrand a variable band gap leading to different
colours making them attractive for building integchapplications. Disadvantages of OPV so far are
given by the relatively low power conversion efficty (<10%) compared to their inorganic
counterparts (~20% for crystalline silicon and 83or amorphous silicon based deviye$herefore
most of the effort spent in organic electronics feasised on the improvement of device performance
(i.e. power conversion efficiency in the case ofPRor both small molecule and polymer based
materials. Although this is still a field of intems research, it turned out that besides device
performance, the life time of organic materials emdperational conditions is a key challenge, which
has to be faced in order to allow broad commemitibri®’® Although there are effective
encapsulation methotf€ which reduce oxygen and water induced degradaftects by orders of
magnitude, their use in OPV technology is prevebtetheir tremendous costs. To make organic solar
cells competitive to established technologies, itlignsic stability of the materials constitutinget
devices has to be improved to achieve the desditthies of more than 10 ye&tsin order to meet
these requirements a more detailed knowledge ob#séc degradation mechanisms of the organic
solar devices is required. Major degradation paglswaomprise ageing of the active layer
morphology™, delamination of the different organic lay&grsorrosion of low work function metal
electrodes®? and several oxygen induced degradation pathwigeeactive layes'6. The latter are
the topic of this thesis. In principle, both compats of the active layer, i.e., polymer and fultere
are prone to oxidation. As the p-type componemeforted to be significantly less stable than the n

type constituent, the present work will concentatehe oxidation of the polymer.

Although there are many other thiophene based palymwhich show better performance in organic
photovoltaic devices poly-3-hexylthiophene (P3HT) has still, by fahet highest commercial
relevance in OPV. So far only P3HT based orgariars®lls are commercially available. It is among
the polymers with the largest data base on degeeda@nd thus serves as a model system for
degradation studi&s Moreover, it serves as a prototypical examplemagy of the most promising
polymers for organic photovoltaic applications @imtthiophene based moietidd. P3HT contains
neither vinylene bonds nor fluorene moieties andstlloes not have obvious weak points as
poly(paraphenylenvinylene)s and polyfluorenes haurderstanding of the degradation mechanisms

of P3HT will make it possible to synthesize a brgadety of new polymers with enhanced stability.

Polymers in general are prone to different degradapathways under ambient conditions. The
oxygen-induced mechanisms have the biggest praotiewance. These mechanisms comprise photo-
oxidation, thermal oxidation and decomposition kpree. These pathways are certainly also operative
in the degradation of P3HT. However, the importaoicthese mechanisms under realistic conditions
has not been determined quantitatively so far. Soroenjugated polymers, represented by P3HT,
reveal some additional features of interaction vaygen. The simultaneous exposure of P3HT to
light and oxygen leads to the degradation of devyiceperties"'**. This degradation has both
reversible and irreversible componéntsA reversible component has been characterizetighs
induced oxygen dopingvia the formation of polymer-oxygen charge transfemplex®*® whereas
the irreversible part is assigned to the destroatibthen-conjugated system in both, soluti®mand

the solid staté. In solution, the degradation is known to origidtom the production of singlet
oxygen sensitized by the polyrief* However, the mechanistic situation in the sotitesseems to
be completely different from that in solution. Evanhigh concentrations of singlet oxygen, P3HT
films are reported to remain undegratfe@hus, the mechanism has been proposed to prateeud
radical pathwa$?**% -at least under white light conditions. It has bseggested that the radical
mechanism proceeds via hydrogen abstraction aslgstea carbon of the alkyl side chiff with
subsequent formation of hydrogen peroxide and déxidaof the aromatic and alkylic system,
accompanied by crosslinkifig®and the formation of volatile speciésHowever, the origin of the
first reactive centers which triggers the reacti@mains unclear. Despite the effort spent on
understanding the degradation of P3HT in the sstiide there is still a lack of understanding of the
details of the degradation mechanism especiallyaambient factors entering the complex reaction
mechanism. Literature reporting on the quantitatinfience of illumination conditions, temperature
and atmospheric conditions is not available, algfiothese are key factors in polymer aging. Only
detailed knowledge about the nature and relevahsingle reaction steps will allow the synthesis of
materials with enhanced stability absolutely nemgssor the commercial success of organic
electronics. In order to overcome this obstacletarget deeper insights into the complex mechanism,

the influence of the mentioned environmental céodé on the photo degradation rate of P3HT is




screened in this work identifying the dominatingaton pathways under ambient conditions. As the
studies require the rigorous control of environraémionditions, a setup for polymer degradation
under defined, online monitored conditions was troieged first. This will be presented in section Il
Subsequently single ambient parameters (e.g. htyrfidim 0% t0100% relative humidity, oxygen
partial pressure from 1mbar to 8000 mbar) and tledévance for the material aging are screenet firs
by UV/VIS spectroscopy. Doing so, the dominatinghpaays in the overall degradation process are
identified. Herein UV/VIS absorption spectroscapyemployed as the polymer strongly absorbs in
the visible range, and this type of spectroscopy loa easily adapted to the online tracing of the
degradation process under different conditionsladt UV/VIS spectroscopy is directly probing the

properties oft-conjugated system which are of major importance.

After the screening, defined limiting cases areestigated using different spectroscopic techniques
(FTIR, PL, PES) revealing a deeper insight into deeomposition process and the contribution of
single degradation steps (section Ill). Here FTdRised to probe bulk chemical properties during the
degradation process especially by using isotofieliag techniques. Photoelectron spectroscopy with
its high surface sensitivity is employed to stulg themical processes near the surface compared to
those in the bulk. Furthermore, photoelectron specbpy gives insights into the electronic struetur

of the organic semiconductor.

The consequences of degradation for the materigiepties like the electronic structure (e.g. doping
by oxygen), photo physical behaviour (quenchingex¢ited polymer states) or chemical reactions
(disruption of ther-conjugated system and the polymer backbone) wilatdressed together with
their respective relation in section Ill. Furthemmothe presence of reversible and irreversiblegery
effects together with their occurrence on the tiraés of the complete degradation process is
illustrated in section Ill. The observed reactioimetics of thern-conjugated system during the
decomposition process are approached by a numeiicalation dealing with basic photochemical

considerations (Lambert Beer Absorption, polymeictiragmentation, mobility of reactive centres).

In order to be able to draw a most complete pictifirthe degradation process from initial reversible
effects to latest irreversible effects the resuate discussed altogether in section IV. Finally a

degradation process is proposed there.

Il Theory and fundamentals

1.1 Interaction of electromagnetic radiation with matter

If electromagnetic radiation hits matter there gmee possibilities of interaction: Transmissior), (T
reflection (R) and absorption (A). Absorption acetsufor a loss of intensity due to the excitatidn o

matter to a higher energy level. The loss of intgns described by the Lambert Beer law:
[(A)=1,()L0 D= Eq.1

The intensity decreases exponentially, with theoegpt containing the wavelength dependent molar
absorption coefficient()), the concentration ¢ and the path length x thnotiye matter. The
spectroscopic measurement is done by wavelengtivess comparison of the intensity before and

after passing the matter. This is written as atzwb

E(1) = Iog% =g(A)ex Eq.2

Depending on the used wavelength, excitation thidrigotational, vibrational or electronic states is
possible. Using radiation of higher energy e.g.pde®/ or X-ray radiation, electrons can be even

shifted above the vacuum level.

The sum of transmitted, reflected and adsorbeditieequals the incident intensity |

T+R+A=1 Eq.3
IT IR IA

where T=— R=—/ A=—+- Eq. 4
lo I lo
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1.2 UV/IVIS Spectroscopy

Using light of the ultraviolet or visible regionrfexcitation, spectroscopic transitions from a eitic
ground statesgto a higher energy final statS can be obtained and evaluated according to the

Lambert-Beer law. In this notation S means a singtate, while the superscript describes the
vibrational state and the subscript the numberhef e¢lectronic state, starting with zero from the
ground state. After excitation to this level sevgmamary steps of relaxation are possible. These a

shown inTab. 1

Tab. 1: possible primary steps after absorption o& photon.

Primary step Explanation

ic

Thermal equilibration (TE) Relaxation to the vilioatl ground state of the respective electrgn
state by energy transfer to the environment

Fluorescence (F) Emission of radiation, in orgamiclecules usually the transitid
S

Intersystem crossing (ISC)  Transition between twstesns of different spin multiplicity, in
organic molecules usually froﬁfto a triplet statel,"

=]

Internal conversion (IC) | (Radiationless) transition frorBto S

Photochemical steps (PS) The absorbed energy caselefor activation of chemical reactions

Phosphorescence (P) Radiative transition betweerstates of different spin multiplicity,
e.g., the transitio,” - S

Energy transfer (ET) Transfer of energy between thoomophores, by, e.g., Forster
transfer.

For each process a quantum efficiencgam be defined:

q = EqQ. 5

z ‘Az
IN
=

<)

where N is the number of absorbed photons anisNhe number of molecules undergoing process i
triggered by the absorbed photon.

1.3 Photoluminescence spectroscopy and quenchimpdnenomena

Contrary to UV/VIS absorption, photoluminescencé)(Bpectroscopy deals with the emission of

photons after the absorption process. Upon exaitaitito a higher vibronic state (e.&' ) the

molecule relaxes reaching the vibrational groumles(Sf) via thermal equilibration. The further

deactivation of the molecule is represented by redymthways, which may be both, radiative (e.g.
fluorescence and phosphorescence) and non radjateesses (e.g. Internal conversion, quenching
by other molecules, photochemical steps). The éonisspectrum is generally shifted towards lower
energies compared to the absorption spectrum duleetdact that the thermal deactivation process

directly after excitation reduces the energy offtilewing radiative transitions (Stokes shift).

The intensity of the PL is given by the producttieé emission quantum efficieno®,, and the

number of absorbed photohg, .. ,eq

PL=Qp, O ppeores 0 BT EF— PL=Q,, O, 1-10") Eq.6

using Lambert Beer's law with the absorption coefficient the concentration of the respective

species and the thickness of the illuminated pathway. The quanefficiencyQ,, is given by

— N PL
QPL - N
Absorbed Eq.7

with the number of emitted photonsNand the number of absorbed photongshhes Whereas the

latter one is easily accessible via the incidentnsity and the absorption spectrum of the

corresponding sample the number of emitted photitkally depends on the rate constants of

primary steps after excitation. The deactivatioexdited states can be expressed as
dNExciled = _k D\l mt D meﬁm‘l g NExciled = NExcited (0) E_kl

Excited

Eq.8

With k being the decay constant representing the aluall rate constants of all decay channels

Fluorescerce + klnterSyslmCrossmg + k

k=Y k() OF - k

Internalconversion®***** "ttt e Eq.9

Therefore the quantum efficiency of photolumineseebecomes:




kPL [ N ited kPL
= excite = = k D—
MRS YGRS YO R

Eq.10

with the natural lifetime given by:

7=

1
k()

Upon the presence of quenching sites the photoksoence is reduced due to the presence of

additional decay pathways of the excited statediriglthe reduced quantum efficiency, in the case of

homogeneously distributed quenching sites of tmesitleN ¢,

— I(F’L
QQuench - zk(l) +k

Eq.11
ENQuench

'Quench

Comparing the photoluminescence quantum efficieincyabsence () and presence (.nc) of

guenching phenomena yields the Stern Volmer equatio

k(i)-'-kuenclj\l uencl
QLM oMo

= : 0 0 - 1+ K, [N
QQuench Zk(l)

= 1+ kQuenchENQuench

Quench Eq.12

with Ksy representing the Stern Volmer constant. Under rmxeatal conditions the
photoluminescence intensities are used to desthiphotoluminescence quenching in presence of a

guenching site PQ according to:

Pl
PQ= % — 1= Kgy Noyenen Eq. 13

PIQuench

Therefore the density of quenching sites can beutated, if both the natural lifetimeand the rate

constant of the quenching proceks,,,.,are known.

1.4 Fourier Transform Infrared Spectroscopy (FTIR)

Absorption of light in the infrared region can letthe excitation of the molecule into a higher
rotational-vibrational state which is typically erpsed in terms of the Lambert-Beer law. The
vibration modes strongly depend on the chemicalreatf the molecule which makes IR spectroscopy
a suitable tool to identify chemical functions inspecific molecule. The number of molecular

vibrations is given for non-/linear molecules acliog to:
F = 3N-5 and F = 3N-6, respectively. Eq.14

However, of these vibrational modes only those @bserved in FTIR spectroscopy, which are
associated with a changing dipole moment. In & figproximation the frequency of a molecular
vibration can be described assuming a harmonicllatsei and a 2-atomic molecule. Then the

frequency is given by the respective Eigen-freqyenc

1k Eq.15

_ZT,U

with k being the force constant of the correspogdiitoration. The reduced mass p of the two atoms

with mass m1 and m2 participating in the vibrat®nalculated according to:

y=—m Eq.16
m, +m,

Eq.16 reveals that FTIR spectroscopy is sensitviedtopic labelling. Therefore FTIR can be used to
investigate whether a specific atom of a certaidemde participates in a chemical process or not.
Changing the reduced mass by using isotopic ladpetirerefore leads to shifts of the molecular

vibrationsu,, to the new frequency,,, according to:

U =V H|—= Eq.17

The expected factors for the spectral shifts adngrtb Eq. 17 are summarizedTab. 2 for different

chemical groups updfiO and deuterium labeling.




Tab. 2: Scaling factors for spectral FTIR featuresupon isotopic labeling according to Eq.17.

Chemical group Exchanged Isotope \/E
He
C-O or C=0 oxygen by*®Oxygen 0.976
OH Hydrogen by Deuterium 0.728
OH ¥Oxygen by®Oxygen 0.993
CH Hydrogen by Deuterium 0.738

In order to unambiguously state about chemical ispeghich show overlapping bands in the FTIR
(e.g. different carbonyl functions with similar éer constants) chemical derivatization of sample can

be employed to identify the detailed chemical retfrthese groups.

Although it is possible to assign the observed Fii#Rds to certain functional groups e.g. carbonyls
or hydroxyls due to their spectral position, theigisment to specific chemical structures (e.g. heso

or esters) is not easily accessible as the fregeemight depend on the surrounding matrix and
corresponding interactions. Therefore chemicalvd¢éidation experiments can be employed to probe
single chemical species in polymer degradation. démévatization agents used in this thesis and the

expected products are presented in Tab.3.

Exposure to water vapor is a sensitive test toptiesence of anhydrides, which decompose to form
acids. In the presence of anhydrides, the expdsusater vapor should therefore lead to a substianti

increase in the hydroxyl range and spectral shiftee carbonyl range.

Derivatization with ammonia can be used to idenéifyy kind of acidic hydroxyl function, which
becomes evident from a substantial loss in thedyydrange and simultaneous occurrence of a new
carbonyl signal both originating from the deprotiora of the acid leading to RCORH,".
Furthermore ammonia may react with anhydrides atel®to form amide functions. In this case, the
carbonyl band shifts to lower wave numbers duehi formation of an amide C=O function.
Simultaneously, the hydroxyl region experiencesaekd absorption due to the formation of alcohols

or acids.

Trifluoroaceticanhydride (TFAA) is a strong estieation agent and can be used to identify alcoholic
functions*"?%. Upon exposure to TFAA, the alcohol functions teaccording to Tab.3 forming a

TFA-ester, whose carbonyl signal is located atltlgh wave number side of the carbonyl region.
Furthermore, due to the decomposition of the altdtmoction, the hydroxyl range experiences a

significant loss of absorbance. The remaining TEEAl das a clearly different absorbance spectrum

than the created est&rand shows a high vapor pressure of 150 hPa. Tareréfis rather unlikely

that the TFA acid remains at the surface.

Heating of photo-degraded samples under vacuumittmm@hould lead to the desorption of adsorbed
water and to the decomposition of hydroperoxidesvéler it has to be kept in mind that any reaction

product with an equal or higher vapor pressure tiater will also desorb from the surface.

Tab.3 Overview about chemical derivatization agentsprobed groups and the corresponding chemical
reactions

Derivatization Probed groups | Reaction scheme
Agent
Water Anhydrides RCCO)O(CO)R+ H,0 —~ RCOOH+RCOOH
NH, Acids, RCOOH+ NH, -~ RCOO +NH,"
Esters
RCOOR+ NH, —~ RCONH, + R-OH
Anhydrides
RICO)O(CO)R+ NH, — RCONH, + RCOOH
TFAA Alcohols CF,(CO) O(CO)CF, + ROH - CF,COOR+ CF,COOH

10




I.5 Photoelectron Spectroscopy (XPS/UPS)

The basic concept of photoelectron spectroscoppdsphoto electric effect discovered by Hertz.
Electrons are removed from matter by energeticstiiifting them above the vacuum level using an
external excitation source with defined energy. sSehelectrons have, due to their chemical and
physical state in matter, a specific kinetic eneafter leaving the matter. This kinetic energy is
analyzed and the number of electrons is counteel Kiffetic energy is converted to the binding energy
Es scale, with the origin referred to the Fermi le®! for condensed matter. As sample and
spectrometer are in electrical contact the FermglieE: of both align. Therefore the surface work

function of the spectrometep has to be considered in the calculation of thelibo energy

spectromedr

according to:

EB = Eexcilalion - Ekin - (Dspeclromtm Eq'18

Using ultra violet for excitation radiation (typibaHe | radiation with 21.21 eV) valence states ar
probed. The sample work function is calculated gighre binding energy of the secondary cutoff of

the spectrum according to:

%ample = hVExciation - E B Cutoff EQ-lg

Higher excitation energies (typically Al KK1486.6 eV and Mg K 1253.6 eV in laboratory
environment) are used to gain information abouedewel states (e.g carbon C1s). The binding
energy position of the core level signals is gil®nthe respective element and modified by the
effective charge distribution around the emittiigna (chemical shift). If electron density is remdve
by neighbour atoms due to higher electron neggtitite result is a shift to higher binding energies
The fine structure of the signal is given by spibibinteraction of electrons; therefore a signah c
consist of a singlet or a doublet feature with wedi intensity ratio. Furthermore a fine structurym
originate from spin-spin interaction between theted photoelectron and unpaired electrons. This
makes XPS a powerful method to quantitatively fidgnhe sample composition in terms of element
distributions, and their respective oxidation state

In order to calculate the relative elemental raifothe sample, the integrated intensities of the
photoemission signals have to be calculated by:

I =1 CAINOA &

X-ray Eq.20

11

with the primary photon fluk the excited sample area A, the emitter densjtth mean free

X-ray !
path lengthi and the ionization cross sectian for the respective element and orbital under
consideration. Assuming a constant mean free eatjtt), the elemental ratio of the two elements is
then given by:

N@ _1QLo@) Eq.21

N@ 1O
Although the penetration depth of the incident atidn is certainly in the micron range, PES is a
strongly surface sensitive method due to the faat the emitted photoelectrons experience energy
losses on their way to the surface originating fintaractions with the surrounding matter. The mea
free path length of photoelectrons in organic matter can be appnased by:

Ay =49E7 + 011EY’[mg/ ] Eq.22

with E being the kinetic energy of photoelectrorepehding on the primary energy. In order to
estimate) for a certain material, the corresponding denisity to be considered resultinghin= 2-3
nm in organic materials (e.g. carbon Cls and s@fp signal) using typical laboratory X-ray sosrce
like Al Ka or Mg Ka radiation and assuming a closed layer. Thereftire, information depth

D=3[A , representing 95% of all electrons leaving the dariglimited roughly to the first 10 nm

below the surface. In order to perform PES spectimg with varying information depth the energy of
the primary excitation can be tuned, which requiegzess to synchrotron facilities. Another
possibility to enhance the surface sensitivityhie laboratory is to vary the polar angle P betwaen

sample surface normal and the analyzer axis asatedl in Fig.1:

Fig.1 Left: Information depth D(0) of PES for an pdar angle of 0° (normal emission); right: Reduced
information depth D(P) for an polar angle P.
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For larger polar angles, the effective distancectviphotoelectrons have to overcome to reach the

sample surface increases. Therefore, the informaképth D is reduced according to:

D(P) =D(0) [cosP) Eq.23

Besides the primary photoelectron signals, sesatallite structures may appear in the PES spectrum
Excitation with non monochromatic X-ray radiatiey( Al Ka with Al KB) leads to the occurrence of
satellite structures in defined energetic distatwethe main PES signal, characteristic for the
separation between the primary X-ray lines. Endogg satellites located at higher binding energies
originate from the possible excitation of distiti@nsitions (e.g. plasmons, HOMO-LUMO) by the
photoelectron on its way to the surface.
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1.6 Poly-3-hexylthiophene (P3HT) properties

Poly-3-hexylthiophene is a widely employed semiagriithg polymeric material consisting of hexyl-
substituted thiophene monomers. According to theymmetrical substitution of the monomers,
several different possibilities for polymeric isorm@rise upon coupling (2,2 head-to-head or 5|5 tai
to-tail or 2,5 head-to-tail couplin) A quantitative number for the occurrence of difet coupling
regimes within the polymer is the regio-regulanithhich can be obtained by nuclear magnetic
resonance spectroscopy (NMR)Regio-regularity denotes the percentage of sigmehsity of the
isomer under consideration within the complete &y signal. For example, a value of 97% regio-
regularity represents a polymer with 97% of albgtiene units coupled with the same geometry (e.g.
head tail). A high degree of regio-regularity isnefcial for the coplanar alignment of the polymer
strand, enabling efficient overlap of theorbitals. The substitution with alkyl side chaistsongly
increases the solubility of the polymer in commaivents and influences both morphological and
electronic properties of the material. The regigatarity strongly affects the materials propersesh

as the spectral position of the absorption in tieble range, the conductivity, the photophysical
properties and the morphology in the solid std&. 2 shows the monomeric unit of the 2,5- poly3-

hexyl-thiophene used in this work.

wiyty)

Fig. 2 Structure of the region-regular 2,5-poly-3-lexyl-thiophene. The connecting ring positions are

labeled with 2 and 5.

Whereas regio-regular P3HT absorbs in the visibfgon of the electromagnetic spectrum with the
absorption maximum located between 520 and 55Qtmen;egio-random polymer absorbs at roughly
440 nm due to the fact that the effective conjugatength is smaller. Furthermore, the regio-regula
isomer shows a strongly structured absorption spexcin the solid state with the vibronic bands
located at roughly 520 nm, 554 nm and 610 nm. Tiheowic sub-bands at 554 nm and 610 nm are
strongly affected by interchain interactions, whiatturn depend on the crystallinity of the polymer

film®*
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Fig. 3 Absorption spectra of P3HT thin films. Panela: Absorption spectrum of regio-regular P3HT with
transitions at 520 nm (1), 554nm (2) and 610 nm (3Panel b: Absorption spectrum of regio-random P3HT

The film morphology and therefore the spectral shap the regio-regular spectrum is strongly
dependent on both the preparation conditions amdntél annealing steps after the thin film
application. As a consequence the absolute absorptiaximum is located at 520 nm in rather
amorphous films whereas it is located at 554 nmane crystalline films. It will be shown in section
11.2.2.6 that the photochemical stability does sighificantly depend on the degree of crystallirityd
that the both the kinetic evaluation of the 520randand of the 554 nm show the same results.
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1.7 Reaction pathways in polymer oxidation

Organic polymeric materials are prone to deterioratipon exposure to ambient conditions. Different
degradation pathways have been described in literavith the dominating decomposition process
depending on the type of polymer and the ambienditions, such as the oxygen partial pressure, the
light level, ambient temperature and humidity. he tfollowing, the limiting cases of oxidative

degradation pathways discussed in literature eilsbortly reviewed.

Radical induced photo oxidation

The photo-induced oxidation of polymeric materiaich as PE, PET, PP and PMMA, which are
highly transparent in the visible range and onlgaab in the near UV range below 320 nm, has been
widely investigated over the last decades. Thierédt was mainly motivated by the tremendous
commercial relevance of these materials. The ddmigaphoto-degradation pathway of these
materials has been shown to be a radical chain anésin(Scheme }, initiated by a polymer radical
with subsequent formation of hydroperoxides and ftirenation of carbonyl products via oxygen
uptake®. Both of these species are known to be photo-ataiyiactive upon UV irradiation, leading
to chain scission of the polymer backbone. Besptesto-induced reactions also thermally induced
reactions can occur, however they seem to playrmmible at ambient temperatures. The nature of
the initiating radical is commonly discussed innterof intrinsic defects or impurities due to the
synthesis and application proceddfe Neverthless, the primary photochemical step leado the

very first reactive centers remains unclear in meases.

Scheme 1: Kinetic scheme of polymer degradation by radical chain mechanism (adopted from Audouin
et al®®. (1) Initiaion process via radical generation, 2) and (3) chain propagation via
peroxides/hydroperoxides, (4) and (5) terminationteps via radical recombination.

@ PO¥-Pe.

(2) P++°0, O - PO,

(3) PO, *» +PH O - PO,H + P+
(4) P« +Pe« O - inactivespecies

(5) PO, * +PO, » O - inactive species
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In the steady state the polymer is consumed atiieé®

_dpl. ko) o))
dt (kz/ka [P) [ﬂke/kzt)os Eh302J+1 Eq.24

Singlet oxygen induced photo oxidation

Differently from classical polymers like PE or PMMArganic semiconducting materials strongly
absorb in the visible range according to their igpgibn e.g. in OLEDs and OPV. Over roughly the
last two decades their stability has been mainhgstigated in solution, revealing that the domimgti

degradation mechanism is given by the presencegbfyhreactive singlet oxygen sensitized by the

excited triplet state of the polym&raccording to Scheme 2:

Scheme 2: Kinetic scheme of polymer degradation bginglet oxygen. Groundstate of the polymer P,
excited singlet polymer statéP", excited triplet polymer state*P", groundstate oxygerfO,, singlet oxygen
'0,, generation constant G, fluoresence constant-k deactivation constant k, quenching constant 4

reaction constant k, deactivation constant k

ke 3 k,’0, ; o1 o3
Iprtc p+ Lol P+'0, % oxidation products
G k}" An 1‘:
P P ‘0,

The rate of polymer degradation by singlet oxyg8ohgeme 2) is determined by the production of
singlet oxygen in the collisional quenching of keipstates of the polymer by ground state oxygen

ﬂlO_Z] =k, [302][ﬁ3p*]— (k, OP]+ ks)[loz]El

dt Eq.25

The triplet state is formed from the singlet ex@iittate by ISC and decays both spontaneously and
due to the quenching by ground state oxygen

el o], ol k) o

dt Eq.26
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In the steady state, the concentrations of thesieah species are constant, so that the overall

degradation rate is obtained as

at Eq.27
1+ Ka [l+ kg J
ke(0, kq (B0,

Considering that the oxygen concentration in the fs given by the atmospheric pressypg, and

P\ pip, = CHsc @ . Gl

the solubility S. G is the generation rate of s#gkxcitons,@sc is the quantum yield of triplet

population from the excited singlet state of théymer, and¢ is the quantum efficiency of singlet

oxygen deactivation by chemical reaction (as opghdsedeactivation by physical deactivation). The
role of singlet oxygen in the degradationm€onjugated polymers in the solid state is stilden
debaté
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1.8 Determination of reaction rates and effectiveess of photo degradation

The reaction rate of P3HT decomposition is represkby the destruction of single thiophene rings
which can be obtained from the loss of UV/Vis absaice, AE,,,, of a P3HT film of thickness d

according to:
t dE.(T) Eq.28

Inserting a molar extinction coefficient per thieple ring® of &, (T)=10%M “cm™. This

proportionality of absorbance loss and the conesintr of destroyed thiophene rings is valid
irrespective of the degradation mechanism as longoaeth spectral shape and position of the
absorbance do not change significantly during &@etion. This is at least the case in the earlyesta

of degradation, as for chains of more than tenptigme units (n > 10) the spectral position of the
absorption maximum depends only weakly on the gatjan length®®. A true differential quantum
efficiency of the degradation process cannot bergias the nature of the absorbing species during

photo oxidation is not clear and several otherdi@cbesides light enter the reaction. However a

quantitative value for the reaction is the wavetendependent effectiveneds (1) *, yielding the
activation spectrum:
0 = dN, /dt
AT Eq.29
I incident(/]) 4

with dN, /dt being the number of destroyed thiophene ringsupitrarea and timedN,, /dt is

calculated from the decay of the absorbance dE/&54 nm and the molar absorption coefficient per
— 4 -1 -1

thiophene rin(ftr =10"M “cm according to:

dt  dt &,

N, _dE N,

Eq.30
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1.9 Oxygen diffusion coefficients determined fromfluorescence quenching of
P3HT

The sorption of oxygen into a P3HT thin film canrbenitored using the decay trace of the polymer
fluorescence F(tupon contact to oxygen leading to the partial gherg of emissive states according
to the Stern Volmer equatith
F(t=0
Fo=F8=9 -k, qo,1m+1

FO Eq.31

The time dependent oxygen concentratiog]@ here contains the desired diffusion coefinti®

according to Fick’s second law:

2
ot ox Eq.32

This equation is solved under the following boundasnditions: oxygen access is possible only from
the surface, whereas both side walls and the substeflect oxygen. Furthermore it is assumed that
the surface concentration of oxygen, @ay react delayed upon changing the partial presef

oxygen to the new value,@ccording to:

£ =1- e*ﬂl
Co Eq.33

with B being the time constant for reaching the equiliforiof oxygen concentration between C agd C
at the surface of the sample polymer. The amousbdfed oxygen in a polymer film with thickness |

is then given by:

—(2n+1)2 72Dt

- (D VA _8< e
M =2IC,|1 [,azje tar{D] nzz; anz}

@n+ 1){1— @n+1) "

Eq.34

Fitting this functiofi’ to the experimental decay trace of a polymer \ithwn thickness | yields the

diffusion coefficient D, which is the only free paneter. The influence df is negligible as the
20




experimental switching time between vacuum and reé¥mars of oxygen leads to rapid equilibration
at the surface much faster than the complete diffuprocess into the polymer film. Fig. 4 shows

how the fluorescence signal is connected to thgexsorption into the film.

[O,] = constant

Surface
P
£z
= e
5.2
=
i ; Depth d
=
A~ 3 Intensity X |
Substrate

Fig. 4 Oxygen sorption experiment for a polymer fin with thickness I. The fluorescence probe is liméd
by the penetration depth d. Oxygen access is onlyssible from the surface. The temporally and spatlly
resolved oxygen profile is given at the right handide.

The information depth d of the fluorescence sigsalimited by the penetration depth d of the
excitation beam,l(520nm) to roughly 100 nm in the case of P3HT ttuabsorption according to

Lambert Beer's law. In order to avoid artifactstbg illumination geometry the film thickness must
be I>>d. At time t = 0 the oxygen partial pressigeapplied with the full fluorescence intensity
obtained. Since | >>d, the emission remains contstatil the diffusion front reaches the probingaare

causing the fluorescence quenching FQ.
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II. Experimental section

11.1 Sample preparation

P3HT thin films (=100 nm in thickness as determirmd atomic force microscopy and optical
absorption measurements) were prepared under ambdewitions by doctor blading (Erichsen
Coatmaster 509) or spin coating on microscope sligging a 1% (w/w) solution of regio-regular
(Merck, number-average molecular weight 83 000 ¢j’meeight-average molecular weight 113 000
g mol™; RR = 95 %, 2,5 connected) and regio-random P@¥&rck), in chloroform (Uvasol, Merck).
Thicker films of several microns were prepared diap coating from a 1% solution (o-Xylene,
Merck) on microscope slides respectively Indium-Dxid (ITO) covered glass substrates. Regio
regular P3HT with deuterated alpha methylene uag purchased from the group of Prof. Dr. Ulrich
Scherf, Bergische Unversitat Wuppertal. Solventsewmibbled with nitrogen in order to get rid of
dissolved oxygen and water. Prior to polymer dejmsithe substrates were cleaned in chloroform
using an ultrasonic bath for 5 min. Thermal anmggabf the samples was performed under nitrogen
(170 °C, 30 min, M purity 5.0) in the dark. Afterwards the samplegevigansferred to the reaction
chamber in the absence of light. For combined Ug/ehd FTIR investigations Cawindows with a
thickness of 5mm (Korth GmbH) were used. These wived were cleaned in chloroform with

subsequent annealing at 600°C for 15 min underembhir.

11.2 Spectroscopic equipment

11.2.1 UV/VIS spectroscopy and absolute Photon flumeasurements

UVIVIS spectra were recorded in transmission mosiagia homemade set up containing fibre optic
spectrometers from ocean optics (Maya2000 pro &@@0P0) both with a spectral resolution of
approximately 3 nm. The time resolution was setvbet milliseconds (Maya2000pro, minimum 13
ms, PC2000, minimum 3 ms) and days, dependingenetction rate.
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Fig 5: Optical path of the Maya 2000 pro fibre optc UV/VIS spectrometer. Fibre connector (1), entrane
slit (2), filter (3), collimating mirror (4), grati ng (5), focusing mirror (6), second order filter ), CCD
array (8)®

Calibration for wavelength resolved recording of tibsolute light intensity was performed using a
calibrated (National Institute of Technology, NIS#hite light source (Ocean Optics DH Cal2000) in
the range from 200 nm to 1050 nm. Therefore arcabfibre equipped with a cosine corrector (both
Ocean Optics) was positioned directly at the sampp#tion in the reaction chamber. The opticaldibr
was connected to the calibrated Maya 2000 pro speeter. In this manner it is possible to measure
absolute, wavelength resolved photon fluxes diyeati the sample surface which are not depending
on the spectral sensitivity of the detector. Sdwehite light sources were used for recording UN8VI
spectra during this work (Mueller, 450W Xenonarce@n optics DH BAL 2000). The influence of
the spectrometer light beam on the stability of ¢tberesponding sample was checked for each light

source.
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11.2.2  Fourier transformation Infrared (FTIR) spec troscopy

FT-IR spectra were recorded using a standard Bruketex 70v spectrometer in transmission mode
with a resolution of better than 1 €niThe base pressure of this vacuum spectrometebetser than

1 mbar. Furthermore a Bruker Vertex 70 flooded wiithh nitrogen (rel.hum.< 2% at 25°C) was used.
Samples were prepared on Gafubstrates in order to allow simultaneous invasibg of FTIR
UV/VIS transmission spectroscopy. Samples werestesired from the reaction chamber to the FTIR
spectrometer with only short exposure time to amtbar in darkness (roughly 5 min) which is

negligible compared to the observed reaction nateler photo oxidative conditions.

11.2.3  Photoelectron spectroscopy (XPS/UPS)

Photoemission measurements (X-ray photoemissiootrggeopy (XPS) as well as valence band
ultraviolet photoemission spectroscopy (UPS)) waegformed using a multi-chamber UHV-system
(base pressure-0™ mbar), equipped with a Phoibos 150 cylindrical Itsmerical analyzer
(SPECS), a monochromatic AloKsource and a high flux He discharge lamp (UVS ERECS). The
energetic resolution determined from the width e Fermi edge for XPS and UPS was about 400
meV and 100 meV, respectively. The spectra weregetieally calibrated to reproduce the binding
energy (BE) of Au 4§, (84.0 eV) eV Ag3d¢. (368.3 eV) and Cu2p (923.7 eV). A gold sample was
mounted next to the investigated polymer film tatlier confirm the energy reproducibility by
recording the Au 4f, energy before every measurement. The reprodugibdf the energy
measurement determined from the recorded Au4f spéxtabout 0.05eV. The raw data were fitted
using a numerical routifé UPS measurements were performed using a He digchamp, He B

and He ly satellites were subtracted from the data. The Higlding energy cutoff of the UPS
spectrum (which reflects the work function of a péejiwas determined applying a bias voltage in the
range from -5 V and -10V to the sample. Then theebwf the cutoff was determined graphically
placing two tangents. The intercept point of thiseents is used as onset value (Fig.6). The same

procedure was used for estimating the HOMO onset.
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Fig.6 Typical high binding energy cutoff with applied 7V Bias voltage. The intercept point of the apjed
tangents yields the cutoff position 1.

I1.2.4 Photoluminescence spectroscopy and quenclgiexperiments

The diffusion coefficients of oxygen in thick filmef P3HT (7um) were determined by monitoring

the time trace of the oxygen induced fluorescenmnghing with a Spex Fluorolog 222. For this aim,
the sample was placed in the reaction chamber slithrtest time to ambient air in darkness.
Subsequently, the chamber was evacuated (totauypees1 mbar) and finally flooded with oxygen (in

less than 0.3 seconds, final pressmt.g2e=8bar). During the measurement, the sample was

continuously excited with monochromatic light at0O5Bm and the fluorescence intensity was
monitored at the maximum of the emission spectru@8 nm. Fluctuations of the light source (< 2%
of the total intensity) were corrected by using 8ignal of the reference photomultiplier of the
Fluorolog 222. The temperature of the sample wasststl using cartridge heaters attached to the
sample cell and controlled by a Ni-NiCr thermocaugirectly attached to the sample surface. Later
experiments were performed with the home made speeter which will be described in section
1.3.5.
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11.3 Construction of equipment for polymer aging:

The mechanistic investigation of chemical reactioeguires the detailed control of environmental
conditions during the chemical reaction. In theeca$ solid state polymer aging these are mainly
temperature, light intensity, spectral light distiion and atmospheric conditions. In order to
disentangle their effects on the reaction rateredélvant parameters have to be monitored and kept
constant during the complete timescale of the mactSince it is not clear how the single
environmental factors affect the chemical pathwéypolymer aging it is a useful approach to
investigate their influence step by step. Therefmeeral specialized setups were designed durisg th
work serving both, the simultaneous degradatiopobfmer samples and the spectroscopic tracing via
optical methods (UV/VIS absorption and fluoresc@nde order to easily access a broad range of
optical experiments, a CCD-based UV/VIS fibre omrectrometer (Ocean Optics Maya 2000 pro)
was chosen as described in section 11.2.1.

11.3.1 Reaction chamber and environmental control

In order to control the atmospheric conditions dgrthe degradation experiments a closed reaction
chamber (Fig. 7) with the polymer sample situatetiveen two quartz windows embedded in an
aluminum body was designed. The usage of quartdaws enables illumination experiments in the
wavelength range down to 200 nm without signifidasses of the primary irradiation intensity. The
free volume of the chamber is roughly 1 ml whicbyides fast exchange of the atmosphere through
the attached gas supply connectors on the sideist@ut gas flow using a gas mixing facility and
constant pressure in the range from" tbar to 8 bar can be both realized. The oxygenigbart
pressure was monitored by a pressure sensor (Nevpoega PAA21R-V-10, error 1%), directly
attached to the reaction chamber. The temperataserecorded with a home-made Ni/NiCr thermo
pair (DIN 43710, error 1 K) which was directly &tet sample surface using silver glue. Different
humidity levels were realised mixing dry (directipm the oxygen bottle) and wet (100% rel.hum. at
295 K) oxygen with different flow rates via a gasximg facility (Westphal WMR4000 Controller
electronic, Brooks mass flow controller). The huityidvas monitored by positioning a calibrated
sensor (Driesen & Kern company, DKRF400, 2% enmithe chamber and applying a constant flow

of humidified oxygen and/or synthetic air.
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Fig. 7 Left: 3D sketch of the reaction chamber wh sample (1), gas supply connectors (2) and connerst
for the optical bench (3), windows are not shown. iBht: 2D sketch of sample cell including quartz
windows (4) top covers for the windows are not shaw

The sensor data about humidity, temperature andsgthere in the reaction chamber were monitored
online during the reaction using automated (Natianatruments, LabView) read out electronics
specially designed for this purpose (Institutedwplorative data analysis Hamburg,SAB-S16-N12-P)

1.3.2  Setup for white light experiments

The reaction chamber and the optical path of thiet lused for degradation experiments under white
light conditions are described in Fig.8. The whigiat of a 450W Xenon high pressure lamp (Mdller
lamps/electronics) is focussed on the entrancegianh integrating sphere (Ulbricht sphere). Ptior
the integrating sphere the light passes a homehfridtred filter consisting of a quartz pipe filledth
water (10 cm optical path) in order to reduce tradrsiress on the following optical parts and the
sample. Due to the multiple diffuse reflectancehaf beam inside the sphere, the intensity profile o
the xenon arc vanishes. This produces a highly lgemeous intensity profile, which is the
prerequisite for obtaining accurate degradatiortiis. The light which leaves the integrating spher
is collimated using several quartz lenses befoneghfecussed on the sample with a focus diameter of
10 mm. After passing the sample, the transmittglot lis then collected by an optical fibre connected
to the UV/VIS spectrometer which enables continumeitoring of the degradation process. The
complete optics is based on a commercially avalabicrobench system (QIOPTIQ company). The
temperature recorded on the sample surface usNifN&Cr thermo pair revealed that the samples are

not significantly heated due to illumination (<1K).
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Fig.8 Reaction chamber, optical pathway of degradan and probe beam used during white light
degradation experiments.

The spectral power distribution of the used Xerang on the sample surface is presented in Fig. 9.
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Fig. 9 Spectral power distribution of the incomingXenon white light. The spectrum was recorded on the
sample surface position depicted in Fig.8.
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11.3.3 Setup for single wavelength experiments: Mawry arc lamp based

Degradation experiments carried out under monochtierillumination conditions were realized
using a 350 W mercury lamp (Mdller lamps/electrsniwith OSRAM HBO bulb) with attached
infrared filter (water), monochromator (Horiba Jobvon H10UV) and collimating optics consisting
of several quartz lenses. Single wavelengths whosen according to the emission lines of the
mercury arc source (313 nm, 333 nm, 369 nm, 4054@®&,nm, 547 nm). The sample was kept under
controlled atmospheric conditions using the sangelé described in section 11.3.1. UV/VIS spectra
were recorded by removing the sample cell and pipdi into an UV/VIS setup containing the
Maya2000 pro directly besides the irradiation setdigh accuracy in the sample positioning was

achieved by fixing the sample cell with severalah&tacks.

4 3

: Q
A s

Fig. 10 Setup for single degradation experiments #i monochromatic illumination: Mercury 150W lamp
(1), infrared filter (2), monochromator (3), collimating optics (4), reaction chamber with sample (5)

mounted on the micro bench system
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11.3.4 Setup for single wavelength experiments: Lilgt emitting diode based

Over the last decades monochromatic illuminatioarses in photochemistry were based on high
power Xenon or mercury lamps with attached monaoiator or interference filter. Several optics
elements are needed to achieve highly homogenenwusristribution over the light spot. Very often
high lateral homogeneity, high power and largeniiluation area are not accessible at the same time.
In order to overcome these limitations, a light timy diode (LED) based light source for
monochromatic, high power, large area and low #hshination was created, which can be easily
parallelized. Inorganic LEDs have experienced angtrenhancement over the last years which led to
the development of the so called high power LEDt wimission out puts of more than 0.3 W on an
area of 2x2 mm® in a narrow emission band of 20-40 nm half widitidl ifetimes (80% remaining
emission after more than 10000 hours). The lighire® consists of an array of single high power
LEDs (Phillips, Luxeon Rebel, emitter size ~1.5xirB") distributed on a commercially available
SMD chip (20x30 mm)
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Fig. 11 Left: LED base light source for monochromadt illumination. LEDs are attached on an SMD chip.
The chip material placed below the emitter of eaclsingle LED spot was removed to allow easy cooling
from the backside using a cooling fan. Middle: Linescan of a LED array operating at 10 V, 0.5 Ain a
distance of 4.5cm from the LED surface using the M@ 2000 pro spectrometer. Right: Time scan of the
emission at 526 nm of a green LED array, with a mempower output of 6.31 Wm? and a noise of 0.2%.

Cooling of the LED array is typically done usingassive cooling element for each LED. However in
the present case cooling is realized using a 12rVif order to avoid temperatures above 50 °C.
Increased temperature would result in weaker eomssiccelerated LED aging or in the worst case
immediate destruction of the array. The geometawer distribution of the emitted light spot in a
distance of 4.5 cm from the LED array covers am aferoughly 20 mm diameter where the intensity
variation is below 3%. The size of this area carsibgly enlarged by increasing the array size er th
distance to the emitting surface. In order to emsustable power output, the light source is opdrat

under both constant voltage and constant currerdittons resulting in a stable output rapidly reztth
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within the first two minutes, with no detectableeinsity loss within 24 hours, and with an intensity
fluctuation below 1%. In order to parallelize mohoamatic illumination experiments several LED
light sources were attached on a bread board Wirectront of the sample cells. Above these sample
cells, a fiber optic UV/VIS transmission spectroergtontaining a spectrometer and a light sousce) i
attached on a carriage which can be moved sideswaard both up and downwards. This allows the
parallel UV/VIS spectroscopic investigation of up@& polymeric samples, irradiated with different
wavelengths (365 nm, 400 nm, 460 nm, 526 nm, 610 &80 nm, 695 nm) under controlled

atmospheric conditions.

Fig.12 Parallelized setup for monochromatic photo egradation experiments with LED based light sources
(1), sample cells (2), transmission UV/VIS opticsnoa moving carriage (3), fibre optic connector to bth
spectrometer and light source (4), guide way for #optics (5)
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11.3.4 Setup for oxygen doping experiments using P&

Ambient atmosphere may induce electronic changesganic semiconductors which can be probed
using XPS and UPS spectroscopy in the ultra higluma. However ambient pressure during a XPS
measurement cannot be realized due to fact thathiljh vacuum is needed. Therefore the sample has
to be treated in an external chamber which canitelsed between ambient pressure with controlled
atmosphere and vacuum conditions, in order to allmsfer to the ultra high vacuum. These
requirements are realized in a vacuum chamber (peegsure 10*mbar to 1000 mbar) equipped
with a gas supply (e.g. for oxygen or nitrogenyjuartz window on top for illumination experiments
and a homemade heating system (Fig. 13). The chaislubrectly connected to the UHV system,
therefore samples can be treated in different wasts subsequent transfer to the ultra high vacuum
avoiding contact to ambient air which may influetice polymer film.
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Fig. 13 Left: Vacuum chamber for oxygen doping exgriments, transfer arm (1), quartz window for
illumination experiments (2), sample heater (3) moated on an lift (4), vacuum pump connector (5), ga
supply (6), load lock (7), valve against UHV (8) hddle: Front view of the constructed chamber. Right
Detail drawing of the heating unit with sample themo couple (9), sample on holder (10) and heater
thermo couple (11).

The heating system consists of two cartridge heaiera copper block with attached Ni/NiCr
thermopair all together mounted on a lift. Themer block directly contacts both the sample holder
and the sample backside in order to ensure goodhanéal contact crucial for heat transfer under
vacuum conditions. A second Ni/NiCr thermopair banplaced on the sample surface which enables
calibration of the heating system (temperatureampge surface as function of copper block surface).
In later experiments the sample surface cannoghgpeed with a thermopair due to the necessity of
several transfers in the UHV system. Prior heatihthe copper block with subsequent contact to the

sample enables heating of the sample to 150 °Gn23 minutes.
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11.3.5 Setup for correlated UV/VIS / Fluorescence xperiments

In order to probe the effect of polymer aging orthbground and excited state properties a setup for
the simultaneous recording of UV/VIS transmissiomd aluorescence spectra under controlled
atmospheric conditions was constructed. The UV/w#Bsmission path consists of a commercially
available white light source (DH Bal 2000, Oceatiagpwith manual shutter) and the Maya 2000 Pro
spectrometer both with attached optical fibre aalimator (Ocean Optics 74UV Collimating lens).
The polymer thin film is placed in a closed sangeé which can be operated in discharge of gases or

high pressure as mentioned in section 11.3.1.

Fig. 14 Setup for simultaneous UV/VIS transmissiorand steady state fluorescence spectroscopy; LED
excitation light source (1), optical fiber connectofor UV/VIS light source (2), optical fibre connedor for
spectrometer (3), sample cell with attached heatingartridge and gas connectors (4), polymer sampl&)

The excitation source for fluorescence spectrosammgists of a single LED mounted in an angle of
45° compared to the surface plane. The emittedoplsoare recorded via the same optical path used
for UV/VIS transmission Fig. 14. Since the emissiatensity depends on the primary intensityhis
value needs to be monitored for later referencéeadt in a relative way. Therefore the realized
geometry allows a small fraction of to become reflected at the sample cell. The reftetight is
monitored so that possible fluctuations gclan be referenced although this is not an absolute
reference. Due to the usage of LEDs the wavelenfithe excitation source can be changed easily
representing an extremely cost and time effectie¢hod. The typical correlated experiment between
UV/VIS transmission and emission spectroscopy simiphuires switching between the two light

sources 2 and 1 in Fig. 14.
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11.3.7 Setup for degradation under constant ozom concentrations

Ozone degradation experiments were performed @sself made ozone generator directly attached to
a reaction chamber (Volume ~ 500 ml) containing ¢beresponding sample. The ozone generator
consisted of a Hg arc lamp (UV Consulting PesciMH@87T5VH/4 , 14W) with main emission lines
187 nm and 254 nm) irradiating a quartz pipe watlconstant oxygen flow (purity 99.998%) of 100
ml/min at ambient pressure (Fig.15). Special caas taken to avoid irradiation of the sample by the

light produced by the ozone generator.

Fig.15 Setup for ozone degradation experiments, UVIS transmission spectroscopy (1), holder with
sample (2), ozone sensor (3), sensor electronicy, (4ower supply UV lamp (5), ozone generator wittyV
lamp (6) and oxygen flow (7) through a quartz pip€8)

The ozone produced in this way was then pumpedighiréhe sample chamber at a flow rate of 100
ml/min. The ozone concentration is continuously itayaed using a sensor (Ecosensor Os-4 range
from 0.05 ppm to 20 ppm) placed directly in samgil@mber. Different ozone concentrations were
simply realized by varying the length of the illurated part of the quartz pipe. Upon reaching destab
concentration of ozone the sample was placed ircllenber and immediatét(<5 sec.) start of the
spectroscopic tracing. Degradation of P3HT was toed by recording the UV/Vis transmission
spectra of the film using an Ocean Optics fibracmppectrometer (Maya2000 pro). Photo-oxidation
by the spectrometer beam was ruled out by congpéements in ozone free oxygen atmosphere. In
later experiments the ozone generator was furthpraved by establishing a control loop between the
ozone sensor (with set upper and lower limit valaesl the power supply of the Hg arc lamp. Upon
reaching the set ozone limits the light source swisched on and off. Both methods were capable of
producing constant ozone concentration within therebars. However with the control loop method,

the life time of the Hg arc lamp was dramaticakcbased.
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11.3.8 Validation of equipment

The fiber optic spectrometer Maya 2000 Pro washcated in order to perform absolute irradiance
measurements using an NIST calibrated light sodfagther validation was neverthless performed in

order to ensure the elimination of systematic srioithe estimation of absolute photon flux.

As a first step the spectrometer was calibratedtb@dpectrum of a Steuernagel Solar simulator with
defined Air Mass 1.5 (AM1.5) spectrum was recor@€idy. 16 panel a). The relative deviation RD
(Fig. 16 panel b) was calculated according to:

P(A) May2000pro P(A ) Steuernage

RD[%] = 100
P(A) May2000pro Eq.35
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Fig. 16 Panel a: Absolute irradiance spectrum of &teuernagel AM1.5 Simulator recorded with the Maya
2000 pro spectrometer (black) and data obtained fim Steuernagel (red). Panel b: Relative deviation of

the spectra according to equation 35

It is obvious that the order of magnitude of theectmal power distribution is certainly correct,
however there are differences of roughly 50% inrage. The occurrence of this difference however
cannot be explained in detail since no reference feand, how the literature values were recorded.
Anyhow these findings proof that the calibratiortwihe NIST light source is certainly trustworthy

with only minor error bars.

Besides the calibration of the spectrometer it$ledf,optical pathway might be the origin of systéma
errors due illumination geometry (e.g. focusingtied irradiation beam, substrate etc.). In order to

further proof the setup of the optics, the fluoszse excitation spectrum of P3HT was recorded Fig.

17 using the Hg arc lamp based optics already shiowaction 11.3.3. From literature it is known tha
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the excitation spectrum directly follows the absiom spectrum of P3HT. This enables another
crosscheck whether the relative intensity distidyuts correctly recorded.
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Fig. 17 Photoluminescence excitation spectrum (recbnnected dots) and absorption of a P3HT thin film

(black solid line). The photoluminescence yield wasalculated according to equation 36.

The incoming photon flux of the light source waredtly recorded at the sample position for each of
the wavelengths. Subsequently, the sample, which keat under nitrogen flux in order to reduce
photo oxidation, was introduced and the emissiorecepm of it was recorded. The

photoluminescence yield was then calculated acegridi:

850nm
J‘ NEmission(A)d/]
oL = S0
J- Nlncoming (A)d)l Eq.36
Al

with A1 andA2 being the onset respectively offset of the narexeitation band. As can be seen from
figure Fig. 17, the fluorescence yield and the ghtsan spectrum of P3HT are in good accordance as
reported in literatuf®. In summary the spectrometer was calibrated wittNESIT calibrated white
light source. The absolute irradiance mode wasiicoall recording the spectrum of a defined light
source (Steuernagel AM1.5 solar simulator). Poss#lstors originating from the optics which were
used for wavelength resolved degradation experisnevdre checked recording the fluorescence
excitation spectrum of P3HT within the same illuation geometry. Therefore the validation of the
optical system was performed using three indepdndethods assuring that absolute photon flux can

be estimated using the optics developed for thikwo

36




Ill. Results:

I1l.1 Reversible oxygen effects on P3HT

I11.1.1 Oxygen induced fluorescence quenching of 3HT

Upon admission of oxygen to a P3HT film, the flisrence of P3HT is reduced by three different
mechanisms, which take place on significantly défe time scales: collisional quenching (in

milliseconds to seconds, due to the encounter lyhper excited states with ground state oxygen), the
formation of a charge transfer (CT) complex betwienpolymer and oxygen (in minutes), as well as

by photo-oxidation of the polymer (in houts)

The fastest component of fluorescence quenchingchwis due to collisional quenching, follows a

Stern-Volmer behaviéf:

FQ= % —1=Kgy [ﬁoz] (t) Ea.37

where F and §are the fluorescence intensities with and withogtgen, respectivel)[Oz] (t) is the

time-dependent oxygen concentration ard i the Stern-Volmer constant

Ksy =kq [0(S)) Eq.38

where T(S_) is the unquenched singlet exciton life-time and
Ky = 47N,RE: [ ds.l.)-" D(Oz)] Eq.39

is the quenching rate constant, containing Avodadnamber (I), the effective collision radius (
Rg;, considering the possibility of finite quenchingopability on the encounter of exciton and

oxygen) and the sum of the diffusion coefficient®xygen and the singlet exciton (D{Gand D(S),
respectively). The facts thaFQ 0[0,] (from Eq. 37) and D(S,)>> D(O,) ** * allows the
diffusion coefficient of oxygen in the P3HT film tbe obtained by monitoring the temporal
development of fluorescence quenching upon adnmissib oxygen into the evacuated sample
chamber. At an oxygen pressure of 8 bar, the fhaaece of annealed P3HT films of several
micrometers in thickness is quenched by a factoatmut two within a few seconds. Fitting the

37

fluorescence quenching curves according to theugsldh model detailed in reference an oxygen

diffusion coefficient of D(Oz)= 310%cnf 3™ is gained at 295 K, which is close to the value
reported by othef& The diffusion coefficient turns out to be indegent of the presence of water,
both for diffusion of oxygen into as well as outtbg film. Even samples which have been stored
under oxygen at 100 % rel. humidity (295 K) for el hours show exactly the same rate of
fluorescence recovery upon pumping of oxygen asataples which have been stored under dry
oxygen. In order to determine the activation eneodydiffusion, the diffusion coefficient was
determined in the temperature range from T = 298 K = 100 K. From the Arrhenius plot in Fig.18

b, the activation energy for oxygen diffusion E, = 265t 05kJ Dmorlis obtained, which is a

typical value for the diffusion of oxygen in polyrsebelow the glass transition temperaftifé
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Fig.18 Temperature dependence of the diffusion of xygen in annealed P3HT films. Panel a;
Fluorescence quenching FQ in a 7 um thick film of 8HT at different temperatures as a function of time
after admission of oxygen (p = 8 bar) at differentemperatures: Circles - experimental data. Smoothiies

show fits according to Eq. 37. Panel b: Arrhenius jpt of the diffusion coefficients extracted from pael a.

While the collisional component of fluorescence nigkéng (FQ) is completely reversible upon
removal of oxygeff, the slow component is only partially reversibiée reversible part of the slow
FQ component is due to the light-assisted formatiom charge transfer complex between the polymer
and oxygef?” *6 whereas the irreversible part is due to photatation of the polyméf and is thus
accompanied by a loss of absorbance. Obviouslyal $oss in absorbance (by about 2%) leads to
substantial photoluminescence (PL) quenching (byuglpne third), se@ab. 4. This is due to the
diffusion of excitons to the quenching centers Wwhiave been formed by photo-oxidation of the
polymef®. Assuming that Stern-Volmer kinetics not only apfs the quenching of fluorescence by

oxygen but also to FQ by photo-oxidatively creatidects, an estimate for the concentration of

quenching sitesLQ], can be given by solving the Stern-Volmer equation
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FQ
47N,RS, D(S))7,(S,)

[Q]= Eq.40

Inserting typical values oRS; =107° m, %% D(S) =107 m? 3™, **and 1,(S) = 34007° s

“2for the collision radius of quenching site and &xtj exciton diffusion coefficient, and excitonekf

time in the absence of quenchers, respectively,quencher concentrations given Tab. 4 are

obtained. On the other hand, the concentratiotiophene rings which have been oxidiz{zﬂ], is

obtained from the loss of UV/Vis absorbanfd, ., of a P3HT film of thickness d,

Pl= g5

p|= ———max _ Eq.41
d F e (T)

inserting a molar extinction coefficient per thiepie ring of £, (T)=10*M ecm™ . This

proportionality of absorbance loss and the numlbetestroyed thiophene rings is valid in the early
stages of degradation in good approximation, ieipe of the degradation mechanism, because for
long chains of thiophene units (n > 10) the spégmaition of the absorption maximum depends only
weakly on the conjugation lengthTab. 4 shows that the concentration of quenching siteseises
monotonously with the progress of photo-oxidatidtiowever, the absolute concentration of
guenching sites as calculated from Eq.40 is orfhaetion of the concentration of oxidized thiophene

rings obtained from Eq. 41, indicating that thect®s products are, on average, not very efficient
guenching centers. Whether this is due to smadicéffe quenching radii of the produclEeQff , or to

small fractions of effective quenchers among thétitnde of products, remains an open question.

Tab. 4 Absorbance loss and fluorescence quenchi(igQ) of a P3HT film on glass after irradiation with
the full spectrum of a 450 W Xe lamp under 10 barsf oxygen for different times f,. ¢, and ¢ are the
concentrations of photo-oxidized rings (as calculed from the absorption loss) and of fluorescence
guenchers (as calculated from FQ), respectively. Ehfilms were excited at 550 nm, the fluorescence
intensity was monitored at 700 nm (no spectral sHifof the PL was observed during the measurement) an
corrected for the intensity of the absorbed light.

tw/S | Absorbance [P] / mm FQ [Q] / mm
0 1.200 0 0 0

600 1.193 39 0.26 1.0
2400 1.179 144 0.46 18
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I11.1.2 Oxygen induced energy level shifts of P3HT

Oxygen is well known to act as p-doping agent fogaomic semiconductors studied by electrical
measurements using Field effect transistor (FET)csires. Quantitative information about the
influence on the energy levels in the polymer féspecially the concentration of oxygen in the thin
film however is rarely available. In order to owvemee this lack of information, photoelectron
spectroscopy was used to simultaneously probefteet® of oxygen on the energy levels as well as
the oxygen concentration in a polymer thin film. these measurements are performed under ultra
high vacuum conditions (<™ mbar) with the oxygen exposure realized in an htidcclosed

chamber (Fig. 13) other factors than oxygen inftileg the energy levels are excluded.

The core level spectra of pristine P3HT are showiig. 19. The carbon C1s signal consists of a
single broad peak with the maximum located at 2833 The energetic position of the signal is in
good accordance to literature values for carbotow oxidation states. Three chemically different
carbon species are expected to contribute to #ak:pC-C bonded carbon, representing the alkyl side
chain, as well as C=C bonded and C-S bonded carbtire thiophene ring. For a detailed discussion
see e.g. referente The sulfur S2p signal consists of a single dduteich is due to spin orbit
coupling. As the polymer layer was prepared undersiéu conditions and exposed to ambient
atmosphere during the transport to the vacuum isyatemall amount of oxygen is already present in
the pristine film, even after annealing under vawuconditions. The molar ratio oxygen/sulfur,
representing the number of oxygen atoms per monamieis smaller than 0.01 in the annealed film,
as calculated from the corresponding peak areasamsitivity factors (C1s 0.25, Ol1s 0.66, S2p 0.54)
% see Fig. 19, bottom right. This oxygen conceiuratis close to the detection limit of the

spectrometer.

When the sample is exposed to oxygen twice for 80imthe dark, no significant changes in the
position of the energy levels are observed. Howeuppn simultaneous exposure to white light
(AM1.5 standard) and oxygen all core level peakthefpolymer shift towards lower binding energies
(marked by the dotted lines). Upon thermal anngadinthe sample, the observed shifts are reversible
as will be discussed below in more detail. The supe to light and oxygen for 105 min leads to only
minor irreversible chemical degradation as conduftem the absence of significant amounts of

oxidized products in the high binding energy regibthe core levels.
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Fig. 19 Core level spectra of Cls, S2p, and Ols fB3HT films after different times of simultaneous
exposure to light and oxygen (full lines) and subseent annealing at 423K at 16 mbar for 10 min.
Spectra were normalized to the peak maxima excepoff the pristine oxygen signal which was normalized
to the same signal to noise ratio compared to thater Ol1s spectra.

The observed core level shifts in a second sefiexmeriments without thermal annealing steps are
accompanied by corresponding energetic shifts & \thlence band region. Fig. 20 shows the
dependence of the valence levels on the oxygeneotration in the film. The oxygen concentration,
expressed as the oxygen to sulfur ratio, is caledldrom the respective peak areas and the
corresponding sensitivity factors. With increasoxygen content, the HOMO level position, obtained
from the low binding energy onset in UPS, shiftsldwer binding energies, accompanied by an
increase of the work function estimated from thghtbinding energy cutoff of the UPS spectrum. The
binding energies of all the P3HT core levels desgesignificantly with increasing O:S ratio. Even fo
the highest observed O:S ratio of 0.34, which dares with an irreversible UV/VIS absorbance loss
of less than 5%, neither C1s nor S2p spectra show any indicatiortife presence of chemically
oxidized species. This is in line with results abthe irreversible photo degradation which will be
presented in section 111.2.1.2 where it will be wimathat photo oxidation products of P3HT in theecor
level spectra of C1s and S2p become visible ony:&tratios larger than 1.3. This can be ratioedliz
by considering that an O:S ratio of 0.34 corresgaind34% of all 3-hexylthiophene units containing
an oxygen atom. As carbon and sulfur are oxidizeabaut the same rate, this means that only about
3% of all carbon and sulfur atoms carry an oxyggmma Although such a concentration might be
detectable by XPS under favorable conditions, tgrass of the oxidized species are located on the
high binding energy side of the peaks of the uneei species and might thus be superimposed by
the secondary electron background and possibleyehess satellites. Furthermore, the oxidized peak,
depending on the oxidation state, can be locatée glose or even within the main signal which
makes its detection even more difficult.

41

The rigid shift of all core levels as well as oéthialence band features together with the absence o
significant spectral features of oxidized produitdicates that physical interactions between the
polymer and oxygen are responsible for the obsehiading energy shifts, rather than chemical
reactions. This interpretation is supported bydhservation that while core level and HOMO binding
energies decrease, the work function increaseppsogimately the same value (Fig. 20). Thus, the
energetic distance between the HOMO and the vaciewel of the polymer, i.e. the ionization
potential (IP), does not show a distinctive tresdaafunction of oxygen concentration, but seems to
stay constant. Since IP is, in first approximati@amproperty of the material, this behavior alsopsufs

the statement that only minor chemical interactimmspresent.

Binding energy [eV]
3
N

Binding energy [eV]
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Fig. 20 Energy levels of a 100 nm thick P3HT filnat different oxygen concentrations (O:S ratio) witlout
annealing steps. Left panels: Core level binding engies of sulfur, carbon and oxygen. Right panels:
HOMO energy and work function in reference to the Fermi energy. Additionally the ionization potential

is shown.

Possible reasons for the systematic energeticsshliferved in Fig. 20 are either the p-doping ef th
organic semiconductor P3HT or, alternatively, theiation of the interface dipole between P3HT and
the underlying substrate (interface dopiigBoth phenomena induce the Fermi level to shiftatals

the HOMO level position and thus all other occupséates. As the reference energy in photo electron
spectroscopy is the Fermi level@EO0OeV binding energy), such a shift will reduce Hieding energy

of all occupied states (i.e. the energy differebetveen the considered state apyl | contrast, the
work function, i.e., the energy difference betwégrand the vacuum level of the spectrometer, if the
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Fermi level to shift towards the HOMO level positid=rom the fact that oxygen is homogeneously
distributed over the polymer film, it can be corgd that p-doping of the polymer is more likelyrtha
interface doping. Further support for this intetptien may be derived from theoretical wirknd
experimental observatiotisboth stating that P3HT itself is doped by oxyg8tmong evidence for the
doping of the polymer is also provided by the fiatt light promotes the doping effect significantly
Such light promoted doping effects have been refdir in situ prepared sexithiophetiand P3HT

ﬁlmslS,AZ,SA,lOfl

In order to check the strength of the interactietwieen P3HT and oxygen, the reversibility of the
observed effects was examined by thermally anngdlie sample. Fig.21 shows the sulfur S2p and
C1s binding energies after different annealingygex exposure cycles (Fig.21 a), together with the
corresponding O:S ratios (Fig.21 b) out of the eixpent presented in Fig. 19. First, a pristine P3HT
thin film is vacuum annealed twice in order to gdtof solvent residues and minimize effects caused
by changes in the polymer morphology. This procedalso reduces the O:S ratio to less than 0.01.
Subsequently, the polymer film is exposed to thktlof a sun simulator and 970 mbar of oxygen for
defined periods of time, which leads to a substhulizcrease in the binding energies of the C1s and
S2p core levels of roughly 0.3 eV and a concomitaarease of the O:S ratio of about 0.02.
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Fig.21 Panel a: Binding energies of annealed (S2pJl squares, C1s full triangles) and oxygen/lightreated
(S2p, open squares, Cls open triangles) P3HT filmudng several cycles of exposure to light and pure
oxygen (970 mbar) under AM1.5 conditions and thermiaannealing (15 min at 1¢' mbar and 170°C);
Panel b: Corresponding O:S ratios after oxygen/ligh treatment (squares) and thermal annealing

(triangles).

Upon annealing, the binding energies of the coreléereturn to their initial values they had beftive
exposure to oxygen and light, whereas the O:S sitaws only little recovery. This holds true for
repeated cycles of doping and annealing, throughreitduration of the experiment of almost two
hours. Consequently, the core levels are switchettvden the constant binding energies of the

“doped” and the initial “undoped” state. Only ag$li trend towards smaller binding energies is
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observed during the experiment. However, the Ot® mnstantly increases, resulting in a value of
roughly 0.16 after two hours of illumination, whidorresponds to an irreversible loss of UV/VIS
absorption below 2%. These observations point ¢éoptlesence of at least two oxygen species with
significantly different binding energies to P3HThE reversibly bound species is attributed to
physisorbed oxygen, which probably forms a metéstabarge transfer complex with the polymer
upon photo excitation of the latt& The irreversibly bound species is assigned tayemycontained

in photo oxidation products Unfortunately, the chemical nature of these sgciannot be resolved
as the peak shape of the Ols spectra in Fig. 19 mlotechange significantly upon oxygen/light and
thermal treatment. Nevertheless, the above assignemplains why the reversibly bound oxygen
species, which represents an only minor part otdte oxygen content of the film, leads to theftshi
of the core and valence levels, whereas the muaie redoundant, irreversibly bound oxygen species
has a negligible effect on the electronic propsréiad only a weak effect on the optical properies
the film. The oxygen molecule bound to tresystem of the polymer in the CT complex traps an
electron which leaves behind a mobile hole on thet®nicTesystem of the polymer. This leads to a
shift of the Fermi level towards the HOMO level thie polymer. The oxygen species chemically
bound in oxidation products is preferably locatédnalecular sites which are electronically isolated
from thete conjugated system (probably in the side chaintjposor in already destructed thiophene
rings). Consequently, its interaction with elecsai theresystem is much weaker and therefore does
not lead to substantial changes in the electranicsire of the polymer. Nevertheless, the irrelbys
bound part of the oxygen population also presemisgaadation pathway of the polymer because this
oxygen species are most probably acting as quegdiities for excited states of P3HT as presented in

the previous section about the oxygen induced déisience quenchirfy

1.2 Irreversible oxygen effects on P3HT

Under ambient conditions a broad parameter specirumparticipating in the decomposition of
polymeric materials. However the basic pathways bancut down to thermal, photo oxidative,
hydrolytic and ozone degradation. In order to extduthe importance of each of these pathways in
terms of daily application and reaction mechaniire, photo oxidation and the ozone degradation of
P3HT were investigated first with subsequent redeabout the influence of other environmental
factors influencing photo oxidation under contrdligmospheric conditions.
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111.2.1 Photo oxidation vs ozone degradation

The exposure of thin P3HT layers (nominal thicknais&00 nm) to either, ozone or photo oxidative
conditions, results in the decay of the opticalapton in the range between 330-650nm (UV/VIS) as
shown in Fig. 22.
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Fig. 22: Panel a: UV/VIS spectra of a thin film ofP3HT after different periods (60 min steps) of expsure
to 1 bar oxygen and 0.13 WcrA Xenon light. Panel b: Dotted: time trace (20 min teps) of the absorption
maximum at 554 nm corrected by the baseline valuet @50 nm, Solid line: linear fit to the experiment&
data; Triangles: time trace in pure oxygen in the Bsence of light and ozone. Panel c: UV/VIS spectedter
different periods (60 min steps) of exposure to ore (20 ppm), Panel d) Dotted: Decay (5 min steps) the
absorbance at 554 nm (corrected by the baseline wa at 1100 nm) as a function of ozone exposure time
Solid line: Exponential fit to the experimental data

The decay of the optical signals shows severalndiste differences between exposure to photo

oxidative conditions and to ozone conditions. Ungleoto oxidative conditions, the time trace of the

absorption maximum at 554 nm shows a fairly lindecay whereas an almost exponential decay is

observed under ozone (Fig. 22 ¢ and d). In the ohseone treatment, the decrease in absorption is

accompanied by a blue shift of the absorption marinfrom 554 nm to 395 nm (Fig. 22 a and b)
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starting at around 50% of the initial absorptionewdas photo oxidation does not cause a significant
shift before the final stages of degradation. ka élvsence of light and ozone, oxygen does not cause
any significant degradation on the monitored tiroale (Fig. 22a). The different decay kinetics and
the differences with respect to spectral shiftsgesy that photo-oxidation and ozonization follow
different degradation mechanisms.

1.2.1.1 Ozonization rate vs. photo oxidation rae

In order to assess the relevance of ozonizatiorpaotb oxidation for practical purposes, the remscti
rates of both degradation paths were determinedrawrpntally. The reaction rate of photo-oxidation
is obtained from the slope of the decay trace énlitrear presentation (Fig. 22 b) whereas the i@act
rate of ozonization in the dark is taken as th@recal of the natural life time of the exponenfiato

the experimental decay curve (Fig. 22 d). The ef#é®zone concentrations in the range from 0 to 6
ppm in pure oxygen on the degradation rate of PBIHTE is shown in Fig.23.
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Fig.23 : P3HT degradation rate as a function of ozwe concentration. Full dots: Experimental data. Ful
line: Linear fit to the data points. The dashed hoizontal line represents the photo-oxidation rate oferved
at AM 1.5 conditions in dry air while the dotted haizontal line represents the degradation rate at . ppm
ozone in dry oxygen in the dark.

The reaction rates of ozonization scale fairly dirtg with the ozone level in the investigated range
with a slope of mr 3.3x10° s’ppni*. Based on this linear relationship it is possileeompare the
rates of ozone degradation to those of photo oxidatinder ambient conditions. Ambient ozone

concentrations are below 0.2 ppm for natural emvitents®” whereas peak values of up to & 4pm
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are reported for urban regions. At ozone conceatrsitof 0.05 ppm, which is an average value for

urban areas, the ozonization rate is expected ta,bel.6x10" s’

Under normal laboratory
conditions, where ozone concentrations of up tofib are encountered, the reaction rate is even
smaller by a factor of 5 to 10. Under the standsotar illumination of Air Mass 1.5 (AM 1.5)
conditions in synthetic air, the rate of photo @tidn is around o = 4.2x10° s, i.e., about two

orders of magnitude faster than ozonization inpécgl laboratory environment.

1.2.1.2 Photoelectron spectroscopic studies ofegjradation kinetics

In order to characterize the chemical changes efRBHT film caused by degradation, the XPS
signals of carbon C1s, sulfur S2p, and oxygen Odrewnonitored during photo oxidation and ozone
degradation at defined stages of degradation dddaima UV/VIS spectroscopy (Fig. 24). In both
cases of oxidation, the spectra of carbon and swévelop spectral features at higher binding
energies, i.e., of species in higher oxidationestgFig. 24). The spectra recorded at a detectigiea

of 70°, i.e., providing an information depth of ab@ nm (Fig. 24 panel b,c,d dotted lines), are not
significantly different from those recorded at nairemission with an information of approximately
10 nm, indicating the absence of any significamttigp reaction gradient in the films near the stefa
region. The signal of pristine, i.e., non-oxidizedrbon consists of a single broad peak with the
maximum located at 285.0 eV (Fig. 24). Both, positand spectral shape of this signal are in good
accordance to literature values for carbon in lowidation state¥. Three carbon species are
contributing to this peak: C-C bonded carbon remmgsg the alkyl side chain as well as C=C bonded
and C-S bonded carbon of the thiophene ring. Iretitey stages of degradation (corresponding to 10-
40% loss of optical absorption) the carbon peaftsstowards lower binding energies by up to 0.4 eV.
Similar shifts have been observed for the valerarellfeatures of sexithiophene films upon exposure
to oxygen and have been interpreted by p-type-@opend a resulting change in the Fermi level
positior?® It is well-known that thiophene based oligomers @olymers are strongly p-doped upon

50801 with 0zoné as already discussed in chapter about

interaction with either oxygen and lighf
oxygen induced doping of P3HT (section Ill.;2.$uch a change in the Fermi level should leachto a
identical shift of all XPS signals. Indeed, the sashift is also observed for the sulfur signalshie
case of photo oxidation. However, neither a shoft a broadening of the sulfur S2p signal is obsgrve
in the case of ozonization. This can be understnotaking into consideration that energetic shifts
due to the change of the Fermi level position migiatsuperimposed by chemical shifts caused by
local chemical interactions. As example, such cbahinteractions have been observed at an interface
between an related molecule (4,7-bis(5-methylthéopR-yl)benzo[c][1,2,5]thiadiazole) and gold,

resulting in energetic shifts in XPS of more thae\83. In this case the expected shift towards lower
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binding energies of the sulfur signal might be cemgated by a decrease of the electron densitgat th
sulfur.

Photo oxidation

Degree of
degradation

90 %

Intensity [arb.U.]

0 %

292 290 288 286 284 282 172 170 168 166 164 162
Binding energy [eV] Binding energy [eV]

Ozone treatment

Degree of
degradation

Intensiy [arb.U.]

202 290 288 286 284 282 172 170 168 166 164 162

Binding energy [eV] Binding energy [eV]

Fig. 24 XPS core level spectra of carbon C1s (lefblumn) and S2p (right column) at different stage®f
degradation. Signals are normalized to the maximunpeak. The position of the peak maximum is
indicated with black bars. The degree of degradatio is given by the loss of the UV/VIS absorption a554
nm. Full lines represent bulk sensitive measuremest(detection under 0° polar angle). Dotted lines shv
surface sensitive measurements (70° polar angle)petral shifts are indicated by vertical lines. Thetop

row shows spectra upon photo oxidation. The bottomow shows spectra during ozone treatment.
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At later stages of oxidation (UV/Vis absorptiondes exceeding 40%), carbon and sulfur peaks shift
back to higher binding energies. In the case otgbaidation, the carbon and sulphur spectra $bift
binding energies which are by 0.4 eV higher tham dhes for the pristine species. During ozone
exposure, the carbon Cls signals shift to bindingrgies which are higher than those for pristine
carbon by 1.1eV, accompanied by a significant beaady of the peaks. For sulfur S2p peaks this shift
even amountsup to 1.6 eV. These shifts are intexgren terms of charging effects due to the
decreasing electrical conductivity of the films idgr oxidation. Interestingly, charging seems to be
more pronounced under ozonization than for phoidaion, at the same degree of UV/Vis
absorption loss. During photo-oxidation, additiopabks arise in the carbon region at 286.4 eV and
289.2 eV. The peak at 286.4 eV is ascribed to ¢thmdtion of carbonyl groups while the peak at
289.2 eV is located in a region which is typicat fmrboxyl group¥. The ratio of oxidized to
unoxidized carbon components can be roughly estdnby fitting the carbon C1s signal (Fig.25 a),
assuming the same peak shape for the unoxidizegament during degradation and the presence of 3
or 4 oxidized components. A slight variation o theak widths and the number of oxidized species
results in the error bars shown in Fig.25b. Plgttine fraction of unoxidized carbon as a functién o
loss of optical absorption (Fig.25 b) yields distlp different decay curves for the two oxidation
mechanisms. In the case of photo-oxidation, a moress linear decay is observed, with a slightly
smaller slope at the beginning of oxidation. Therage slope is 0.75, corresponding to 75% of the
carbon being oxidized at the moment of complete tdsabsorbance.
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Fig.25 Panel a: Carbon C1s signal of a P3HT film dgaded to 50% loss of its initial UV/Vis absorption
The contribution of the pristine component (dark gry) to the overall signal was calculated using the
signal shape observed before the start of oxidatioffFig. 24 bottom). The fraction of oxidized producs is
represented by the hashed area. Panel b: Signal emsities of unoxidized carbon, calculated for both,
photo-oxidation (squares) and degradation by ozondtriangles), as a function of loss of UV/VIS
absorption.
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In the case of degradation by ozone, a linear dedtityan average slope of only 0.35 is obtainedh wi
more than 60 % of the carbon atoms remaining umzeddwhen the optical signal has vanished. The
XPS signal of pristine sulfur (Fig. 24 b) and d)pw/s a doublet with a spin orbit splitting of Y.
The S28? signal for unoxidized P3HT is located at 164 ejak is in good accordance to values
reported in literature. A detailed analysis of théfur signals appearing during oxidation reveals a
least 4 species which contribute to the overahiaigunder both photo-oxidative conditions and @zon
exposure (Fig. 26, panels a and c). The specié64eV is assigned to unoxidized sulfur while the
signal at 168.7 eV is assigned to highly oxidizpdces, probably sulfonic acfior peroxide%:°>
The chemical nature of the species (Fig. 26, paae#d c) located at 164.3 eV and 167.3 eV
(probably sulfoxides and sulforf@scannot be assigned unambiguously.
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Fig. 26 Panel a and b: S2p XPS signal of degraddBHT. Panel ¢ and d: Changes of relative XPS
intensities of the species in the left panel as arfction of the relative loss of optical absorptionduring
degradation. 1) Pristine sulfur, 2) and 3) slightlyoxidized sulfur, 4) strongly oxidized sulfur, 5) am of all
oxidized species. The top row shows results upon @io oxidation. The bottom row shows the results for
ozone treatment. The degree of degradation is givewy the relative loss of the initial absorbance as54
nm.
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The comparison of the evolution of these species famction of the loss in optical absorption gives
valuable information about the mechanism of P3Hg@raeation (Fig. 26, panels b and d). In the case
of photo oxidation, sulfur is completely oxidizeg the time the optical absorption vanishes. The
appearance of the highly oxidized sulfur specie$6&.7 eV is strongly correlated with the loss of
UV/Vis absorption, yielding an almost linear slopkearound unity (Fig. 26). In the case of ozone
degradation, even at complete loss of absorbar®, & the sulfur atoms remain unoxidized (Fig.
26.d). In both cases of degradation, the slightigliaed species (species 2 and 3 in Fig. 26, panels
and d) remain in small concentrations, species l#béing a maximum at around 40% loss of
absorption). The fraction of the most highly ox&tizspecies (species 4 in Fig. 26, panels ¢ and d)
remains small initially and increases at later esagf degradation with growing rates. This hintsto
consecutive reaction with species 2 and 3 beimgrnmediate products and species 4 being the final
product of degradation. Plotting the elemental cosition of the film (O/S ratio, O/C ratio, C/S @i

as a function of relative absorption loss, yieldstHer insight into the respective degradation

mechanisms (Fig.27).
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Fig.27 Elemental composition of a P3HT thin film asletermined by XPS spectroscopy at different stages
of photo oxidative and ozonic degradation. The degdation level is given by the relative loss of UV
absorbance at 554 nm. Squares show photo oxidatiomeasurements, triangles show ozone measurements.
The molar ratio of oxygen/sulfur (panel a), oxygemarbon (panel b) and carbon/sulfur (panel c) was
calculated using the total intensity of the correspnding XPS peaks and the respective sensitivity fews.

Both, photo oxidation and ozone degradation, leahtincrease of the oxygen content in the polymer
film as seen from the increasing ratios of oxygesulfur (O/S) and oxygen to carbon (O/C) (Fig.27
panels a and b). In the early stages of oxidatidWyis absorption losses of less than approximately
35%), the relationships between O/C and O/S ratingne hand and absorption loss on the other hand
are very similar for the two oxidation conditioris.the case of photo oxidation, the plots of O/8 an
O/C against relative absorption loss yield steadilyreasing curves with slightly larger slopes for
absorption losses exceeding 35%. At total losshebeption, the molar ratios are O#CL and O/S:

15. In the case of ozone treatment, the slopesmame or less constant throughout the reaction,
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yielding O/C= 0.35 and O/$ 5 at 100% absorption loss. Interestingly, for baxidation pathways,
the carbon to sulphur ratio (C/S) increases by 80%ng the reaction together with the occurrence of
the indium signal of the underlying ITO substrafom the total loss of absorption. Both of these

observations points to the loss of material bydbeomposition of the polymer backbone.
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I11.2.2 Environmental factors influencing photo degradation of P3HT

In this chapter the influence of several environtakfactors on the photo oxidative degradation of
P3HT is discussed. Despite the effort spent on natateding the degradation of P3HT in the solid
state there is still a lack of understanding of tleails of the degradation mechanism. Literature
reporting on the quantitative influence of illumiioa, temperature and atmospheric conditions is
rarely available, although these are key factorsolymer aging. In this section the dependencéef t
photo-degradation kinetics of P3HT films on irrdiia intensity, wavelength, oxygen partial
pressure, temperature, and humidity is investiggtezhtitatively by infrared and UV/VIS absorption
spectroscopy in order to obtain a broader data hbasthe elucidation of the reaction pathways.

1.2.2.1 Variation of light intensity

In order to determine the dependence of degradadienon light intensity, P3HT films of comparable
thicknessesd =100nm) were irradiated with white light of different ensities in the range from |
=0.08 Went to 0.12 Wenf (maximum power output) at 8 bar oxygen partialspuze. Both the
spectral distribution of the light source and temperature on the sample surface were kept constant
(T = 298 K, AT<1 K) over the whole investigated intensity rangi&e degradation rate depends
linearly on the intensity incident on the samplég(R8) within the measured range. Degradation in
the dark is negligible under our experimental ctods, as revealed by keeping films in the darkfor

hours at elevated temperatures and high oxygesymes (T = 373 K, p = 8 bar oxygen) (not shown
here).
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Fig. 28 Degradation rate (monitored by the loss adbsorbance atA =554 nm) of P3HT films by white

light under 8 bar of dry oxygen as a function of jht intensity (solid squares).
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1.2.2.2 Wavelength Dependence of P3HT Photo Degdation

So far all the investigations have been performedradiation with a broad band white light source.
In order to further evaluate the role of the sg#dtistribution of the incoming light on the photo
oxidation kinetics wavelength resolved degradatosmperiments were performed. The wavelength
dependence of the photo-oxidation rate is an inaporindication as to whether the polymer is
destroyed by reacting with singlet oxygen which baen sensitized by the polymer itself or by a
radical chain mechanism which is driven by the phgéneration of radicals by the photolysis of
precursors absorbing in the UV region. In ordeolttain the activation spectrum of photo oxidation,
polymer films were irradiated at different wavelérgy monitoring the decrease of UV/Vis absorbance
on-line. The effectiveness of the P3HT photo oafapresented in Fig. 29 which is obtained from
Eq. 29 increases towards the UV region, being mutia factor of 50 larger at 334 nm than at the
main absorption maximum of the polymer around 55@ it is thus clearly different from the
absorption spectrum of P3HT. Interestingly, the @lemgth dependence of the effectiveness is similar
to the activation spectra which have been obsefweg@olymers with saturated backbones, like PE,
PP, PS® and PMMA® which are photo oxidized by radical chain mechasis

1E-5 e 11.0

Effectiveness
=
m
@

0.4

0.2

1E-7+

: : : — o0
300 400 500 600 700 800
Maximum illumination wavelength [nm]

Fig. 29 Effectiveness (squares) of the photo degfation of a P3HT film as a function of irradiation
wavelength. The absorption spectrum of P3HT is shawas a solid line. Degradation experiments were

performed under constant oxygen flow of 0.1 Lmift at 970 mbar oxygen partial pressure.

In order to check whether under white light illumiion the oxidation rates at different wavelengths
add up linearly or different wavelengths have aesgistic effect, the reaction rate under white igh
conditions was calculated from the wavelength resbldata (Fig. 29). To this end, the spectral

photon distribution of the illumination source (X&h pressure Iamp)l,o(/l) was multiplied with a
fit to the photochemical quantum efficiencies (witlspect to the incident photon fllbé(A)), %c(/])
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, as obtained from the monochromatic experimerits (£9). The integral of this function then yields

the calculated reaction rate according to:

dE T
qucalc :ﬁ = J.wpc(/])DO(A)m/‘

£
T 4=0 Eq.42

where E is the absorbance of the film at the mainigowavelength and5 the extinction coefficient
of one thiophene unit at this wavelength. The ieadatate thus calculated and the experimental rate
are in accordance within the error bars, thus shgwthat the rates at different illumination

wavelengths add up linearly.

1.2.2.3 Thermal activation of P3HT photo degradaion

Temperature is another crucial environmental faatoich has to be considered in the degradation of
polymeric materials and has therefore been studied.reaction rate of the photo-oxidation of P3HT
films increases exponentially with temperaturehie tange from T = 298 K to 393 K (Fig. 30 a). The
activation energy obtained from the slope of theesponding Arrhenius plot yields a value of £

26 kJ/mol (Fig. 30 b). As this value is equal te #ttivation energy found for oxygen diffusion fet
P3HT films (see section 3.2.1.), the question ariséether oxygen diffusion might be the rate
limiting step in the photo-oxidation of P3HT. Hovegyat the conditions under which the temperature

dependence is investigateg§, =6bar), the flux of oxygen into the film easily keeps with the
consumption of oxygen by the photo-oxidation. Thesomes obvious when calculating the Deborah
numberZ = L IIQD/k){"5 = 001 from the thickness L of the film, the diffusionefticient of oxygen

D=30C cn? 3 (see section II.1.1) and the pseudo-first ordeater constant
k= —[O2 ]71 D(% = —[02]7l Dd—gjt of the photo-oxidation reaction, assuming that the
&

absorbance loss equivalent to one thiophene rimgegmonds to the consumption of one oxygen
moleculé®. The value of Z = 0.01 obtained for the Deboramher for films of about 100 nm in
thickness indicates that the reaction rate is patrolled by the rate of oxygen diffusion into tilen
(The case of diffusion limitation is expected forZL). It also means that there should be no \artic
gradient of product distribution, which has beemvah to in section I11.2.1.2 correlating surface

sensitive XPS and bulk sensitive UV/VIS spectrogcop
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Fig. 30 Temperature dependence of the photo-oxidation ratef annealed films of rre-P3HT under 6 bars

— -2
of dry oxygen and at an irradiation intensity of I, =013 WEm _ Panel a: Reaction rate vs.

temperature. Panel b Arrhenius plot of the photo oidation rates extracted from the left panel.

1.2.2.4 Dependence of the photo degradation raten oxygen partial pressure

The dependence of the photo-oxidation rate on axygessure is shown in Fig. 31. For small oxygen
partial pressures (p < 0.2 bar) the reaction mateeases steeply, whereas towards higher oxygen
concentrations the rate asymptotically approachespdmum value, which is about five times that of
the value at the atmospheric oxygen partial presssuch a sublinear dependence of the degradation
rate on oxygen partial pressure has been obsemedeiveral polymers, including LDPEand
dialkoxy-PPV, It has been explained by different mechanismsh s singlet oxygen sensitizatibn

27 and radical chain mechanisms. For both mechanigrassaturation of the rate for higher oxygen
pressures is due to the depletion of a transiesttiep by the reaction with oxygen or with an oxygen
centred radical species. While in the singlet oxiygase the transient species is the triplet sfatieeo
polymer, it is a chain propagating radical (whigacts with an oxygen containing radical in the
termination reaction) in the case of the radicatihamism. Both mechanistic considerations can be
fitted to the experimental data according to Edd7the singlet oxygen based degradation and Eq.24

for the radical based mechanism as presented ir8Eig
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Fig. 31 Normalized reaction rates as function of gzggen pressure (the value of the reaction rate atl8ar is
set to 1). Values obtained from UV/VIS decay kinets (554 nm, squares) and FTIR loss of carbon-carbon
double bonds at 1509 cn (circles) are shown. The full and dotted lines ardits to the experimental data

corresponding to Eq. 27 (singlet oxygen mechanisrapd 24 (radical mechanism), respectively.

As evident from the fit curves in Fig. 31, both étions describe the observed pressure dependence
rather well, so that distinguishing between the tmechanisms on the basis of pressure dependence of

the reaction rates is not possible.

1.2.2.5 Accelerated photo oxidation in the presnce of humidity

Another environmental factor affecting the degramtatates is the ambient humidity (Fig. 32 a). The
presence of humidity during the photo oxidationREHT increases the reaction rate significantly.
Humidity in the absence of oxygen does not caugeifgiant degradation, revealing that humidity
itself is not responsible for the degradation oHP3The variation of relative humidity in the range
from 0 to 100% (at 295 K) results in an increasthefreaction rate by a factor of up to 2.2 (F@b3.
This value was consistently found for different gap partial pressures in the range from 0.2 bar to

more than 3 bar.
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Fig. 32 Effect of humidity on the photo oxidationrate of annealed films of P3HT. Panel a: time tracef
the P3HT absorption maximum during degradation unde (1) oxygen, (2) humidified oxygen (100% rel.
humidity) and (3) humidified nitrogen (100% rel .humidity).Panel b: Degradation rate as function of

relative humidity at 295 K. Total pressure p = 1 bain all experiments.

111.2.2.6 Structure of the polymer and morphology

Besides atmospheric conditions, the structure efpgblymer has to be considered in order to state
about the stability of the corresponding mateiath, the shape of the UV/VIS absorption band and
the degradation rate of PSHT depend sensitiveltherstructure of the polymers. In the following the
influence of the region-regularity on the photo @etation will be shown comparing P3HT thin films
of highly regular and strongly irregular P3HT Hg.
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Fig. 33 UV/VIS spectra of regioregular (Panel a) ath regiorandom (Panel b) P3HT thin films during
photo oxidation. Panel c: Decay traces extracted dm the UV/VIS spectra of regio-regular (rre, 554nm)
and regio-random (rra, 442 nm) P3HT corrected by tie baseline values at 800 nm.
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While regio-regular P3HT (Fig. 33 a) absorbs witle thaximum located at 554 nm and shows a
shoulder at 600 nm which is indicative for the I#iarearrangement of the polymer chains, regio-
random P3HT (Fig. 33 b) shows an unstructured giisor band peaking at 442 nm. Under identical
degradation conditions, regio-random (rra-) P3Hphsto-oxidized much faster (by a factor of about
five) than regio-regular (rre-) P3HT (Fig. 33 chelpeak maximum of the rra-P3HT shifts to lower
wavelengths much faster than in the case of thepofgmer. In order to further investigate the

accelerated degradation of the regiorandom polyther wavelength resolved effectiveness was
recorded. The action spectrum of the regio randmmer in Fig. 34 generally shows a higher reaction
effectiveness compared to the regio regular isomerFig. 34 b. Whereas the effectiveness
monotonously increases towards the UV region fer iagular isomer the action spectrum of the
random polymer seems to be closer to the absorppentrum. This likely indicates that the polymer
absorption is relevant in the degradation procésseorandom isomer but is of minor importance for

the regio regular P3HT.
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Fig. 34 Effectiveness of P3HT photo oxidation (fubquares) as function of the illumination wavelengt for
regio random. Lines show the absorption of the coesponding polymer. Experiments were carried out
under oxygen flow of 0.1l/min and ambient temperatte. Panel a: Regio random P3HT. Panel b: Regio
regular P3HT

In order to investigate a possible influence of five morphology on the photo oxidation rate,
thermally annealed P3HT (regio regular) were comgban non annealed films Fig. 35. Annealing
films of P3HT of the same regio regularity (95%)dmot have a measurable effect on the photo-
oxidation rates (Fig. 35 a) although the films shoearly different absorption spectra, indicatihgtt
the annealed film has a significantly higher degreerystallinity than the non-annealed film (F&b

b). This is in good accordance with the resultsaimied in section 111.2.1, thus ruling out an oxygen

diffusion limitation and the absence of a spagalation gradient.
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Fig. 35 Effect of crystallinity of films of rre-P3HT. Panel a: Degradation kinetics for highly crystaline
P3HT at 554 nm (full squares) and P3HT of lower crgtallinity at 520 nm (open squares). Panel b: UV/\S
spectra of highly crystalline P3HT (full line) andless crystalline P3HT (dotted line).
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111.2.3 Product evolution under defined reactionconditions:

In this chapter, defined border cases of envirorateronditions will be addressed in more detail
concerning the product evolution during degradatibirst of all the product evolution under
monochromatic illumination conditions will be presed comparing samples irradiated with 365 nm
and 525 nm since this turned out to significantiffuience the reaction effectiveness, as described i
section 11.2.2.2. Subsequently, the product evotutunder dry and humidified conditions will be
investigated in order to account for the accelegatactor of humidity in the photo oxidation proses
In both cases, UV/Vis and FTIR spectroscopy areleyen to identify and quantify the reaction
products.

1.2.3.1 Illumination with monochromatic light of 365 nm and 525 nm

The UV/IVIS spectra of P3HT thin films during tdegradation process are presented in Fig. 36.

Irradiation with both UV light of 365 nm (Fig. 3@pel a) and visible light of 525 nm (panel b)dea

to the reduction of the optical absorption due amege of ther-conjugated systeth The UV/VIS
decay kinetics of both experiments are presenteBign36 panel ¢ as a function of the
incoming photon dose. Using UV light of 365 nm [faircles) leads to the decay of the
optical signal which is approximately 30 times éasthan the decay under 525 nm
illumination (open squares). These results arémWwith the enhanced reaction effectiveness

already presented in section 111.2.2.2.
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Fig. 36 UV/VIS spectra of P3HT during photo degradéion under dry synthetic air. Panel a: Degradation
carried out with UV light (365nm) with an incoming photon flux density of 6.77x1d mol photons m%?,

Panel b: Degradation carried out using visible ligh (525nm) with an incoming photon flux density of
3x10° mol photons m?s™. Panel c: Time trace of the absorption maximum a620 as function of the

incoming photons dose at 365 nm (full circles) and25 nm (open squares).
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In order to further investigate the acceleratedraation in the presence of UV light, FTIR
spectroscopy was used to study the product evalutising degradatioriThe FTIR spectrum
of pristine P3HT (Fig. 37 bottom spectra) in tiamge from 4000 to 1000 ¢chronsists of a weak
aromatic C-H stretching mode at 3054 tnaliphatic C-H stretching modes from the hexglesthain
consisting of methyl vibrations at 2955 (asymrd 2870 (sym.) cth, and methylene vibrations at
2925 (asym.), and 2855 (sym) ¢nfurthermore, ring stretching modes at 1563 grand 1509 crh

as well as a ring stretching mode overlapping \itimethyl / methylene deformation located at 1456
cm® are observed. The mode at 1377"cim assigned to a symmetric methyl deforméafiorThe

assignment of all signals is summarized in Tab. 5.
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Fig. 37 FTIR absorption spectra of P3HT during degadation under dry synthetic air with UV light of 365
nm (panel a) and Visible light of 525 nm (panel b)The degree of degradation is given by the loss optical
absorption at 520 nm in the UV/VIS.

The fingerprint region below 1400 Emexhibits a number of rising bands during the degtian.
Interestingly, their peak shape is initially qusienilar for both illumination conditions. With oningy
degradation however the signal intensity remainstant under VIS conditions whereas some of the
bands increase under UV conditions. The constgnakintensity under VIS conditions suggests that
these bands might originate from an intermediaéeigg with a low steady state concentration rather
than from final reaction products. The increasiagds under UV illumination however might present
final products which rise during degradation. Hoesetheir detailed nature cannot be unambiguously
identified due to the large number overlapping aigrnn the region. Literature reports that sulfur
oxidized species are typically located in this o@di®®.
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Tab. 5 FTIR signaIsU of a pristine P3HT thin film and the assignment tothe corresponding molecular

vibrations®*2%,

U [em™ | Assignment U [em™] | Assignment

3054 Aromatic ring CH stretching 1563 C=C-Ring stretching
2955 Asym. side chain Chistretching | 1509 C=C-Ring stretching
2870 Sym. side chain Cjstretching 1456 CHjz /CH, deformation
2925 Asym. side chain Chistretching | 1377 CHj; deformation
2855 Sym. side chain Cistretching

Hydroxyl stretching vibrations in the range from0873200 crit are not observed for both
illumination wavelengths until the latest stagesdefyradation, revealing the absence of significant
amounts of alcohol functions, carboxylic acids adfonic acids during the entire degradation
process. Furthermore, this indicates that the gtestate concentrations of hydroperoxides R-OOH,
which are known to be active species in the degi@daf polymers are way below the detection limit
of the spectrometer.

In the following, the detail spectra of polymer apdoduct species will be discussed. During
degradation under both illumination conditions, tbes of optical absorption is accompanied by the
decrease of absorption in the polymer C=C doubledbegion of the FTIR spectra (Fig.38 panel a
and b) representing the destruction of #heonjugated system. Interestingly a new featuoeirzd
1530 cnt rises in the C=C region under illumination with558m. However the assignment to a new
C=C species cannot be unambiguously made as thésrbay also derive from the bending vibration
of water which might be a reaction product of tegrdation process.
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Fig.38 C=C double bond stretching region of the FTR spectra of P3HT during degradation. The spectra
were extracted from Fig. 37. Panel a: Degradationasried out using irradiation at 365nm. Panel b:
degradation carried out under 525 nm illumination.

Concomitant with the loss of polymer absorptionesal/distinctive bands in the carbonyl region of
the FTIR spectrum start to rise with the specttape being similar for both of the illumination
conditions (Fig. 39 panel a,b). Furthermore théb@ayl products are not too different from those
observed under white light conditions observed iiardturé*?** According to literature these
carbonyl species can be attributed to ester or dridg/ functions ( 1775 cf), aliphatic ketones
(1715cmt), aromatic ketones (1670&nand an unidentified species at 1620crihe reliability of
this assignment will be discussed below.
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Fig. 39 Carbonyl C=0 double bond stretching regiorof the FTIR spectra of P3HT during degradation

under illumination with UV light (a) and green light (b). The spectra were extracted from the complete
spectra in Fig.37.
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Although these species are monitored under botHitions, the spectral shape of the overall carbonyl
signal is different depending on whether the deafiad is carried out under UV or VIS conditions. It
seems that the band at 1775 'cmemains lower in intensity during degradation wBB5 nm
illumination. Furthermore the relative intensity thfe 1670 cm band compared to the signal at
1715cmt is higher. In order to further evaluate the numimed the behaviour of the single carbonyl
compounds during degradation, the carbonyl speetr@ fitted assuming the presence of 4 species
described by Voigt profiles of the same FWHM of 883m® (Fig. 40 a). Subsequently the carbonyl
surface concentration was calculated accordingg@@Eusing the single peak heights and a molar
absorption coefficient of 300 mmol énwhich represents a typical value for carbonyl &=t
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Fig. 40 Panel a: Carbonyl signal during 365 nm illmination (black line) with peak fit assuming 4
carbonyl species with same FWHM of 48x8cth The temporal evolution of the single carbonyl spees
(peak heights) as function of the UV/VIS loss at Bm is given in panel b for 365 nm degradation anth
panel ¢ for 525 nm illumination.

The observed carbonyl spectra are well describetidopresence of 4 carbonyl species as presented in
Fig. 40 panel a. The temporal evolution of the fspecies obtained by this fitting procedure reveals
that the carbonyl product at 1715 tris generally the main contribution of the evolviogrbon
species(Fig. 40 panel a and b trace 2). Under &28lamination, this species rises steadily whereas
its evolution accelerates under UV light of 365 rthe bands at 1620 ¢hand 1775 cm (Fig. 40
panel a, b trace 1 and 4) remain in minor concgatrs with only little differences between UV and
VIS degradation. Contrary to this, the signal at6m’ tends to saturate in the UV case, see Fig. 40
panel b, whereas it steadily increases under itlation with 525 nm light.

The small, saturating concentrations of specie3 dnd 4 in the UV case (Fig. 40 panel b) and the
increasing slope of species 2 suggest that undsetbonditions a consecutive reaction may be pgresen
with species 2 representing the final product. Wndis conditions the evolution of the different
species seems to be independent of each other.
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A major difference in the decomposition under UM AAS degradation is recognized by comparing
the FTIR spectra of the C-H stretching vibratiomder irradiation with UV light the complete C-H
region (Fig. 41 panel a) strongly decays wheresiblei light of 525 nm only slightly affects the sid
chain signal (Fig. 41 panel b).
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Fig. 41 C-H stretching vibration region of the FTIR spectra of P3HT during degradation. The spectra
were extracted from Fig.37. Panel a: degradation ceed out using irradiation at 365nm. Panel b:

degradation carried out under 525 nm illumination.

This suggests that under UV light the side chaigitiser completely oxidized or detached from the
molecule and lost to the gas phase. These two casebe discussed comparing the concentration of
reaction products during the degradation under Bhthination conditions. In order to do so, the
extracted reaction kinetics of both, UV/VIS and RT8ignals, are summarized in Fig. 42 presenting
the surface concentration of all species (educd products) during degradation. The surface
concentration of thiophene rings is calculated ediog to Eq.30 out of the UV/VIS Data yielding an
initial value of 1.6 to 1.7 mmol fa The integrated C=C area out of FTIR at time twas normalized

to the same value. The integrated C-H region a tim O was normalized to the six fold value as 6
side chain groups are present per thiophene rig.carbonyl concentration is calculated according t
Eq.30 using the sum of single peak heights in #igand a molar absorption coefficient of 300 mmol
cm? typical for carbonyl speciés™.

Both illumination conditions lead to the simultansalecay of the UV/VIS absorbance at 520 nm and
the C=C double bond vibration in the IR range.reséngly, the decay under UV conditions seems to
be rather linear, whereas a deceleration is obdameer visible light (Fig. 42 panel a and b) 0652
nm. The evolution of the carbonyl concentrationvehi@n induction period and then strongly rises
under UV light whereas the opposite is obtainedeandS conditions. Here the carbonyl signal first

rises very fast and shows a constant slope towhedend of degradation. In the first case thishinig
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further support the presence of a consecutiveitgaat proposed above whereas the carbonyl groups

seem to be formed during the first oxidation stegar VIS conditions..

Although the shapes of the carbonyl kinetics affeint, the same surface concentration is reaahed

the end of the degradation process suggestinggthig¢ similar amounts of carbonyl products are
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Fig. 43 Carbonyl surface concentration as a functio of the thiophene ring surface concentration extreted
out of the UV/VIS data for UV illumination (full sq uares) and VIS illumination (open squares). Data we
extracted from Fig. 42.
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Fig. 42 Surface concentrations during photo oxidatin under dry synthetic air vs. light dose incidenton
the polymer film. Panel a: lllumination with 365 nm. Panel b: lllumination with 525 nm. Concentrations
Thiophene rings out of UV/VIS data (full triangles) thiophene rings out of the integrated FTIR C=C
region (open squares), side chain groups out of thetegrated FTIR C-H region (full diamonds), carboryl

groups out of FTIR (full squares).

The wavelength dependence of the degradation pdmEEomes even more prominent concerning the
side chain signal. The concentration of the sidairclyroups steadily decreases under UV light.
Interestingly the relative decay is minor compa@the loss of the C=C signal in both the IR arel th
UVIVIS region (Fig. 42 a). This effect becomes eveare pronounced upon 525 nm illumination
where the surface concentration of the side clsavardly affected (Fig. 42 b). Together, the falot
same concentrations of carbonyl products are forametr UV and VIS illumination, the absence of
other carbonic products, and the completely diffefeehavior of the side chain groups observed for
the two illumination conditions have some mechamishplications. The side chain is not strongly
oxidized under UV light but detached from the tliiepe ring and removed from the sample as the
product evolution does not depend on the presente@bsence of the side chain. This detachment is
strongly suppressed under visible light. Consedyehe carbonyl groups are mainly created on the
thiophene ring itself. In order to further supptbit interpretation the correlation between the \Ug/

and the carbonyl surface signal is presented in £y The carbonyl and thiophene ring surface
concentrations presented in Fig. 43 correlateatiyewith a slope of approximately 0.8. This value
reveals that roughly one carbonyl function is edatpon the loss of a single thiophene ring.
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As the side chain is not detached under illumimatigth light of 525 nm, these conditions offer the
opportunity to further study the behavior of thexyieside chain during degradation. Here the alpha
methylene unit is of tremendous interest, as tlusitipn is reported to be the weak point of the
polymer which initiates the photo degradation oHP3n the solid stafé?® leading to radical based
reaction pathway. In order to clearly probe thisipon, P3HT with deuteratedmethylene groups
was degraded using 525 nm and directly compareegtaar P3HT®. Deuteration of this groups leads
to the occurrence of the C-D stretching vibratiotthie range between 2300 &no 2000crit with the
rest of the spectrum remaining unaffected whiciss valid for the UV/VIS spectfa
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Fig. 44 Panel a: FTIR spectra of the C-D stretchingsibration of deuterated P3HT during degradation
using 525 nm light and ambient air, asymmetric vibation (2193 cnt'), symmetric vibration (2097 cnm)
Panel b: CD, surface concentration as a function of the thioph®e ring surface concentration (open
squares).

68




Under green light the reaction rate is generayeleed by approximately 5-10% upon deuteration of
the material. Typically the reaction rate upon éeation is lowered by 75-85% in the presence of a
primary kinetic isotopic effe€t’®" Therefore it is not clear whether the reducedtiea is due to the
isotopic labeling or other factors e.g. differentity levels of the materials. The more evidenthgro
here is the intensity of the GIroup itself during degradation. The spectra & @D stretching
vibration are hardly affected during the degradatpocess as presented in Fig. 44 panel a. The
surface concentration of Gyroups during degradation (Fig. 45 panel b) remaanstant until
approximately 50% of all thiophene rings are degdadnd then only slightly decays. In other words,
the decay of the CDgroups is not correlated to the decay of thiophémgs, thus ruling out that the
alpha methylene group is the starting point of ddgtion for individual rings. In order to eluciddie
nature of the active oxygen species generated pinetmically by the polymer, several samples with
different content (0% - 20% mass content) of theglst oxygen quenching agent DABCO were
degraded under 365 nm and 525nm illumination. Eselting decay kinetics and extracted reaction
rate are shown in Fig. 45.
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Fig. 45 Left column: UV/VIS decay kinetics of P3HTthin films at 520nm under 525 nm illumination
(panel a) and 365 nm illumination (panel c), for pte P3HT (full squares), with addition of 5% DABCO
(open circles), with 10% DABCO (open triangles), ad with 20% DABCO (open diamond). Right column:
Reaction rate extracted via linear regression fronpanel a (from 6000 to 30000 min) and panel ¢ (congik
range).
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The time traces presented in Fig. 45 panel a afw once more the difference in the decay kinetics
of samples degraded under 365 nm illumination, eteerdinear decay is observed, and the more
exponential decay under 525 nm irradiation. Inegahthe presence of DABCO does not seem to
affect the shape or the slope of the extractedydkicgtics. In order to clearly state this, thaaton
rates were extracted from the decay kinetics (#gpanel b and d). Here the reaction rate does not
show significant differences between the presendetize absence of DABCO. Although this strongly
suggests that singlet oxygen is not the photo aoteliyi created active oxygen species under
monochromatic illumination this may not be unamibigsly stated. The efficiency of a stabilizer in
the solid state may strongly depend on the diffusibthe reactive species as the stabilizer mogecul
here DABCO, are strongly localized. Assuming thaglet oxygen is formed in the vicinity of a
thiophene ring and may subsequently degrade the saq, the diffusion length of singlet oxygen is
rather small. Consequently singlet oxygen may eath any DACBO molecule within its lifetime.

Therefore DABCO would not show any stabilizing effalthough singlet oxygen is present.

In summary, both 365 nm and 525 nm illuminatiordleathe occurrence of the same concentration of
at least 4 carbonyl species which are mainly |latate the thiophene ring. Other oxidized carbon
species are not observed. It seems that illuminattdb25 nm only degrades the&onjugated system
respectively the thiophene ring itself, with thdeschain being only slightly affected. In contrasy,

light additionally leads to the detachment of threxyh side chain, most probably in a consecutive
reaction and therefore the disruption of the polybeckbone.

The alpha methylene group of the side chain is Ihaaffected during degradation as evident by
isotopic labeling with deuterium. Thus it is ruledt, that this position is the starting point of

degradation at least under illumination at 525 fiime presence of singlet oxygen was investigated
using the singlet oxygen quenching agent DABCOhduigh the experimental results state that singlet

oxygen is not present this cannot be unambiguatated due to the considerations above.
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1.2.3.2 White light illumination under dry and h umidified conditions
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Fig.47 Time trace of the absorbance band at 520 nduring photo oxidation under dry synthetic air (full

16 16 squares), synthetic air/HO (open circles), synthetic air/BO (full circles), synthetic air/H,*0O (open
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IE' 144 Bxposure time EI squares) normalized to the corresponding absorbancat t = 0. Panel b: reaction rates extracted from

panel a via linear regression.
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Fig.46 Panel a) UV/VIS spectra of a P3HT thin filmduring photo degradation in dry synthetic air; Parel
b) Degradation in H20 humidified synthetic air (L0®%6 rel.hum. at 22°C),

However, comparing the temporal evolution of theabance at 520 nm reveals that the decay
kinetics significantly changes in the presence wintdity (Fig.47). Under dry conditions a linear
decay is observed with an exponential tail obsetoadrds the end of the reaction. In the presefice o
humidity the reaction accelerates first and deetdsrto the very end of the degradation. Generally
humidity leads to the acceleration of the photalation by a factor of about 3 compared to the dry
case. This becomes evident from the illuminationetirequired for complete bleaching of the main
UV/Vis absorption band. Although Fig.47 (panel ajggests that there are differences between
humidified conditions of kD, D,O and H*0, the deviation is within the error bars of thpenxment,

see Fig.47 panel b. Therefore similar accelerafamiors are observed for,8, D,O and H%0
indicating the absence of a significant isotopfeetfon the degradation process, as it is obsefoed,
example in the case of polyglycolide degrad&fiom the following the product evolution during the
degradation process in the presence and in theneds®d humidity will be discussed according to

FTIR spectroscopy.
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2. Product evolution in the presence and in the abace of humidity

In order to evaluate the product evolution duril@to oxidation, FT-IR spectroscopy was employed
at defined stages of degradation given by the éégbe UV/VIS main absorption at 520nm. In the
following, the differences in the IR-spectra wik ldescribed for each spectral region. It will digo

attempted to elucidate the chemical nature of &ation products by chemical derivatization. The

assignment of the FTIR signals in the pristine P3iiT was already presented in section 111.2.3.1.
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Fig.48 FTIR spectra of the P3HT photo-oxidation caried out under dry (grey lines) and humidified
conditions (black, H,O, 100% rel.hum 22°C). Data were recorded in the $ae experiment as shown in
Figure 1. Additionally, the loss of the main UV/VISabsorption band at 520nm is given.
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Product evolution in the carbonyl range (1800-1606m™)

In the region of carbonyl stretching vibrationsradal band appears during degradation for both dry
and humidified conditions. This band seems to mbrfi at least four species located at 1775,cm
1715cm* and 1670cm and 1620cr as presented in Fig. 49. The spectral shape uratbrdry and
humidified conditions is quite similar except fostiong and narrow absorption band at 1623 am
the presence of humidity (Fig. 49 panel b).
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Fig. 49 FTIR carbonyl detail spectra during degradaion extracted from Fig.48 Panel a: Degradation
carried out under dry synthetic air conditions, Parel b: Degradation carried out under synthetic air wth
100% rel.hum. at 22°C.

In order to make clear statements about the chémiétare of the carbonyl species the presence of
ketone, aldehyde, anhydride, ester and carboxglit fanctions has to be considered. Due to the fact
that the polymer under consideration contains @pthéne ring, additionally the presence of thioksste
has to be regarded. According to the identificatieethods by chemical derivatization described in
section 1.3.4, P3HT thin films degraded under dmpditions were exposed to water and ;Nidpour

to check for anhydrides, esters and carboxyl fonetiFig.50. The exposure of a degraded P3HT thin
film to water vapour leads to the formation of afditional feature at 1588 ¢h (Fig.50 panel a)
which is reversible upon thermal annealing. Theeefthis species is attributed to the bending
vibration of absorbed water. The carbonyl regioersdnot exhibit remarkable changes pointing to the
absence of large amounts of anhydrides as thesél wapidly decompose. Furthermore no other
spectral changes are observed, suggesting thatadlgre species are present which are sensitive to
hydrolysis. As a consequence, the presence ofstals is rather unlikely as they are very sermsttiv
hydrolysis.
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Fig.50 FTIR spectra of P3HT thin films degraded unér dry synthetic air (full lines) with subsequent
derivatisation (dotted lines) with water (panel ajand NH; (panel b).

Derivatization with NH strongly affects the carbonyl range. The signalla?5 cri strongly
decreases upon NHreatment together with the occurrence of sigaal4667 cnt and 1588 cih
Whereas the first one can be assigned to an amidgidn, the latter most probably originates from
adsorbed water as discussed above. Based on s ithe species at 1775 tman be clearly
assigned to an ester function whereas the assigrimanhydride species is ruled out. Further suppor
of this interpretation comes from an increased @iiism in the hydroxyl range (3500-31009ripon
NH; treatment which is expected upon the reactionroester with NH (see section 1.3.4). The
increased hydroxyl absorption additionally poimtgtte absence of carboxylic acids as these would be
consumed in the reaction with Nidonsequently leading to a lowered hydroxyl absonptThe band

at 1715crit is assigned to an aliphatic ket&t& which does not show significant reactivity towards
derivatization with NH3 or humidity.

Tab. 6 Assignment of carbonyl species created durindegradation of P3HT and the used derivatization
technique.

U [cm?] | Assignment Derivatization

1775 Ester Reacts with NHyielding amide and $©

No reaction with HO

1715 Aliphatic ketone LiteratufENo reaction with Ngand HO

1670 Conjugated carbonyl Spectral position, no reaction with water and;NH
Probablya,3-
unsaturated

1620 C=C-C=X,X=C, 0
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The 1620cri signal is strongly pronounced in the presencewhibity. Interestingly the peak is
rather sharp compared to the other carbonyl maieliieorder to quantify this observation, peakrfgt
using Voigt profiles was employed revealing tha BEWHM of the carbonyl species is roughly 45 cm
! The FWHM for the sharp 1620¢nsignal is about 14cth Therefore it seems that this peak is an
additional feature created in the presence of hitynéohd is superimposed to a carbonyl speciesen th
same region. Interestingly the FWHM of 14 tim also observed for the thiophene double bonubsig
at 1510cnt at t = 0. These observations suggest that thiarieanay arise from isolated double bonds
which are created during the degradation procdssassignment to the bending vibration of adsorbed
water is rather unlikely as this signal is not $resto D,O derivatization (Fig.51) where a spectral
red shift of several hundred wave numbers is eggeclue to a hydrogen deuterium exchange.
Furthermore this band is only slightly affectedtbgrmal annealing (Fig. 52).
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Fig.51 FTIR spectra of P3HT thin films degraded une@r humidified synthetic air with subsequent
derivatization. Panel a: (1) as degraded, (2-4) sebquent exposure to BD vapor in the dark for 17 h, 65h,
and 137 h, respectively. Panel b: Hydroxyl range ¢vacted from panel a. Panel c: Carbonyl range
extracted from panel a.
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Fig. 52 FTIR spectra of P3HT thin films degraded uder humidified synthetic air with subsequent
derivatization Panel a: (1) as degraded, (2) aftet2h at Imbar and T=293K, (3) after 30 min at 1 mha
and T = 413K, (4) after 90 min at Imbar and T =413K(5) after 150 min at 1mbar and T=413K, (6) after
15h in water vapor and darkness at 293 K, subsequerio thermal annealing in vacuum. Panel b:

Hydroxyl range extracted from panel a. Panel c: Caoonyl range extracted from panel a.

Product evolution in the hydroxyl stretching range(3500 cm'-3100 cn')

In the range of OH stretching vibrations the degtah of P3HT leads to the appearance of several
broad bands. For the degradation carried out inatheence of humidity two dominant features are
observed with maxima at 3060 ¢rand 3215 ci. Interestingly these bands are strongly suppressed
in the presence of humidity with an additional slearOH feature evolving at 3400 ¢r{Fig.48). The
difference in the half widths of the signals obserwnder dry and humidified conditions already
points to the presence of strong hydrogen bond®ruddy conditions which lead to a spectral
broadening and to a red shift of the signal. Faletailed chemical analysis several OH containing
groups have to be considered, namely adsorbed Wk ads.), alcohol functions (R-OH),
carboxylic hydroxyl functions (RCOOH), and hydropede groups (ROOH). Before the detailed
chemical analysis will be presented the presencadebrbed humidity (}0) is discussed. During
degradation water can either originate from the iambhumidity or from water generated in a
chemical reaction. The spectral shape of the hwydraksorption band strongly depends on the
polymer water interaction, with both broad unstmuetf* and structured bands observed in literature.

In order to check for a simple adsorption procdsth® polymer itself a pristine P3HT thin film was
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exposed to humidified air for the timescale of pheto degradation experiments. No hydroxyl species
were observed as a consequence of the treatmergalireg that the polymer itself does not
significantly adsorb wat&®. However the film properties strongly change dgrthe degradation
process as evident from the rising carbonyl pragludiich probably cause enhanced hydrophilicity.
Interestingly the species at 3060 tand 3215 crh are strongly present upon degradation under dry
synthetic air but are hardly visible in the present humidified air. This makes the assignment to
absorbed humidity from the ambient air unlikely.rther support comes from drying experiments
which reveal that these bands vanish upon thermaéaling but do not recover upon subsequent
exposure to humidified air. This behavior upon e annealing is also observed for the 3400 cm
band in the presence of humidity (Fig. 52). Her d@issignment to adsorbed water was additionally
checked by exposing a degraded sample 40 Bapor (Fig.51 ). Upon the presence of adsorbed
humidity an isotopic exchange is expected whichldidead to a redshift of the signal. However this

was not observed, thus further supporting thatgpéegies is not due to adsorbed moisture.

The assignment of the observed hydroxyl specieantokind of adsorbed water is therefore rather
unlikely for samples degraded both in the presemzkin the absence of humidity in the ambient air.
As the absence of significant amounts of adsorba@mis eliminated, the question remains whether
the observed hydroxyl functions can be assigneaitiboxylic (ROOH) or alcoholic (ROH) species. In
the first case derivatization using Blshould result in a rapid decline of the hydroxXysarption due

to the deprotonation of the acidic function. Hoesethe contrary, an increased hydroxyl absorption,
is observed for sample degraded under dry condit{fig.50 b). On the one hand, this points to the
absence of significant amounts of carboxylic aeidd on the other hand this indicates the preseince o
R-OH, formed the aminolysis of the ester functideritified in the previous section. In order to grov
the presence of alcoholic R-OH species, derivatimaising TFAA was employed. Here the hydroxyl
absorption (3500cth3000cnt) partially declines, a new feature in the carbargion at 1786 crh
appears, the signal at 1414 trdecreases whereas the absorption at 108%®ems to shift to
1163cmi(Fig. 53). These findings are in line with the eoteel reaction products of ROH groups with
TFAA where ROH is consumed and a new carbonyleated. Furthermore these observations allow
to assign the C-O stretching vibration of the alishROH group to the band at 1089twhich is
transformed into the C-O function of the TFA-estetl 163 crit. The signal at 1414 chis assigned

to the bending vibrations of the alcoholic ROH grewvhich also decrease. In the case of degradation
carried out in the presence of humidity the ban®4@0 cni is insensitive against treatment with NH
and TFAA revealing that this species does not patg from any acidic or alcoholic functions. Figall
the question remains whether this species can tibus¢d to the presence of hydroperoxides
(ROOH). Hydroperoxides in polymer degradation anevin to be thermally labile at 120°%.
Interestingly the species at 3400 teompletely disappears upon thermal annealing @tC2nd 1
mbar within only 90 min. In contrast the identifi@lcohol function formed under dry conditions

takes more than 30 hours to decompose. These aliseis/ suggest that the vibration at 3400*cm
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might be assigned to a hydroperoxide species. $sigranent of hydroxyl functions is summarized in

Tab. 7.

Absorbance

Absorbance

4000 3500 3000 2500 2000 1500 1000 1900 1800 1700 1600
Wavenumber [cm™]

Wavenumber [cm™]

Fig. 53 Panel a: FTIR spectra of P3HT thin films dgraded under dry synthetic air (full lines) with

subsequent derivatization (dotted line) with TFAA.Panel b: Carbonyl region extracted from panel a.

Tab. 7 Assignment of hydroxyl species created durgndegradation of P3HT and the used derivatization

technique.

U [em?]

Assignment

Derivatization

3060

R-OH

Esterification with TFAA
No reaction with NH

Disappears upon drying, no recovery upon humidifica

3215

R-OH

Esterification with TFAA
No reaction with NH

Disappears upon drying, no recovery upon humidifica

3460

R-OOH

Disappears upon thermolysis

No reaction with TFAA

No reaction with NH

Disappears upon drying, no recovery upon humidifica

No H/D-exchange
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Product evolution in the fingerprint range (<1400 en™)

In the region below 1400 ¢ha large number of overlapping signals evolve dutime degradation
process. It is therefore not possible to unambiglyoidentify all of them although it is known from
literature that oxidized sulphur species (e.qg. lsoi@s or sulphates) absorb in this region. Howitver
is a useful approach to assign the most promirignais. In the case of degradation carried out unde
dry conditions there are two species located a#lehi* and 1089cm. Based on the derivatization
experiments with TFAA described in the previougtisecthese bands are assigned to the OH bending

and the C-O stretching vibration of an alcohol.

Degradation under humidified conditions leads ® fiormation of a prominent feature at 1126'cm
which might also be assigned to a C-O stretchiryation most probably from the assigned

hydroperoxides species at 3400 tm

Tab. 8 Assignment of species created during degratian of P3HT and the used derivatization technique.

Frequency / cm® Assignment Derivatization

1414 Alcoholic OH-bending Disappears upon esterificatioth TFAA

1126 Hydroperoxide C-O stretching Disappears upon thgrsim
Appears upon degradation under humid
conditions

1089 Alcoholic C-O-stretching Shifts to 1163 &mupon esterification wit
TFAA
Appears upon degradation under dry conditigns
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3. Isotopic labeling with DO and H,"°0

In order to further evaluate the role of humidityridg the photo oxidation of P3HT isotopic labeling
experiments with BOD and H'®0 were carried out. Although it is obvious from fh®duct evolution
above that water does influence the photo oxidapowcess it is so far not clear whether this
originates from water acting as promoter for alsimgaction step and or water being a reactanttwhic
is consumed during the chemical reaction. The éguresthether hydrogen or oxygen originating from
the water molecule is incorporated into the reacfmducts during the degradation can be answered
using isotopic labeling with > and H'0. In the following, the product evolution of P3Hfin
films degraded under humidified conditions with(Fig.54) and kt®O (Fig.55) will be compared
separately to the data recorded under humidifiettiitions with regular KO as presented in the

previous section.

Degree
of degradation

Absorbance

T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber [cm’]

Fig.54 FTIR reaction spectra of the P3HT photo oxidtion carried out under H,O (black lines) and BO
(gray lines), 100% rel.hum 22°C. Additionally, theloss of the main UV/VIS absorption band at 520nm is

given.
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Comparing the spectral evolution of P3HT during rdegtion under O and DO humidified
conditions shows mostly the same product distritouijFig.54). However, two features evolves at
2500cmt and 2591 cimwith the same spectral shape as the hydroxyl tiirat 3400 cii and the
shoulder at 3486 cm in the presence of . Taking into account the change in the reducessma
between OH and OD the observed shift is in goodraemnce with Eq.17 which predicts an isotopic
shift from 3400crit to 2475crit. This strongly supports the idea that deuteriunthef heavy water
molecule is chemically reacting during the degratatprocess. This interpretation is further
confirmed by the fact that a sample degraded undiemidified conditions with subsequent exposure to
D,0 for twice the time of the complete degradatioocpss does not show the observed spectral shifts
of the hydroxyl signals Therefore the presence diydrogen/deuterium exchange and thus the
assignment to adsorbed water can be ruled out5(Fig). The band located at 1620 %Rig.54) is
broadened but not strongly shifted by isotopic liaigewith deuterium as observed for the hydroxyl
vibrations at 3400 cth This further supports the statement that thisdbzamnot originate from any
vibration of adsorbed water. Taken together thesalts strongly suggest that the hydrogen atom out

of the water molecule is incorporated into reacpooducts of the photo oxidation process.

Isotopic labelling using KO (Fig.55) reveals some strong differences compamethe product
distribution observed under humidified conditiosrst, the influence on the carbonyl products
(1800cm™-1550 cnt) will be discussed. According to Eq.17, the exgeaof O to 0 in a
carbonyl group leads to a spectral red shift ofghiyi 40 cmi* which should be visible in the FTIR
spectra. Indeed the carbonyl band is strongly oed when switching from # to H'%0 during
degradation, pointing to the presence 8iCproducts. This clearly reveals that oxygen of ih€0
water molecule is incorporated into reaction prasiuaf the photo degradation. Furthermore, the
spectral broadening reveals that bt of °0, gas and®0 of the H'®O are present in roughly the
same concentration. Otherwise no broadening butdashift would be observed upon complete
exchange td%0. Interestingly the bands located at 3056 and 32i5are strongly suppressed until
the latest stages of degradation but then rises Junggests that other isotopic effects are présehe

photo reaction. However their nature remains am apgestion here.
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4. Decay kinetics of the photo oxidation in the pigence and absence of humidity
Degree
of degradation
99 % In order to get further insight into the role ofnhidity in the degradation process the temporal
evolution of the surface concentrations was extétom the single UV/VIS and FTIR spectra in as
reported in the previous section 11.2.2.6. As ndwdroxyl functions are present the surface
87 % concentration of these species was calculated ubim@bsorption at 3215 ¢nunder dry conditions
0
respectively at 3400 ¢ under humidified conditions and a molar absorptioefficient of 80 mmol
[
g cm? which is a typical value for hydroxyl spedies
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Fig. 56 Surface concentrations during photo oxidatin under white light in synthetic air extracted from
Fig.48. Panel a) degradation carried out under drysynthetic air, panel b) data obtained under humidifed
conditions (100% rel.hum at 22°C, HO). Concentrations: Thiophene rings out of UV/VIS dta (full
triangles), thiophene rings out of the FTIR C=C pek height at 1510 cni (open squares), side chain
groups out of the integrated FTIR C-H region (fulldiamonds), carbonyl groups out of FTIR (full squares),
hydroxyl groups (open circles).

Fig.55 FTIR spectra of the P3HT photo oxidation caried out under H,O (black lines) and H*%0 (gray
lines), 100% rel.hum 22°C. Additionally, the loss bthe main UV/VIS absorption band at 520nm is given

Under dry conditions (Figh6 a) the time traces of UV/VIS and C=C signals etftlecrease almost
linearly with an exponential part starting at rolygB0% loss. The fact that the thiophene ring
concentration extracted from the UV/VIS signal é&d triangles) and the C=C signal of the FTIR
(open squares) show the same decay kinetics canfihat the absorbance at 520 nm is a good
measure for the quantification of the degradaticoc@ss of P3HT as discussed in section 111.2.1.2.
While the signals of the polymer decrease with tithe carbonyl signal rises with a constant slope
until the polymer is completely oxidized. Later #ignal tends to decline, revealing that the caylson
are not the final products. This is in good aceam® with section 111.2.1.1 regarding the formatadn
volatile species during the degradation processhiatpoint it has to be mentioned that the evotuti

of volatile species could not be monitored in theselies but has to be considered in order to déscu
a possible mechanism properly.
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In the case of humidified conditions the situat@ranges. The optical signal (closed triangles) and
shows an increasing slope with prolonged degradaiibe kinetics of the C=C signal in the FTIR
cannot not be presented due to the presence ofohrirgy species at 1534 ¢hwhich cannot be easily
assigned or subtracted from the polymer signalnEwere interesting is the observation that the rate
of carbonyl formation strongly increases at rough®@o degradation indicated by the increased slope
in the carbonyl evolution. The question now ariabsut the absolute concentration of the carbonyl
species in the film. Interestingly, the same swafeoncentration is reached under dry and humidified
conditions revealing that the concentration of oasths created within the film is the same undehbot
conditions and furthermore equal to the concemtnatobserved in the single wavelength experiments
presented in the previous section. The decay kmetbtained for the isotopic labeling experiments
show basically the same behavior of the polymenaiydecaying. However a major difference was
observed concerning the evolution of the carboigylas (Fig. 57).
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Fig. 57 Surface concentrations during photo oxidatin under d synthetic air extracted from Fig.54 and
Fig.55. Panel a) degradation carried out under BD humidified conditions, panel b) data obtained uner
H,'®0 humidified conditions. Concentrations: Thiophenerings out of UV/VIS data (closed triangles), side
chain groups out of the integrated FTIR C-H region(closed diamonds), carbonyl groups out of FTIR
(closed squares).

First of all it seems that the relative carbonyhcentration is increased by roughly a factor of 3
compared to the experiment carried out in the atesefisotopic labeling (Figh6). Furthermore the
slope of the carbonyl time trace strongly increaastethe time when the thiophene signal calculated
from the UV/VIS signal is almost completely downs fointed out above the presence of isotopic
labeling might influence several reaction pathwayswever a detailed explanation for this behavior
cannot be given with the experimental data at hand.

In summary the presence of humidity during the plmtidation accelerates the degradation process

by roughly a factor of 3. This factor does not e on the presence of different isotopes withen th

water molecules suggesting that the splitting of thater molecule is not responsible for the
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acceleration. The FTIR reaction spectra in the ggres and absence of humidity reveal that the
product distribution is strongly affected by thegence of moisture (see summary in Tab. 9). This is
most prominent in the presence of different hydiespecies. The question whether humidity acts as
catalyst or as reactant being consumed during guyeadation is answered using isotopic labeling.
Here it turned out that both oxygen and hydrogerhef water molecule are incorporated into the
reaction products as evident from spectral shifthé presence of © and H'®0. Therefore it can be
clearly stated that water does directly participatehe photo oxidation process and is consumed
during the reaction. However, other effects likdevadditionally acting as solvent stabilizing reae
intermediates cannot be ruled out. The assignméralloproduct species occurring during the
degradation process is summarized in Tab. 9.

Tab. 9 Summary of the obtained product species of 3MT photo oxidation in the absence and in the
presence of humidity.

v [em?] Conditions Assignment Isotopic shift
Dry | Humidified

3400 - X R-OOH, OH stretching, with D,O

hydroperoxides

3215 X - R-OH, OH stretching, alcohol with©®

3060 X - R-OH, OH stretching, alcohol with@

1775 X | X ROOR, C=0 stretching, ester With o

1715 X [ X RCOR, C=0 stretching, ketone|  With"i®

1670 X X c=0, With H O

1620 X | X c=0, With 5O

1620 - X C=C, sharp feature -

1414 X |- R-OH, OH bending, alcohol -

1126 - X R-OH, C-O stretching, alcohol -

1089 X - R-OH, C-O stretching, alcohol --
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111.3 Modeling of polymer photo degradation

I11.3.1 Theory and function of the algorithm

Understanding the experimentally obtained readtioetics is a major step in the elucidation of the
chemical mechanism of polymer degradation. In otdesbtain a deeper insight into the degradation
process upon photochemical decomposition of P3Hiliraerical simulation was established using a
Matlab program. The simulation attempts to desciibe photo-induced destruction of the

conjugated system of P3HT in the solid state aedréisulting UV/VIS data (reaction spectra) on the

basis of simple mechanistic considerations conngrni

1.) The absorption of mono- or polychromatic light.
2.) The mobility of the reactive center after thsarption process.
3.) The fragmentation pattern of the pi-conjugatgstem of the polymer.

4.) The thickness of the polymer film.

The detailed description of the algorithm is présdrin Appendix A. In solid state photochemistry,
the consideration of Lambert-Beer's law is of majoportance due to the fact that the degradation
process is light initiated and the reaction ratestiepends on the intensity of the light absorhethé
reacting species. In contrast to the homogeneaosss ldee well-stirred solutions, regions close te th
surface are exposed to higher photon densities tegions which are more remote from the
illuminated surface (Fig. 59 left). This gradientthe photon density might lead to the occurrerfce o
reaction gradients in the thin film. In order toagtitatively account for this behavior, the simidatis
performed with monochromatic light for which bothetincoming intensity and the extinction
coefficient of the film are known. White light ilnination is approximated by polychromatic
illumination with up to 8 wavelengths. The layeicktmess can be increased in nanometer steps
starting at 1 nm without an upper limit. The Lamb®eer law is applied by dividing the complete
polymer in sublayers j (Fig. 59 left) and calcirgtthe number of absorbed photons in each sublayer
j according to the present concentration of thiogheings and the length distribution of intact
thiophene chains. The consideration of the chamgths is of major importance because it has a
significant effect on the change of the polymeraoapson, e.g. the absorption characteristics of

oligothiophenes critically depend on the chain tarfgr N<10 thiophene units as presented inFig. 58
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assuming Gaussian functions for the absorptiond#tails of the Gaussian function are presented in
the Appendix A).
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Fig. 58 Panel a: Absorption of oligothiophenes usein this work. Panel b: Absorption maximum positian
of the used oligomers as function of the reciprocaihain length 1/N extracted from panel a.

After the absorption of light single thiophene snare destructed with a defined quantum efficiency,
leading to the fragmentation of the initial po Bmnthain. Consequently the fragmentation pattern of
the Trconjugated system of the polymer has to be cormidduring the degradation process. In the
following only the fragmentation of the-conjugated system is considered. Statements abeut
disruption of the polymes-backbone are not part of this simulation. So ¥es border cases of the
chain fragmentation pattern have been discusstiwbifield of polymer degradatitf® (Fig. 59 right).
Whereas end chain breakfigassumes that the polymer chain is decomposed byrostig
exclusively the terminal monomer units, random shhieaking assumes that the position of a
destroyed thiophene ring is completely randomhnfirst case the-conjugated system is shortened
step by step with short oligomers with n < 10 thiepe units occurring only towards the very end of
the decomposition process whereas in the latter sigsificant amounts of small oligomers appear at
every stage of the degradation process. As therptimo maximum of oligothiophenes depends
strongly®on the number of conjugated thiophene rings for T0<hiophene units, the occurrence of
smaller fragments will lead to a spectral shifttbé UV/VIS absorption spectra towards shorter

wavelengths. These oligomers are also considerszhtt according to their absorption properties.
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Fig. 59 Scheme of the basic concepts considered the numerical simulation of P3HT thin film
decomposition. Left: Polymer film divided in sub lgers and illumination from the surface side. Right:

Random (top) and end chain (bottom) fragmentation ba polymer as a function of time

Besides the absorption of light and the chain fragtation pattern of the polymer the mobility of the

reactive center created after the absorption psoo&®ains an important issue as mentioned above.

Under classical photochemical conditions in solutihe chemical reaction is localized on the
molecule which is involved in the absorption pracddowever this is not necessarily the case in the
solid state, as mobile reactive centers might teated after the absorption process. Well-known
examples for mobile reactive centers are diffusixgitons created by the absorption process or
radical species formed during the reaction. Thaildet physical or chemical nature of the active
species is not considered in the algorithm. Theukition approaches these considerations using two
limiting cases for the nature of the reactive cewteated by the absorption of photons. The first
mechanism is dealing with a strongly localized tiwaccenter (classical photochemical case) which
remains on the absorbing polymer fragment (Figle#). Here the polymer fragment i absorbs, the

reactive centre remains on fragment i resultinthendestruction of a thiophene ring on the fragnient
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Fig. 60 Scheme of reaction mechanism in the clasaigphotochemical approach (left) and radical like
reaction (right) of polymer chains (pink). The exded fragment is marked in brackets with yellow star the
reactive center is indicated as red star, wherea$¢ destructed thiophene ring is indicated as greeopen
circle.

The second mechanism allows the created reactintercéo be transferred to polymer fragments
which were not involved in the absorption procdsg.(60 right). Here the fragment i absorbs with
subsequent transfer of the reactive centre to thgnfent i in the same or any other sublayer j.
Afterwards a thiophene ring is destroyed on thgrfrent i". In this case the reactive centers aetire
move within the complete polymer film. The diffusi@f oxygen is not taken into account as the
reaction has been shown not to be limited by oxydifiusion (section 111.2.2.3). Furthermore the
occurrence of chemical substituents located attirttéiophene rings which may affect the spectral

position of smaller oligomers is not considerethatmoment.

The time counter of the simulation is given by itheoming photon flux. Therefore each time step in
the simulation represents an illumination of théypwr for one second with a constant, incoming
photon flux b which can be varied.
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111.3.2 Simulation results

In the following the results of the simulation wile presented. Here the attempt is made to simulate
experiments which were presented in the previogtioses using monochromatic or polychromatic
illumination. First the classical photochemical eagith localized reactive centers will be discussed
Here the influence of the light absorption and fregmentation pattern of the polymer will be
addressed. The consequences for the thin film ptiepewill be discussed (e.g. spectral shifts and
surface enhanced degradation). This gives valuaiftemation about the expected degradation
behaviour of thin films in the solid state upon firesence of a simple photo reaction. Subsequently
deviations from the classical photochemical behavisill be presented assuming the presence of a
reactive mobile centre. Finally white light conaiits under AM1.5 conditions will be adressed using
polychromatic light. The following data were calatgdd assuming an initial polythiophene chain
length of 300 thiophene rings which is an averagjaesfor commercially available P3HT used in the

experimental section.

11.3.2.1 Influence of light absorption on photo-cegradation under classical conditions

The simulated reaction spectra of a 100 nm P3HT film are presented in Fig. 61 for
monochromatic illumination with 365nm (panel a) da&%7 nm light (panel b), assuming end chain
breaking and classical photochemical conditions hd chain scission mechanism is applied here
because spectral shifts are expected to be absengdhe major part of the degradation process.
Both 365nm and 547 nm illumination lead to the gesfathe polymer absorption without significant
spectral changes until the latest stages of detioadd owards the very end of the reaction (Fig. 61
insets) the reaction spectra show strong differehetween 365 and 547 nm conditions. Whereas the
absorption decays without spectral modificationdesn365 nm illumination, a shift towards shorter
wavelengths is observed in the 547 nm case. Thesenations can be explained by the end chain
scission of the polymer. Smaller oligomers absaykah shorter wavelengths are only present in the
latest stages of degradation. Due to their speabsbrption position these oligomers are decomposed
under 365nm illumination but remain inactive un8é7 nm as they do not longer absorb photons.

Therefore these fragments accumulate and leacttoltherved spectral shift observed.
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Fig. 61 Simulated UV/VIS spectra assuming classichptochemical conditions end chain breaking.
Monochromatic illumination with 365 nm, 10*mol photons cni (panel a) respectively 547 nm, 1tnol
photons cm® (panel b) is used. Insets show the spectra towardhe very end of degradation. The
presented spectra represent a time interval of 108econds on the timescale of the simulation. The il

chain length was set to 300 thiophene units.

Although the wavelength used for the degradatiomsesa only minor differences in the reaction

spectra, it has prominent effects on the thin filmperties during degradation.

In the case of 365nm illumination the polymer apsion is very weak with the penetration depth of
the incoming light being larger than the film thigss (gn>> dim). Thus, the intensity profile does

not show a significant gradient throughout the cletgppolymer film in (Fig. 62 a, open squares).
Consequently the photo reaction rate is constatfimthe polymer film, resulting in a homogeneous

decay of the polymer concentration over the coredl®0 nm film thickness (Fig. 62 b).
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Fig. 62 Panel a: Light attenuation at 365 nm and 54nm at t=0 for a 100 nm thin film of P3HT. Panel b
Time dependent concentration profile of thiophene ings at 365 nm illumination in a 100 nm P3HT film.
Panel c: Time dependent concentration profile oftiophene rings at 547 nm illumination in a 100 nm

P3HT film.

The situation changes using light of 547 nm whilstrongly absorbed by the polymer withefdk

dim) . Here a strong gradient of the light intensgyobserved (Fig. 62 a, full squares) resulting in a
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higher photo reaction rate close to the surfacetliis reason the concentration profiles under &7
illumination reveal a gradient during the degramatprocess with enhanced degradation at the surface

(Fig. 62 panel c).

The temporal evolution of the gradient is demonsttan Fig. 63 a where the average thiophene ring
concentration of the complete film (trace 1), theface region of 10 nm below the surface (trace 2)
and the difference of both (trace 3) are showns Ebimparison was chosen as these values represent
the typical experimental conditions of UV/VIS or IRT(both bulk sensitive) on one hand and XPS
spectroscopy (surface sensitive) on the other hahé. shape of the observed kinetics will be
discussed later on. During degradation the surégeal initially decays faster than the bulk signal
The difference of both signals (Fig. 63 panel a€rd) reaches a maximum of 0.25 at the time index

500 meaning that the surface signal shows at mari@&% more degradation than the bulk signal.
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Fig. 63 Panel a: Time trace of the thiophene concaation in a 100 nm thin film. (1) Bulk signal of the
complete polymer film, (2) Surface signal of the fst 10 nm below the surface, (3) difference between
surface and bulk signal with marked maximum (dottedlines). Data were extracted from Fig. 62 panel c.

Panel b: Surface signal as a function of the bulkignal, data were extracted from panel a.

Plotting the surface signal as function of the bsignal (Fig. 63 panel b) reveals the expected
correlation between an XPS and UV/VIS transmissigmal in the presence of a surface enhanced
degradation. Upon the absence of a reaction gradiénear correlation with a unit slope is expécte
(Fig. 63 panel b, dotted line). The reaction gratiill become more and more prominent by
reducing the ratio between the penetration deptithefincoming light g, and the overall film
thickness ¢,. The presence of an enhanced reaction at thecsudaes also affect the observed
degradation kinetics. The simulated decay kinepicseveral polymer films of different initial film
thickness and constant penetration depth of threniireg light are presented in Fig..64
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Fig. 64 Panel a: UV/VIS degradation kinetics at 552m of P3HT thin films under 547 nm illumination

with initial thicknesses of 10 nm (1), 50 nm (2),80 nm (3), 200 nm (4), 400 nm (5), 800 nm (6). Parte

Same data as in panel a on semi logarithmic scalslonochromatic illumination with 547 nm, 10mol

Absorbance 552 nm
Absorbance 552 nm

photons cm? is used. The initial chain length is set to 30(hibphene units. The penetration depth of the
incoming light is dyen = 50 Nm, as extracted from the light attenuation ecording to Lambert Beer in the

calculated films, Fig. 62 a.

Whereas a polymer film with initial thickness of ith reveals an exponential decéig.(64 panel b,
trace 1) a more linear decay becomes prominerthfoker films. This can be understood taking into
account the penetration depth of the incoming ligfhd,cnerae S5ONM. For polymer films thinner than
this value, the attenuation of the incoming liglht lis rather low resulting in an essentially
homogeneous degradation of the complete film. I tase the number of absorbed photags |

declines during the degradation process according t
I abs = |0(1_10’E): IO E= IO e |1surfatze

with the absorbance E, the molar absorption caefftcs, the surface concentratio,fce and the

guantum efficiencyb, thus leading to an exponentially decreasing ieactte.

dc.

(f
_$: IabsW: I0 Ei?I:n‘ksurfaceqo

For polymer films with g >> Qeneraethis is not the case. Here the incoming light asnpletely

absorbed in regions close to the surface. Althahghpolymer concentration decreases in this topmost

area the absorption of photons is hardly affeceetha remaining film thickness is still sufficietat

lead to total absorption of the incident light (F&R). Therefore the reaction rate remains constant
dc,

—%z I . =1, p=const

until the latest stages of degradation when théatlem from total absorption becomes significant.
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Finally, the correlation of the UV/VIS signal atetlabsorption maximum and the concentration of
thiophene rings in the polymer film has to be cdestd. Due to the fact that spectral shifts are
observed only towards the very end of the degradathe UV/VIS signal and the thiophene ring
concentration correlate with a slope of 1 as wélishown below in Fig. 67.

In summary, the effect of the light absorption be tegradation process was demonstrated in this
chapter using the end chain scission model. Theckath breaking has been chosen here because
spectral shifts do not significantly occur untiétlatest stages of degradation. Furthermore thetrsppe
shape of the UV/VIS reaction spectra does not dienthe wavelength of the incoming light until
the very end of the reaction. In the final stagéslegradation the reaction spectra depend on the
incoming wavelength. Whereas 547 nm leads to atispeshift originating from accumulation of
shorter oligomers, these fragments are decomposddr WV light resulting in the absence of a
significant blue shift. Furthermore it turned ohat the ratio between the overall film thicknesd an
the penetration depth of the incoming photochemézdive light strongly affects the degradation
process. For @herae™>> Gim Which typically is the case for UV light, due thet small extinction
coefficient of polymers in this spectral regionh@mogenous reaction within the complete polymer
film is observed resulting in an exponential deohyhe polymer concentration. In the case Qfae

<< dym Which corresponds to visible light close to thes@ption maximum, a reaction gradient is
observed within the film. This is due to the fatatt surface near region exhibit higher photons flux
densities than deeper regions of the polymer fittere the decay kinetics are more linear. The
observed reaction kinetics therefore strongly ddpam the ratio ghnetatee/ tim , although the general

mechanism is not changed.
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111.3.2.2 Effect of n-system fragmentation pattern on the degradation pocess

In this chapter the influence of the random chaissson on the reaction spectra and the thin film
properties during degradation is presented. Astedimut in the previous section this mechanism
leads to the formation of smaller oligomers thraughthe complete degradation process. These
fragments absorb at shorter wavelengths as prebkdnte=ig. 58. In order to investigate the

consequences of this effect on the degradationepsothe UV/VIS reaction spectra were simulated

first for different illumination wavelengths as pemted in Fig. 65.
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Fig. 65 Simulated UV/VIS reaction spectra of a 108m P3HT thin film according to the random chain
scission mechanism using several single wavelengtis given in the panels. The spectral position ohé
incoming light is additionally marked by a black triangle. The initial chain length is set to 300 thishene

units.

The simulated illumination generally leads to tleeal of the polymer absorption. However there are
remarkable differences between the different illiation wavelengths. Light of 547 nm leads to the
blue shift of the spectrum during degradation tbgetwith the evolution of absorption features at

shorter wavelengths. Here, maxima at 425 nm (iepltene), 342 nm (bi-thiophene) and 274 nm
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(mono-thiophene) are visible which is in line witie formation of shorter polymer fragments. As the
absorption of these species does not match thelevegth of the incoming light of 547 nm, they do
not absorb light and thus do not decompose. Inratleeds, the reaction stops at a defined stage and
shorter oligomers accumulate. Reducing the wavétenigthe incoming light leads to the reduction of
absorption in the shorter wavelength range togetiiterthe diminution of the spectral blue shifttbé
complete spectrum (Fig. 65). This behavior origgsdtom the fact that smaller oligomers created due
to the random chain mechanism are capable of alagoihcoming photons in the near UV range.
Therefore these oligomers are decomposed and ddongér accumulate. In the extreme case of
illumination with 334 nm the oligomers of all lehgt may absorb light. Therefore the steady state
concentration of these species is rather low. Hencespectral shift is observed, with the reaction
spectra being quite similar to those observed Fer énd chain scission of the polymer. The
concentration profiles obtained under illuminatian365 nm and 547 nm further demonstrate this
effect. In the case of illumination at 547 nm teagtion stops, although more than 50% of the Initia
thiophene ring concentration is left (Fig. 66 pédnel
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Fig. 66 Panel a: Time dependent concentration prié of thiophene rings at 365 nm illumination in al00
nm P3HT film. Panel c: Time dependent concentratio profile of thiophene rings at 547 nm illumination
in @ 100 nm P3HT film. The simulation was performedassuming random chain scission.

These thiophene rings belong to oligomers, which tar short to absorb photons of the incoming
wavelength. In contrast, illumination with 365 nightt leads to the homogeneous decrease of the

thiophene ring concentration (Fig. 66 panel a).

Due to the observed spectral shifts it is intengstb compare the decay kinetics extracted from the
UVIVIS spectra with the decay of the thiophene riogcentration in the film (Fig. 67). In the cade o

end chain scission the UV/VIS signal and the theghring concentration decay with the same slope.
This is observed under both, 365nm and 547 nm itlation (Fig. 67, panels a and c). The shape of
the decay kinetics assuming the end chain scigsiechanism is influenced by the used irradiation

wavelength which is explained by the different aatof light penetration depth and film thickness
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presented in the previous section. For an incrgasitio of Gkim/drenetratethe kinetics become more and

more linear.
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Fig. 67 Decay kinetics of a 100nm P3HT film undeB65nm and 547 nm illumination. Black dots show the
time trace extracted from the UV/VIS reaction speata at 552 nm. Full red lines show the average
concentration of thiophene rings in the complete fin. Panel a) 365nm end chain scission, panel b) 365
random scission, panel c) 547 nm end chain scissjgranel d) 547 nm random scission. The initial chai
length is set to 300 thiophene units.

In the case of the random chain mechanism thersare differences concerning the shape of the
decay kinetics and the correlation between UV/\iihal and thiophene ring concentration. First of
all the UV/VIS decay, both under 365nm and 547 Hamination, is strongly accelerated compared
to the end chain scission. Furthermore the sbfiee UV/VIS kinetics is quite similar between 365
nm and 547 nm (Fig. 67 panel b and d).

The most striking difference is obtained in theecat547 nm illumination (Fig. 67 panel d) where th
UV/VIS signal completely decays, but the thiopheing concentration stabilizes at roughly 80 % of
the initial value. The acceleration of the polyndegradation in the UV/VIS upon the random chain
scission mechanism with respect to end chain bngasan be understood by the creation of smaller
oligomers absorbing at shorter wavelengths. Thesefioe polymer signal at a given wavelength is
reduced not only by the direct destruction of thiepe rings but also by the resulting spectral stift
the spectrum as presented in Fig. (6% fastest decay of UV/Vis absorption would beesked if
always the central ring of all oligomers were dested). In the case of 547 nm illumination shorter
oligomers with blue-shifted absorption maxima aculate, leading to the difference between
thiophene ring concentration and the UV/VIS sigatah52 nm (Fig. 67 d). In contrast, illumination at
365 nm also decomposes shorter oligomers. Therdfierelecay kinetics of thiophene concentration

and UV/VIS signal show the same behavior (Fig. 67 ¢
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In summary, the fragmentation pattern of theonjugated system may strongly affect the observed
reaction spectra in the UV/VIS and the observedagekinetics. The random chain scission
mechanism generally leads to the presence of shait@mers and therefore a spectral blue shift of
the spectrum during degradation. The steady sfatieese oligomers and therefore the shape of the
reaction spectra critically depend on the wavelerait the incoming light. Under irradiation with
visible light random and terminal scission mechasisof then-conjugated system can be clearly
separated according to a strong blue shift in #e& ©f random chain scission. In contrast, thetirac
spectra simulated under UV light are very similar the two scission mechanisms. Generally the
degradation of the polymer in the UV is stronglyelerated in the presence of the random chain
scission compared to the end chain scission. Asdst@bove, this originates from the spectral blue
shift of the spectrum, due to the formation of showligomers during the degradation process.
Experimentally the two scission mechanism mightliseriminated with respect to the observed decay
kinetics, the spectral blue shift and especiallgnparing the UV/VIS signal and the concentration of

thiophene rings which can be studied by FTIR.

The spectral information from the simulation may dmmpared to the experimental data obtained
under monochromatic illumination. In section IIB2L different reaction spectra were observedén th
presence of visible or UV light. A spectral blueifstof roughly 100 nm was observed during
degradation with light at 525 nm which is on thenearder of magnitude as for the simulated reaction
spectra (Fig. 65). However the general concentradioshorter oligomers seems to be lower in the
experiment compared to the simulation. During eixpents with 365 nm illumination a minor blue
shift of 40 nm was observed mainly towards the efntthe degradation process which is not obtained
in the simulation. These observations suggest dhdeast in the presence of visible light tire

conjugated system is destructed partially by timeloan chain scission.
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11.3.2.2 Effect of mobile reactive centre on degadation

So far, classical photochemical conditions wereuised. In this case molecules react from their
excited state, i.e. only molecules which absorlt@®undergo chemical reaction. The reactive center
is therefore localized on the molecule participgiimthe absorption process. In the following thil

be changed assuming the presence of a mobileveasttre. After the absorption process this centre
can shift to other oligomers of the entire film wiiwere not involved in the absorption process.(Fig
60) with subsequent degradation of thiophene ringdhese fragments. Chemically this mechanism
may describe e.g. the presence of mobile radicaiaabile excitons. In the following the simulated
reaction spectra will be presented for the extrease of reactive centers which react with the same
probability in the complete film. This case represethe presence of species which may cover a
distance of multiple times the film thickness o tholymer. This may not be explained by the

diffusion of excitons (~10nm), but by the preseateadicals with low reactivity.

For the end chain scission of the polymer the gres of mobile reactive centers does not
significantly influence the obtained reaction speand decay kinetics (not shown here). However,
the reaction spectra and the decay kinetics aoaglyr influenced in the case of the random chain

scission (Fig. 68).
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Fig. 68 Simulated reaction spectra of 100 nm P3HTthin films according to the random chain scission
mechanism and the presence of mobile reactive cerge Panel a: 547 nm illumination, panel b: 407 nm
illumination. The spectral position of the incominglight is additionally marked by black triangles. The

initial chain length is set to 300 thiophene units.

The two examples shown in Fig. 68 present the de€délye polymer absorption together with a blue
shift of the spectrum. Interestingly, the reactgpectra are quite similar for illumination by 54 n
light and to 407 nm light (Fig. 68 panel a, b). §hepresents a major difference compared to the dat
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presented in the previous section (localized reaatenters) where the reaction spectra were sgrongl
dependent on the incoming wavelength. This is éxpthby the fact that the mobile reactive centers
created are distributed over all oligomers of tlenplete film, independently of the incident
wavelength. The decay kinetics in the presencedalized and mobile reactive centers are presented
in Fig. 69 for both illumination at 407 nm and 54m. In the case of 407 nm illumination the presence
of mobile reactive centers leads to a strongly lecaed degradation compared to presence of
localized reactive centers. lllumination with light 547 nm leads to the deceleration of the UV/VIS

decay and the slight acceleration of the thiopteameentration decay.
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Fig. 69 Decay kinetics of 100 nm P3HT films in theresence of localized reaction centers (open squs)
and mobile reactive centers (open triangles). Blackymbols: UV/VIS absorbance at 552nm. Red symbols:
Average thiophene ring concentration in the polymeffilm. Panel a: 365 nm illumination, panel b) 547 m
illumination. Signals were normalized to their vale at time t = 0. The initial chain length is set t&00

thiophene units.

This behavior is explained by the nature of the ilsoteactive centers. Under 547 nm illumination
only longer fragments absorb, with the major frawmtiof reactive centers remaining on these
fragments. During degradation the concentrationiooiger fragment declines, thus they transfer
reactive center to shorter oligomers only towatssdnd of the degradation. These oligomers do not
affect the polymer absorption, therefore the reactate out of of the UV/Vis signal declines. Ireth
case of 407 nm illumination, also shorter oligom@esated by random scission absorb light, but anly
minor fraction of reactive centers remains on thfieagments. Therefore, they are hardly degraded.
The major part is transferred to longer oligomehschv are then decomposed. In other words, shorter
oligomers absorbing in the UV range act as phosiSears for the degradation of the complete
polymer although they are weakly degraded themselés accelerating effect is demonstrated in
Fig. 70where the reaction effectiveness for the randonincheission mechanism is presented as

simulated for different photochemical conditions.
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Fig. 70 Normalized effectiveness of P3HT degradati as function of the irradiation wavelength for tre
random chain scission. Localized reactive centersoien circles), mobile centers (open triangles),

absorption of the polymer at time t = O (red line).

In the classical photochemical case with localizedctive centers (Fig. 70 open circles) the
effectiveness strongly declines towards the UV eamgd follows the polymer absorption. The
presence of mobile reactive centers (Fig. 70 opé@éndles) leads to the enhancement of the

effectiveness towards the UV range.

In summary the presence of mobile reactive ceméads to the independence of the reaction spectra
of illumination wavelength. Furthermore, the reawtieffectiveness is strongly enhanced in the UV
range compared to the classical mechanism withlikech reactive centers. This enhancement
originates from the UV absorption of shorter oligom sensitizing the degradation process for
oligomers of all lengths. Experimentally the effeehess is increasing by a factor of 50 towards the
UV region (see section 11.2.2.2). As shown herethie simulation, this cannot originate from a
classical photo reaction based on the polymer ghkisaritself. The results of the simulation suggest
that the presence of a transient species absoibige UV (here short oligomers) increase the
effectiveness to a certain extent. Whether theseiep are thiophene oligomers or any other reaction

product occurring during the degradation cannagthted.
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11.3.2.4 White light conditions

So far the effect of different mechanistic assuowi on the degradation process of P3HT was
discussed in order to establish a theoretical Hasithe discussion of the experimental data okesrv
in this work. Finally the question remains whaeigpected for the degradation of P3HT carried out
under white light conditions. In order to do so &id1.5 photon spectrum was used to determine the
relative photon distribution of the different waeegths used in the simulation. Subsequently the
white light spectrum AM1.5 was approximated usihg telative intensity distribution of the spectral
line positions indicated in Fig.71. Additionallyetipolymer absorption of a simulated 100 nm P3HT
thin film is shown.

5

e 412

—: P

NG 11.0E

\ §

E &

@ <O.8,>;

= @

5 s

2 19% &

L £ =
g

£ 1042 B

0 {02

=

< 0.0

0 e — : : -
300 400 500 600 700 800
Wavelength [nm]

Fig.71 Full black line: AM1.5 photon spectrum. Redsquares: Relative intensities used to approach wisit
light conditions. Full red line: Absorbed in intensty at t = O for a simulated P3HT thin film of 100 nm

thickness.

Using the relative intensities of the AM1.5 spentrmarked in Fig.71 leads to the reaction spectra
presented in Fig 72. According to the algorithnesth spectra present the linear superposition of the
single wavelength data presented in the previocisoss. For details see appendix A. Here the spectr
in the presence of both, localized and mobile reaatenters are presented together with the diftere
chain scission mechanisms. Generally the specteanatnl for the end chain scission do not show any
differences upon switching from classical (localizeactive species) to radical based (delocalized
reactive species) conditions. The spectra do notvshny spectral shift until the very end of
degradation but simply decrease during degradat®onbserved under monochromatic illumination.
Contrary to this, the random chain scission mecmamjenerally leads to a spectral blue shift and the
appearance of shorter oligomers as presented hysthg absorption in the shorter wavelength range.
Only a minor effect of the photochemical conditidiecalized or mobile reactive centers) on the
reaction spectra is observed. The presence of enabictive centres leads to a slightly reduced
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absorption at 342 nm compared to the presencecafited ones. However this difference is certainly
not significant under our experimental conditioB&nerally, the presence of significant amounts of
oligomers absorption suggest the degradation chotg under white light conditions is mainly due to
the absorption of longer wavelengths by the polyard not due to the absorption of UV light by

smaller oligomers.
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Fig 72 Reaction spectra of a 100 nm P3HT thin filnunder simulated white light conditions according to
AML1.5 presented in Fig.71. Left column: localized eactive centers. Right column: mobile reactive ceats.
Top row: end chain scission. Bottom row: random sesion. The initial chain length is set to 300 thidgene

units.

Compared to the results of the simulation, the empntally obtained reaction spectra under white
light conditions reveal only a weak evolution ostmictured absorption in the UV range. This may be
either explained by the idea that mostly the engirccission mechanism is present or by a higher
reaction quantum efficiency of smaller oligomers tire random chain scission case. With the

experimental data at hand this cannot be unambgiyconcluded.
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The applied white light conditions may also inflaenthe presence or the absence of a reaction
gradient within the polymer film due to the facattthe penetration depth of the incoming light is
different for the used single wavelengths. In tlsecof mobile reactive centres which are free to
diffuse along the complete polymer film a gradienintrinsically absent. In the case of localized
reactive centers a gradient is observed for bdik, énd chain and the random chain scission
mechanism, Fig 73. The gradient observed here énetid chain case is approximately 20% and
therefore very similar to the one observed undemenbromatic conditions in Fig. 63.
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Fig 73 Concentration profiles of 100 nm P3HT thin ifms during degradation under white light assuming
localized reactive centers. Panel a: End chain ssisn mechanism. Panel b: Random chain scission
mechanism. Panel c: Time trace of the thiophene coantration in a 100 nm thin film for end chain
scission extracted from panel a. Panel d: Time traof the thiophene concentration in a 100 nm thinlm
for random scission extracted from panel b. (1) Bl signal of the complete polymer film, (2) Surface

signal of the first 10 nm below the surface, (3) fference between surface and bulk signal.

In the case of random scission the gradient becosnealler with a maximum value of 10%.
Interestingly such a gradient was not observed uagperimental white light conditions combining
surface sensitive XPS and bulk sensitive UV/VISaddthis strongly supports the idea that the white

light degradation under experimental conditionsas due a classical photo chemical reaction of the
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polymer itself. Furthermore this supports that thaction may be controlled by the presence of a

homogeneously distributed transient species leaditige degradation of the polymer.

The decay kinetics simulated under white light ¢ons remains a last issue to be compared to the
experimental data. The results are presented in7igin the case of end chain scission the decay
kinetics of P3HT are very similar in the presentdooalized and mobile reactive centers (Fig. 74
panel a,c). As observed under monochromatic illatdm both the UV/VIS signal and the
concentration of thiophene rings decay with the esatope. The shape of the decay kinetics is
strongly influenced by the ratio of film thickneasd penetration depth of the incoming light as
discussed in a previous section. Generally theeslbp degradation rate decreases during the camplet
degradation process as evident by the decreasome.sin the presence of the random scission
mechanism (Fig. 74 panel b,c) several differenceobserved. First of all the UV/Vis signal and the
average thiophene ring concentration do not lorsfew the same slope. This originates from the
spectral blue shift of the spectrum as discusséldemnmonochromatic case. In general it seems hieat t
degradation carried out under white light condii@md a localized reactive center is very simiar t
the monochromatic case of 547 nm illumination. Skiitg to mobile reactive centers does only slight

affect the decay kinetics, whereas it leads tatkappearance of a reaction gradient.
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Fig. 74 Decay kinetics of 100 nm P3HT thin films uking simulated degradation with white light in the
presence of localized reactive centers (panel a, Bj)d mobile reactive centers (panel ¢ ,d). Both thend
chain and the random chain scission mechanism arergsented. Full squares: UV/VIS decay at 552 nm,
red lines: Average thiophene ring concentration irthe film. The initial chain length is set to 300 tiophene

units.
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Comparing these results to the experimentally oleserdegradation kinetics under white light
conditions reveal some strong differences. Neithstrong blue shift in the UV/VIS reaction spectra
nor the occurrence of significant concentratiorint&ct thiophene rings in the FTIR was observed
experimentally upon the complete loss of the UV/\@l&orption. As stated above, this suggests that
either the degradation of P3HT proceeds mainlythvéaend chain scission mechanism, or that smaller

oligomers are more reactive in the degradationgs®.c
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IV Discussion

In this chapter the single results of the degradastudies will be discussed all close togetherder
to present a most completely picture of the dedralgrocess under ambient conditions. Before the
photo oxidation process of P3HT will be discussedétail, the ozone degradation of the polymer is

explained separately as this pathway is not domigainder ambient conditions.

IV.1 Ozone degradation of P3HT

The exposure to ozone cause the degradation of Pi@ldding to the loss of the UV/Vis absorption
band in the range of 300 to 800 nm and to the oenae of highly oxidized states of carbon and
sulphur obtained via photo electron spectrosco@3)X During the initial stages of degradation, the
polymer is p-doped, leading to a stabilizationhef Eermi level, whereas towards the end of oxidatio
the loss of electrical conductivity causes chargafigcts during photoelectron spectroscopy. The
details of doping will be discussed in section I¥l®ut the photo degradation of P3HT.

Throughout the degradation process, no signifidepiendence of the composition of the film on the
distance from the surface is observed by anglerdipe XPS measurements. This is an indication for
the absence of a reaction gradient in the polyrier én the accessible depth scale (~10nm), in
accordance with the results of X®Snvestigations on the ozone treatment of P3HT atier
polymeric systems. Obviously, the reaction ratezufne with P3HT is slow compared to the diffusion
rate of ozone into the film, even at the highestnezconcentration (6ppm) used in this work. This is
supported by the observation that other gasesnolasi molecular size as ozone homogeneously

penetrate a 100 nm thick P3HT film in less than seeond’.

The oxidative character of degradation via ozoreoiyes evident from the observation of the oxygen
uptake by the film and by the appearance of ox@lizarbon and sulfur species in the photoelectron
spectra. Concluding from the electron binding eiesrgbserved, several oxidized carbon species of
different oxidation states evolve, which comprisebonyls, carboxyls, and probably also alcohols,
peroxides, as well as ozonides. Interestingly theunt of carboxyl groups remains in relatively dmal
fractions.

A detailed inspection of the sulfur XPS signalseas the presence of four different oxidation state
in the film. The time traces of these species ssiggeconsecutive oxidation mechanist2, 3>4,
with species 2 and 3, i.e., probably sulfoxides smfbnes, as intermediate products, while speties
probably a sulfonate, seems to be formed in a sulese step from the intermediate sulfur species.
This kinetic scheme is similar to the one propasedhe basis of FTIR studies of the photo-oxidation
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of P3HT, where sulfoxides and sulfones were identifiedhasintermediate products and sulfinate
esters as the final. Although species 4 is thd finaduct observed by XPS, it is not necessarity th
final product in this sequence of oxidation reawiothe increase of the carbon to sulfur ratio @863
during the reaction indicates the generation oétilel oxidized sulfuric speciéd. The loss of material
during the reactions is further supported by theeapance of the XPS signal of Indium, which is part
of the substrate material ITO, at later stages efradation. During the further discussion of
degradation kinetics it has thus to be kept in ntimat the elemental composition of the film is not
really constant and that final products of oxidatmight not be detectable by methods such as XPS,
UV/Vis, and FTIR, which only probe the solid film.

The analysis of the ratio of oxidized to non-ox@tizspecies of sulfur and carbon yields furtheminisi
into the degradation mechanism. In the case ofadiagion by ozone, the slope of the O:C ratio ws. th
optical loss is only around 0.4, which means tivaneafter complete destruction of theonjugated
system, 60% of the sulfur atoms have not been zeddiThis suggests that sulfur is not involved in
the primary step of the reaction which leads tolieaching of P3HT, but that the oxidation of sulfu
is rather part of subsequent reactions. The ineredghe O/S ratio with growing absorption loss,
showing an average slope of approximately 4, indicthat between one and two ozone molecules per
thiophene unit are consumed during the destruatfothe n-conjugated system, in accordance with
what has been observed for thiophenes in soffitiGurther insight comes from the evolution of the
fraction of oxidized carbon species, showing a&lop0.4 when plotted against absorption loss. The
resulting fraction of 40% of oxidized carbon at gete loss of optical absorption matches the
number of carbon atoms in the ring structure. Tihisin indication that the primary reaction step
consists in the electrophilic addition of ozonétte double bonds of the thiophene unit, in accardan
with the generally accepted mechanism of the on@@ment of unsaturated organic matefiafsand

of other conductive polymers like polypyrole andyaailine™.

The attack of ozone at the alkyl side chain iskali, due to the generally slow reaction rate afrez
with aliphatic C-H bond€® and actually has not been observed in FTIR stutfiese ozonization of
polythiophen&. After the addition of ozone to the double bondbsequent reactions cause the
cleavage of the C=C borfd® via carbonyl formation, which finally leads to tl@ening of the
thiophene ring with possible subsequent sulfur atiih by a further ozone moleculz The low
oxygen to carbon ratio of O/C ~ 4 at the end oftileaching reaction, which matches the fraction of
oxidized carbons and the absence of a strong c@rkm@mnal in the carbon spectrum of ozone treated
P3HT, further supports the assumption of a mechansmprising an electrophilic attack of ozone at
the thiophene ring as initial step of degradati®adical mechanisms, either as side reactions or as
subsequent reaction steps seem to play only a maier consistent with the low hydroperoxide

concentrations observed in the ozonization of umated polymers.
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More detailed information about the degradation lma@csm can be gained from the blue shift of the
UV/VIS absorption during degradation. Under expestar ozone, a significant blue shift is observed
during the reaction, starting at around 60 to 700he total UV/Vis absorption loss. Therefore,
fragments shorter than n = 10 thiophene rings nieeekist in considerable amount. This hints to
ozone attacking the-conjugated system at random positions. The resultandom distribution of
fragments during the whole process of ozonizatiooonsistent with the®lorder kinetics of UV/Vis
absorption loss Such a random attack of ozone éas bbserved for both saturaféand unsaturated

polymers.

Regarding the relevance of ozone degradation inddemposition of the polymer under ambient
conditions the rates of ozone degradation in thd& dad photo oxidation were compared. Under
irradiation at AM 1.5 conditions in synthetic aihe rate of photo oxidation is about two orders of
magnitude higher than ozonization in a typical falbary environment (10 ppb) and roughly one order
of magnitude higher than under high urban comaéiohs of 0.05 ppm. Ozone degradation of
P3HT® therefore seems not to play major role in thetilife of the polymer. However this

investigation is helpful concerning the possiblesence of local, higher concentrations of ozone in
the large scale production of organic electronigicls. In daily application however the photo

induced degradation seems to play the major roézefore the photo induced degradation effects will

be discussed in the following.
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IV.2 Photo degradation of P3HT

The exposure of P3HT thin films to light and oxydeads to the occurrence of several degradation
effects which take place on significantly differ¢imie scales. However these effects all contrilbote
the overall degradation of the polymer and willtherefore discussed all close together. A mutual
basis for all of the observed effects is the siemdbuspresence of present light and oxygen as
revealed in section 111.2.2.1 and 111.2.2.4. In fledowing these effects will be discussed accaydio

their occurrence on the different time regimes sjpBcial attention to possible correlations.

IvV.2.1 Reversible, oxygen induced quenching okeited states

Upon exposure to oxygen a thin film of P3HT (~10Qrimmhomogeneously penetrated by the gas
within the first milliseconds which leads to thert quenching of excited states via collisional
quenching and therefore a loss in fluorescencenditi® This phenomenon is fully reversible upon
switching to inert atmosphere or vacuum. Parablethe collisional quenching the formation of a
charge transfer complex between the polymeric damor oxygen as acceptor rises within minutes,
also quenching the excited polymer state. This aapt is reversible upon thermal annealing under

nitrogen or vacuum conditions.

The third component of fluorescence loss is givethle photo oxidation of the polymer itself yieldin
irreversible defects. Interestingly the completssl@f polymer emission is accompanied by minor
losses in the UV/VIS absorbance of approximately &¥presented in section Ill.1.1.The nature of
these defect states remains an open questioniagsdheentration is way below the detection linfit o
standard spectroscopic techniques like FTIR, NMKXBS. Although a direct proof cannot be given it
may be concluded that these quenching sites areéodthe formation of carbonyl functions created
during the complete degradation process as obtamesction 111.2.3. As these species present a
major part of the reaction products as will be dssed below. Further support of this interpretation
comes from the observation that carbonyls show &igbtron affinities which facilitate a pathway for

the quenching of the emissive polymer Stdf8
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IvV.2.2 Reversible, oxygen induced doping of P3HT

Upon exposure to light and oxygen the energy le@ER3HT show a reversible shift together with the
occurrence of a weakly adsorbed oxygen specieshwihicemoved upon thermal annealing at 150°C
and a strongly, irreversibly bound species remginim the polymer upon thermal annealing as
presented in section I11.1.2. As oxygen is knowratd as p-dopant for organic semiconductors two

possible reasons for the systematic energeticsstaft be discussed.

First a p-doping of the organic semiconductor P3#T alternatively, a variation of the interface
dipole between P3HT and the underlying substratéerface doping) can be considered. Both
phenomena may induce the Fermi level to shift towahe HOMO level position. As the reference
energy in photo electron spectroscopy is the Féewail, such a shift will decrease the binding egerg
of all occupied states and increase the work fongtresented by the energy difference ph&d the
vacuum level, as observed. Oxygen induced p-dopfrifpe polymer is more likely than interface
doping due to the fact, that oxygen is homogengadistributed over the polymer film as concluded
from the large oxygen diffusion coefficient and theesent film thickness of the polymer film of
roughly 100 nm as presented in 111.1.1. Furtherpsupfor this interpretation may be derived from
theoretical work™ and experimental observatifysboth stating that P3HT itself may become doped
by oxygen. Such doping effects were already redodeveral years ago for in situ prepared
sexithiophene thin film&. However, the possibility of interface doping ahe influence of light or

different oxygen species were not discussed there.

Because the P3HT film was prepared ex situ in Wk, the influence of oxygen during the
preparation cannot be fully excluded. However, VS the oxygen amount in the polymer film can
be quantified. Statistically there is one oxygesmabn every 200thiophene ring in the pristine film.
Assuming a density of 1.1ag® for P3HT**'%his yields an oxygen concentration of 2%10xygen
atoms per crhin the pristine polymer film.

Whereas the effect of doping of P3HT by oxygenlézaig the influence of light or the estimation of
the oxygen content in the polymer film which iswedly responsible for the doping remains an open
question. In particular, in view to applicationsthese materials in organic solar cells, the goBsti
arises whether or not light does affect the intdwadetween P3HT and oxygen. Therefore, the P3HT
thin film was exposed to oxygen twice for 30 mindark without significant changes in the position
of the energy levels. In other words, the preseridight promotes doping effects significantly whic

is in good accordance with the observed minor omyeféects in the daff® and the enhanced rates of
oxygen doping under light .Interestingly the occurrence of two different ogpgspecies was

monitored via XPS; a weakly adsorbed one which lsarremoved upon thermal annealing and a
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strongly bound species which cannot be removeds& beservations point to the presence of at least

two oxygen species with significantly different 8ing energies to P3HT.

The reversibly bound species is attributed to moybied oxygen which probably forms a metastable
charge transfer complex with the polymer upon phexgitation of the latté?. The irreversibly bound

species is assigned to oxygen contained in photdatian products.

Unfortunately the chemical nature of these spemaesiot be resolved as the peak shape of the oxygen
O1s spectra does not change significantly upon ex§ight and thermal treatment. Most probably
these irreversible oxygen species originate from ghesence of carbonyl functions as presented in
section 111.2.3 about the product evolution studigd FTIR. Nevertheless, the assignment above
explains why the reversibly bound oxygen specidsichvrepresents an only minor part of the total
oxygen content of the film, leads to the shift lo¢ ttore and valence levels, whereas the much more
abundant, irreversibly bound oxygen species hasgdigible effect on the electronic properties and

only a weak effect on the optical properties offttme.

The oxygen molecule bound to thesystem of the polymer in the CT complex trapslanteon which
leaves behind a mobile hole on the electrongystem of the polymer. This leads to a shift &f th
Fermi level towards the HOMO level of the polymieiterestingly the concentration of the reversible
oxygen component during repeated doping cyclesetsvden c(rev. oxygen) = 2.7X2a.2x16°
oxygen atoms per cmComparing these numbers to the free charge caeisity c(CC) = 16- 10"
cm® in oxygen doped P3HT thin filrf suggests that equilibrium constant of charge earri

formation K = c(CC)/c(oxygen) ~ 0.01-0.1 is rathew at a given dopant level.

The oxygen species chemically bound in oxidatioodpcts is preferably located at molecular sites
which are electronically isolated from theconjugated system (probably in the side chairitipasor

in already destructed thiophene rings). Conseqyeitdl interaction with electrons of thesystem is
much weaker and thus does not lead to substahialges in the electronic structure of the polymer.
Although the electronic structure is affected, itheversibly bound part of the oxygen populatiosoal
presents a degradation pathway of the polymer. Nosbably these oxygen species are the ones
acting as quenching sites for excited states ofTPa8sl discussed in the previous section about the
irreversible, oxygen fluorescence quenching of P3WHfAe above considerations about the p-doping

mechanism and the two different oxygen speciesamemarized graphically in Fig.75.
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Fig.75 Panel a: Energy level sketch of pristine ur@ped and oxygen doped P3HT summarizing the oxygen
induced doping originating from the weakly absorbedoxygen species. Panel b: Model of the different

oxygen species and their effect respectively positi on the polymer.

Finally the timescale of the different phenomena t@be discussed. The oxygen induced doping
presented here occurs on the time scale of mirunider AM1.5 illumination, whereas the complete

photo bleaching of the polymer requires roughly &elv under these conditions. Therefore the
formation of the CT state respectively the dopifighe polymer presents a reaction pathway in the

very early stages of degradation where the polysmbleached by less than 3%.

IvV.2.3 Irreversible photo oxidation of P3HT

In order to further approach the degradation meishamf P3HT in the solid state the influence of
several environmental factors on the stabilityle polymer under was investigated in section I11.2.
Thermolysis of P3HT at moderate temperaturbs<(400K ) under air in the dark, is negligible as
compared to the photo-oxidative degradation of P3#En at low light levef& Similarly, photolysis

in the absence of oxygth takes place on the time scale of years. Furtherrttte degradation by

ozone is negligible under ambient conditions asemted in section 111.2.1.1.

Thus the dominating reaction pathway leading toitexersible degradation of P3HT under ambient
conditions is the photo induced oxidation of thetarial. Therefore the discussion will concentrate

solely on the kinetics of the photo oxidation psgcand the elucidation of the reaction mechanism.

During the degradation under white light and comistexygen partial pressure, the decay rate
monitored via UV/VIS is constant. In other wordse treaction rate does neither decrease with the

absorbance of the film nor with the rapid decayunfinescence intensity discussed in the previous
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section about the irreversible photo oxidation. Tihear dependence on light intensity indicates tha
the steady state concentration of the active spésiproportional to the rate of absorbed photoms i
the reaction is at least photo initiated.

However, this active species does not originatenfexcited states of the (intact) polymer or any
reactive species sensitized by the polymer, aswhidd neither be in accordance with the observed
zeroth order kinetics, the fast irreversible fllgmence quenching, nor would it agree with the
activation spectrum of photo oxidation which wile liscussed below. It also excludes that the
bimolecular recombination of possibly photo geretatadicals plays an important role in the overall
reaction scheme. The observed pressure dependetioe B3HT photo oxidation is consistent with
both mechanisms under discussion, the singlet oxygeh (Eq. 27) and the radical based pathway
(Eq. 24). The pressure dependence of the degoadatie indicates that oxygen or an oxygen centred
intermediate species depletes a transient spenielvéd in the rate limiting step of the reactidiis
transient species may be either an excited staaecbain propagating radical species. The lineeayle
kinetics may originate from several factors:

1.) Surface enhanced reaction:

First of all, the photo-oxidation can be a surfagaction. This requires at least one of the regéstan
i.e., either the excited polymer or oxygen, to égtnicted to the surface. This is not very likelg,the
penetration depth of incoming light is approximat®0 nm at the absorption maximum of the
polymer and even larger for shorter wavelengthg.(62). Therefore the penetration depth of light
and the film thickness of 100 nm are on the sanderoof magnitude. The simulation of the P3HT
photo degradation under white light conditions éct®n 111.3.2.4 reveals that, if at all only a am
reaction gradient of 10-20% at maximum is expecteder white light in a classical photo reaction.
This does not lead to linear decay kinetics faira thickness of 100 nm. The reaction is furthereno
not limited by the diffusion of oxygen into the kukection 111.2.2.3) as the diffusion of oxygemca
easily keep up with the oxygen consumption of thengical reaction in the film. Direct experimental
evidence for the absence of a significant reactimadient is given the equal photo oxidation rate
obtained for bulk sensitive UV/VIS (100 nm infornaat depth) and surface sensitive XPS (10 nm
information depth) in section 111.2.1.2. In summadgth the simulation and the experimental results
reveal the absence of a significant reaction gradid thus rule out that this explanation for the

observed linear kinetics.

115

2.) Fragmentation pattern of the conjugated system

Secondly, the fragmentation pattern of theonjugated system might explain the observed tinea
decay kinetics. During degradation the destructidndouble bonds leads to a decrease of the
absorption cross section in the visible of abodtctfmmol* per thiophene ring. Concomitantly, the
effective n-conjugation length is reduced, which causes ttgitipa of the absorption maximum of
polythiophene to shift to the blue as soon as thegesignificant amount of pi system fragments with
the number of conjugated thiophene rings below1®*. Assuming that only the terminal thiophene
rings are starting points for degradation (end rchaieaking) this means that the polymer chain is
degraded step by step with the number of reactergecs remaining constant over the complete
degradation process supporting the linear decagtik;n Furthermore this model may explain the
absence of a strong spectral blue shift duringptieto oxidation of P3HT as the critical limit of &
leading to significant spectral shifts is reachédha very end of the degradation (~10% remaining
absorbance) assuming an initial chain length of @0its estimated from the molecular mass of the

polymer.

3.) Intermediate species

A further possible reason for the linear decay tkiseis that the rate limiting step of the reaction
involves an indestructible impurity or an intermegdi species, whose concentration is constant during
most of the reaction.

With the experimental results at hand it cannotiéeided what is actually the reason for the obskrve
linear kinetics of the photo degradation under hight. Nevertheless, the linear decay kinetigs, i
the independence of the reaction rate on the ahsoebof the polymer, is fully in accordance witk th
dependence of the effectivenessk on the wavelength of the incident photons, ilee &ctivation
spectrum of photo-oxidation presented in sectib@.2.2. Both of these observations strongly sugges
that the degradation of P3HT does not follow asitaphotochemical reaction sensitized by P3HT
itself.

The activation spectrum of photo degradation insesacontinuously towards the UV region of the
spectrum and is thus clearly different from theoapson spectrum of the P3HT film. Assuming a
classical photochemical reaction of P3HT the ¢iffeaess should follow the absorption spectrum of
the polymer as presented in the simulation sedtidh2.2. Although the activation spectrum cannot
be assigned to any specific chemical species tivdurexcludes the sensitization of singlet oxygen o
of any other reative species by the polymer as rdte limiting step of the photo-oxidation.
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Consequently, a photoinduced radical-based pathsvdlge more likely degradation mechanism of
P3HT under light and oxygen. This has already bmeggested by Abdou and Holdcfftwho
identified radical induced crosslinking of the polgr chains as a major reaction pathway. More recent
investigation& confirm this picture by showing that P3HT filmseamot attacked by singlet oxygen
under white light conditiofd These results are supported by the stabilizeerments presented in
section 11.2.3.1 suggesting that neither light &53nm nor of 525 nm illumination generates
significant amounts of singlet oxygen which coukel duenched by the DABCO stabilizer. At this
point however it has to be considered that thecieficy of a stabilizer molecule in the solid state
might be generally hindered by the diffusion lengfhthe reactive active species. If the diffusion

length is very small, the reactive centre may path any stabilizer molecules within its lifetime.

In order to derive a more detailed explanationtfer observed wavelength dependence of the photo
oxidation the product evolution was studied viafTHere the two limiting cases of UV (365nm) and
Vis (525nm) photo oxidation were investigated.

lllumination into the absorption maximum of the yrakr at 525 nm leads to the degradation ofithe
conjugated system by the formation of carbonyl Eseen the thiophene rings (polymer backbone) as
studied by FTIR (section 111.2.3.1). The aliphasitle chain is hardly affected. Together with the
decreasing reaction rate during degradation trggests that the reaction in this case might betalue
reactive species which are sensitized by the palytself. Further support of this interpretatiomess
from the theoretical model presented in sectia.2L1 revealing that the reaction rate for P3Hifdi

of the used thickness used in the present expetsnied00nm) should decrease during degradation
upon the presence of a photo reaction sensitizetidopolymer. This represents a major difference to
the linear decay kinetics observed under whitetligh now the reaction rate depends on the

absorbance of the polymer film.

As illumination with 525 nm only excites the polymigself, this gives the unique possibility to
consider the nature of the reactive oxygen spe@eserally, two reactive oxygen species have to be
considered which may be sensitized by the polyi®er.the one hand this might be singlet oxygen
sensitized by the polymer triplet state, on theeptiand this might be a superoxide radical created

of the polymer-oxygen charge transfer complex.

1.) Superoxide ion mechanism:

The presence of superoxide ions was supposed ire¢ieat literatur®®. Superoxide is rather alkaline
and should rapidly abstract a hydrogen cation fiti nearest C-H groups which is the alpha
methylene unit as presented in Fig.76. A possitdelanism is presented in Fig.76.
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Fig.76 Reaction scheme for the initial degradatioprocess assuming the formation of a superoxide amo
sensitized by the polymer under 525 nm illumination (1) Ground state P3HT, (2) Charge transfer
complex, (3) P3HT and hydroperoxyl radical, (4) P3H with hydroperoxide function on the alpha side
chain position, (5) Reaction intermediate, (6) Redion product after initial degradation.

Upon illumination of P3HT in the presence of oxygemetastable polymer charge transfer complex
(2) is formed. Subsequently a proton may be alistiaby the superoxide ion,Ofrom the alpha
methylene unit of the side chain resulting in atreypolymer radical and a hydroperoxyl radical. (3)
The proton abstraction at the alpha methylene igniaither likely considering that this position is
located close to the thiophene ring where the s ion is created and furthermore that this grou
is rather acidic compared to the rest of the stircgroups. The created hydroperoxyl radical )n (3
may abstract a hydrogen atom from an adjacent lileiop ring whereas the polymer radical may add
an oxygen molecule. Both of these steps will leathe chain propagation of the reaction. However
these steps do not represent the destruction of-tomjugated system. Therefore another possibility
is the recombination of both radical species tanftine polymer hydroperoxide species (4) which is so
far discussed to be present in the initial stage®3HT photo degradatioh?® This peroxide is
thermally labile and is known to decompose intgydrbxyl radical (OH) and a peroxy radical (CO
Subsequently the hydroxyl radical most probablgckts the thiophene ring in the 2 or 5 posftién
resulting in the intermediate (5). This intermeeligiien relaxes by a hydrogen shift into the product
(6). Here it has to be mentioned that each readtep involving a radical species may lead to the
further uptake of an oxygen molecule and thus eoptopagation of the chain reaction. Species (6)
represents the reduction of tieonjugated system and consequently a loss in YH¥13 absorption

of the polymer. However it has to be stated thiatithcertainly not the final product as both remivag
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double bonds and significant amounts of hydroxyictions are not observed under these conditions.
Here it is a safe assumption that in the presericeadical species these groups will certainly
decompose in follow up reactidfleading to carbonyl species. According to the ioleth FTIR data
the oxidation behaviour of the thiophene sulfuraem an open question here.

The considered mechanism may explain the observtat the aliphatic side chain is hardly attacked
under illumination with green light of 525nm. Fuetmore it may even explain the observed
decreasing reaction rate under these conditionsveMer the presence of the proposed superoxide
mechanism is rather unlikely due to the fact thatetmethylene groups is not attacked as concluded
from isotopic labeling experiments of this positi@euterated P3HT) in section 111.2.3.1. Thus any
mechanism assuming the alpha side chain positidre tine starting point is rather unlikely although
this has been suggested in literatfifé

2.) Singlet oxygen:

The presence of singlet oxygen is controversiaigussed in the recent literature about the sedites
degradation of P3HF' Here it has to be pointed out that the degradatiechanism might change
upon different environmental conditions, especiathgler white light compared to degradation carried
out under monochromatic illumination conditionssasondary reactions may occur. The degradation
carried out under green light conditions where dhly polymer absorbs, supports the idea of singlet
oxygen being present as this species does prefahemttack the double bonds of theconjugated
system. This preferential reaction of the doubledsois actually observed under green light. In
contrast, the side chain is only slightly degradedng the entire degradation process which is also
expected in the presence of singlet oxygen. Furtber the decreasing reaction rate is explained by
the presence of singlet oxygen sensitized by tignmr. Therefore the presence of a singlet oxygen

based mechanism is rather likely, at least undegrgltight conditions.

The presence of UV light at 365 nm does not ontyease the reaction effectiveness by a factor of
approximately 30, but results in strongly linearcale kinetics and a modified product evolution.
According to the simulations presented in sectichR.1 a first order kinetics is expected under
weakly absorbed UV light in presence of a degradathechanism sensitized by the polymer. The
unexpected linear decay kinetics already suggest ptesence of a complex mechanism. The
destruction of ther-conjugated system using UV light leads to the sapmcentration of carbonyl
functions on the thiophene ring as observed undErglight conditions. Other reaction products like
hydroxyl species are not observed. In contrasteermlight conditions, the side chain signal desgsa

during degradation. Taken together, these resuligest that the concentration of reaction products
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does not depend on the presence or the absenbe sfde chain. Therefore the side chain is rather
detached from the molecule instead of being oxdliZzeogether, these observations suggest that the
detachment of the side chain is an additional phataced step, whereas the first reaction steps are
the same as observed under 525 nm. Further suppdnis assumption comes from the observed
carbonyl kinetics in section 111.2.3.1 Fig. 42 shiowthe shape of a typical consecutive reactiore Th
fact that this additional pathway is present urldérconditions strongly suggests that the detachment
of the side chain is due to the presence of a Blotsipe | reaction taking place after the formatdn
initial carbonyl species on the thiophene ringtetastingly the assumption of a Norrish type | tiesc

not only explains the detachment of the side clinalso gives a reasonable explanation for the
enhanced effectiveness in the UV range. The Norygle | reaction intrinsically produces free

$'%1 which in turn may add additional oxygen, thus poting the formation of

radical
hydroperoxides species. These species are highbtive upon UV illumination with kinetic chain
lengths in the range of 3a0° **? leading to the enhanced reaction effectivenesgh&unore the
proposed mechanism is in line with the observeedlirdegradation kinetics which may be explained
by the rapid appearance of a steady state contientaf radicals in the film. In general it seerhatt
the photo degradation of P3HT under UV light is doé to the absorption of the polymer itself but to
the presence of carbonyl and hydroperoxide spedigsh are highly reactive upon UV illumination.

The above considerations are summarized in Fig. 77

Intact Bleached Norrish Backbone disruption
Thiophene ring thiophene ring reaction
Oxidation defects @ Radical center

Fig. 77 Schematic pathways of polythiophene photamlation under illumination with 525 nm and 365 nm
light.

Both UV light of 365 nm and visible light of 525 niead to the initial formation of oxidation defects

on the polymer backbone. Subsequently, only U\tligitapable of disrupting the sigma framework.

Under white light conditions the formation of canybspecies is not significantly different from tha
obtained under monochromatic conditions (both U 84S degradation). Again the formation of
carbonyl species (ketones, esters, conjugated m@d)ds strongly correlated to the decay of bdwh t
optical signal and the loss of C=C double bond gdigm in the FTIR. This suggests that also under
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these conditions the carbonyl products are creaedly on the thiophene ring positions. The strong
decay of the hexyl side chain again points to gtachment of the complete side chain which isyikel
to originate from the presence of a Norrish typedction. This side chain loss is very similarhe t
degradation obtained under UV light. The disruptadrthe sigma framework and the formation of
volatile species under white light becomes evenemevident by the increasing C: S ratio and the
occurrence of substrate signals in the XPS spaftea the total loss of UV/VIS absorbance in settio
111.2.1.2. Interestingly the detachment of the Hesigle chain obtained via FTIR would essentially
decrease the C:S ratio during the degradation psoedereas an increase is observed in the XPS
spectra. These observations strongly suggest ésiddthe detachment of the side chain severat othe
pathways for the disruption of the backbone aresgrewhich may finally lead to the formation of
volatile species including significant amounts offer. In other words, the sigma framework is not
only disrupted by the detachment of the hexyl silain but also by the cleavage of bonds in the

thiophene ring. Therefore the complete molecutissupted.

The formation of sulfur oxidation products couldt i addressed on the basis of the FTIR data
because they appear in the finger print region,Heebmes evident from the XPS data presented in
section 111.2.1.2. A detailed inspection of théfsuXPS signals reveals the presence of four chffie
oxidation states in the film during the degradatimmier white light. The time traces of these specie
suggest a consecutive oxidation mechanish2 13>4, with species 2 and 3, i.e., probably sulfoxides
and sulfones, as intermediate products, while sgetj probably a sulfonate, seems to be formed in a
subsequent step from the intermediate sulfur spedibis kinetic scheme is similar to the one
proposed on the basis of FTIR studies of the pbatdation of P3HT, where sulfoxides and sulfones
were identified as the intermediate products arinate esters as the final prodtictHowever these
species could not be quantified in the FTIR ingzttons of this work due to the strong overlap of
signals in the respective region. Although spediés the final product observed by XPS, it is not
necessarily the final product in this sequence xaflation as the formation and disappearance of
volatile species was deduced from the occurrenc¢hefsubstrate signal at the latest stages of
degradation in the XPS spectra. The overall sufudation linearly correlates with the loss of the
optical signal in the UV/VIS (see section I1I.2.Eig. 26). At the same time the FTIR data in section
111.2.3.2 Fig. 56 reveals that the loss of doubdadls is also strongly correlated to the opticas lost

not to the decay of the side chain. Therefore énsethat the destruction of double bonds and the
oxidation of the sulfur position are also corretaferther supporting the idea of a singlet oxygen

based mechanism.

In contrast to the product evolution under monogtatc illumination with VIS and UV light, the
presence of significant amounts of alcohol functiomas observed via FTIR under white light
conditions in section 111.2.3.2. As all experimdntanditions despite the illumination were constant

this points to the presence of further photo induEactions under white light conditions leading to
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the occurrence of alcohol functions. However thiitktl nature of these reactions remains an open
question at this point.

Besides the illumination conditions, the presencbumidity strongly influences the photo oxidation
of P3HT as presented in sections 111.2.2.5 an@.Bl2. Water in itself does not react with P3HT at
significant rates in the absence of light and oxydeut acts as a promoter increasing the photo
oxidation rate of P3HT films. During the photo ciithn process the reaction rate strongly increases
in the presence of humidity. This might be expldir®y the increasing hydrophilicity of the film
during degradation due to the formation of polact®n products e.g. carbonyl and S&pecies.
Consequently the concentration of adsorbed humiditthe film is increased and the accelerating

effect becomes more pronounced.

These considerations lead to the question abouti¢tsled nature of the accelerating effect gOH
during the photo oxidation of P3HT. First of allt@amay act as solvent facilitating the diffusidn o
reactants (although it has no effect on the diffasif oxygen) or stabilizing intermediates. Secgndl
water may open additional reaction pathways, actisga catalyst or reactant during the reaction.
Interestingly the FTIR reaction spectra in sectiibr2.3.2 reveal that the concentration of adsorbed
water in the polymer film is way below the detentiomit of the spectrometer even in the case of the
degradation carried out at 100% rel.hum. At the esdime the product evolution during photo
oxidation is modified by the appearance of new bygr species and the strongly reduced
concentration of alcohol groups. This strongly ®sg that water is consumed during the photo
oxidation process to some extent. Experimental engd of this interpretation comes from the
presence of deuterium uf® in the reaction products during degradation sghesence of  and

H,*®0. Therefore water is acting at least as reactaningl the degradation process.

Although water is evidently consumed, the abseri@esignificant isotopic effect on the reactiorerat
in the UV/Vis reveals that the accelerating effischot limited by the splitting of water molecule
itself. Therefore it seems that the water molecedets with highly reactive intermediates, possibly

hydroxyl radical according to scheme 3:

Scheme 3: Possible reactions of the a hydroxyl ragiil with H,0, D,O and H,*?0.

OH[+H,0 ~ H,0+OHI
OH[3D,0 - H,0+0D0

OH[3H,” 0 - H,0+*¥OH DO

The reactions presented in scheme 3 present arftpppnsport of the reactive centre which may lead
to the enhanced diffusion respectively of reacipecies. Furthermore it might give a hint how the

different isotopic markers discussed before are tbbe incorporated into the reaction products.
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The diffusion of reactive intermediates within f@ymer film may also explain the activation energy
of the photo oxidation process of 26 kJ/mol presén section 111.2.2.3. Generally this value psint
to the presence of a thermally activated diffugioncess and thus a reaction limited by the diffusio
of a reactant. Interestingly the activation enevfyhe photo degradation and the oxygen diffusion i
the polymer film show the same value of 26 kJ/ntbbwever the photo oxidation is clearly not
limited by the diffusion of oxygen as discussedwebd possible explanation for this low activation
energy may be the presence of hydroperoxide spethesse species are thermally unstable and
decompose into hydroxyl radicals. Thus, eitherdeeomposition of these species or the diffusion of
the created hydroxyl radicals may be the origintloé observed activation energy. With the

experimental data at hand this cannot be unambgjystated.

Finally the structure of the polymer dramaticalhfliences the degradation process as presented in
section 11.2.2.6. So far the results of the regigular P3HT were discussed as this isomer is of
tremendous importance in the field of organic etedts. However the comparison with the
degradation of the regio- random isomer gives \@ianformation about the general degradation
mechanism. Regio-random P3HT degrades by abouttarfaf five faster than its regio-regular
isomer. Its UV/Vis absorption spectrum also exBgilat significant blue-shift during degradation (by
about 100 nm), which is not observed for regio-t@gB3HT, suggesting that the fragmentation of the
conjugatedn-system in rra-P3HT takes place in a more randoshiém than in rre-P3HT, thus
producing a random distribution aof-conjugated fragments whose average shifts to ehort
conjugation lengths throughout the degradationgssgcvery similar to what has been observed for the
singlet oxygen driven photo-oxidation of P3HT inuion®. The different degrees of regio-regularity
have several consequences on the properties dfltie such as higher mobilities of the polymer
chains and low molecular weight species, etc.Herrandom isomer. The most striking difference of

the two isomers lies in their grossly differenplet yields. While films of the regio-regular isonae
reported to have triplet yields g <1073, the regio-random polymer shows significantly fegh

triplet yields*® which might even approach the solution valurg; = 0.7 As oxygen diffusion is

not rate-limiting, as shown above, and tripletesare photochemically much more active than dingle
excited states, due to their longer life-time, ingher triplet yield is most probably the reasontfee
accelerated photo-oxidation of the regio-randomymelr. A possible pathway of triplet-induced
photo-oxidation might be the sensitization of satgixygen (see Scheme 1), which has been shown to
be the species responsible for the photo-oxidatfoR3HT in solutioA”?% These considerations are
further supported by the activation spectrum of tkegio-random P3HT which reveals that the
effectiveness of the photo reaction follow the apson spectrum of the polymer.

Although the discussion so far may not result & phesence of a degradation mechanism in detsil it

worth trying to summarize the observed data. Inreany the described degradation kinetics of the
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regio-regular P3HT and their dependencies on enriemtal factors are summarized sufficiently well

by the empirical expression:

_dE __dny _Opg — @AT)0(A)
& Ot At 1+b(T)[p;1 “{posz)

where E represents the absorbance of the #iimthe extinction coefficient of one thiophene uit,
the unit area, nthe number of moles of thiophene ringsthle incident photon ﬂuxpoz the oxygen

partial pressure[] is the effectiveness, b and c¢ are constants, fiestemperature antl is the
irradiation wavelength. Typical values for thesastants for a film of about 100 nm in thickness are

O(po, — ©.334nm,300K )=~ 910 and b(298K)=124bar. Thermolysis of P3HT at

moderate temperature3 € 400K ) under air in the dark, described by constans mdgligible as

compared to the photo-oxidative degradation of aegidom P3HT, even at low light lev&ls

Similarly, photolysis in the absence of oxyfémakes place on the time scale of years.
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V. Summary

In the present work, the degradation of the polyensemiconductor poly-3-hexylthiophene (P3HT)

has been investigated in thin film (~100nm) in ortte elucidate a detailed understanding of the
physical/chemical mechanism under ambient conditioks a large number of possible reaction
pathways may be present, the dominating degradg@iéthway was identified first. Therefore the

aging of the polymer films was performed underaetifht, controlled environmental conditions (light

intensity, wavelength distribution, temperaturemidity, oxygen partial pressure and ozone) and
investigated quantitatively using UV/VIS, FTIR, XREPS and Photoluminescence spectroscopy. In
order to establish defined environmental conditidghe degradation experiments were carried out in
specially designed reaction cells. These cellswaltbe degradation of polymeric samples under
defined, constant environmental conditions whidh monitored online via sensors. At the same time,
the degradation can be traced online using UV/Vifgcgoscopy in transmission mode. The

construction and setting up of the equipment fer theasurement system was the first part of this
work.

The following degradation studies revealed that pheto oxidation of the material is the major
reaction pathway which is strongly enhanced inpilesence of humidity. Other pathways like thermal
oxidation, direct hydrolysis or ozone degradatiore anegligible under ambient conditions.
Nevertheless the ozone degradation of P3HT wassiigpaged in more detail as local ozone
concentrations may be present during applicatictedy use of P3HT based devices. Ozone primarily

attacks ther-conjugated system with subsequent oxidation obthifir position.

In order to elucidate the promoting effect of huityicluring the photo oxidation of P3HT, FTIR
spectroscopy was employed to study the productugeal Here it turned out that humidity changes
the product distribution. Isotopic labeling with@and H'®0 was used to state that water at least acts
as reactant with both, hydrogen and oxygen out@fitater molecule being incorporated into reaction

products. The promoting effect may originate frdva énhanced diffusion of reactive species.

As the degradation of P3HT under white light coiedis may consist of several photo-induced
reactions, the wavelength dependence of the phattation was investigated using monochromatic
illumination experiments. Surprisingly, the effeeess of the aging increases by more than one orde
of magnitude towards the UV and does not follow &hsorption of the polymer which is mainly
located in the visible range. This suggests that pfhotochemistry in the film changes upon
illumination with UV or VIS light and furthermorehat the white light degradation is dominated by
the UV part of the incoming light. Using FTIR spesicopy the presence of at least two different,
photo-induced reactions was indentified. lllumipatiwith visible light leads to the destruction bét

n-conjugated system via the oxidation of the thiogheing. Photo-oxidation in the presence of UV
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light additionally influences the-framework of the polymer. During degradation thipteatic side
chain is detached from the molecule via a Norresiiction and desorbs from the surface. Due to this
detachment radical species occur which further pterthe degradation.

Both the reaction kinetics and the product evolutioring degradation are very similar using UV or
white light. The aliphatic side chain is also détd under white light. Therefore the dominating
reaction pathway under white light conditions issmprobably also radical based and does not
proceed via reactive species sensitized by thenmalyIn order to investigate the role of thside
chain position which was so far suggested to besthding point of degradation in literature, P3HT
was degraded which was selectively deuteratedsmthsition. Using FTIR spectroscopy it turned out
that this position is not preferentially attackedidg degradation, thus it most probably not thgior

of the degradation process. The nature of the ptimmically created oxygen species which initially
triggers the degradation cannot be unambiguousledt However the presence of superoxide ions
seems to play a minor role whereas the presensiagiet oxygen attacking the thiophene ring is more
probable. As the oxidation of the sulfur positi@uld not be addressed in the FTIR spectra, theewhit
light degradation of P3HT was additionally inveatied using XPS. The sulfur position is completely
oxidized and strongly correlated to the loss ofdptcal signal. Additionally to the detachmenttio¢
side chain, volatile species occur which contagmigicant amounts of sulfur. Therefore the molecule
is completely decomposed under white light condgio

During these investigations it turned out thatpheto oxidation of P3HT in early stages leads o th
modification of the electronic structure. These ifications where subsequently addressed in more
detail using XPS/UPS and fluorescence spectroscbigye the presence of both reversible and
irreversible effects was identified. Short time espre to light and oxygen leads to the p-dopinthef
material and the partial quenching of fluoresceviaethe formation of a metastable polymer:oxygen
complex. Both of these effects are reversible uff@rmal annealing under vacuum or nitrogen
conditions. Simultaneously to these reversiblect$fethe polymer is irreversibly oxidized leadimg t
the formation of additional quenching sites for gsnie states. However these quenching sites do not
alter the electronic structure. Both the reversib@ping of P3HT and the partial quenching of
fluorescence occur in early stages of degradatiberevless than 3% of the UV/VIS signal is lost
respectively 97% of all thiophene rings are stithict.

In order to understand the degradation processecnimg the observed reaction kinetics and to
support mechanistic statements a numerical sinomatbout the photo degradation in thin films was
established. The algorithm can deal with both mbnmmatic and polychromatic illumination
conditions and calculates both the UV/VIS reactpectra as well as the kinetics of the thiophene
ring concentration in the film. The simulation sops that the degradation of P3HT cannot be
explained by the presence of a classical photdicgawhich is due to the absorption of the polymer
itself. More likely the reaction proceeds via aicatibased mechanism with the reactive intermesliate
being highly reactive under UV illumination.
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VI. Zusammenfassung

In der vorliegenden Arbeit wurde die Degradatiols gelymeren Halbleiters Poly-3-hexylthiophen
(P3HT) in dinnen Schichten (~100nm) untersuchtl & hierbei ein detailiertes Verstandnis des
physikalisch chemischen Degradationsmechanismusr ualistischen Umweltbedingungen. Da
hierbei eine groRe Anzahl einzelner ReaktionspfentBegen kann, wurde zunéchst der dominierende
Degradationspfad isoliert. Dazu wurde die Alterudgr Polymerschichten unter variierenden,
kontrollierten Umweltbedingungen durchgefihrt (lLtiokensitéat, spektrale Verteilung, Temperatur,
Feuchtigkeit, Sauerstoffpartialdruck und Ozon) undtels spektroskopischer Methoden verfolgt
(UVIVIS, FTIR, XPS/UPS und Photolumineszenz). Urarktlefinierte Umgebungsbedingungen zu
etablieren, wurden die Experimente in speziell difieen, geschlossenen Reaktionszellen
durchgefuhrt. Diese Reaktionszellen ermdglicherDdigradation polymerer Proben unter definierten,
konstanten Bedingungen, die in Echtzeit mittelssBeen Giberwacht werden kénnen. Die Degradation
kann dabei ebenfalls in Echtzeit mittels UV/VIS fAseissionsspektroskopie untersucht werden. Die
Entwicklung und der Aufbau von Apparaturen zur digfiten Degradation polymerer Materialien
mittels der oben genannten Umwelteinflisse waedge Teil der vorliegenden Arbeit.

Bei den folgenden Alterungsstudien konnte gezeigtden, dass die lichtinduzierte Oxidation des
Materials bestimmend fur die Alterung ist, wobes @egenwart von Luftfeuchtigkeit die Reaktion um
den Faktor 3 beschleunigt. Andere Reaktionswege tiwemisch induzierte Oxidation, direkte
Hydrolyse oder der Angriff von Ozon sind vernachigbar. Die Degradation in der Gegenwart von
Ozon wurde dennoch weiterhin untersucht, da erioktde Ozonwerte wahrend der Herstellung oder
spaterem Einsatz von P3HT basierten Bauteilen voldra sein kénnen. Ozon greift primér dasdas
konjugierte System an zufélligen Positionen an wasschlieend zu einer Oxidation der
Schwefelposition fiihrt. Die aliphatische Hexyl-®8eikette bleibt dabei nahezu unberihrt. Um den
beschleunigenden Effekt von Luftfeuchtigkeit aué ddegradationsrate zu verstehen wurden die
Entstehung von Reaktionsprodukten mittels FTIR 8pskopie untersucht. Dabei zeigte sich, dass
die Gegenwart von Wasser wahrend der Photooxidatioainer Veranderung der Produktverteilung
fuhrt. Durch Isotopenmarkierung mittels@und H'°0 konnte gezeigt werden das Wasser zumindest
als Reaktand agiert. Dabei wird sowohl Wassersatsf auch Sauerstoff des Wassermolekuls in
Reaktionsprodukte eingebaut. Der beschleunigendiekiEfkann mdglicherweise durch eine
verbesserte Diffusion von Radikalen erklart werden.

Da die Degradation von P3HT unter Weisslicht mdgiisveise eine Uberlagerung mehrerer
photoinduzierte Reaktionen darstellt, wurde die l[&/g&ingenabhangigkeit der Photooxidation mittels
Experimenten bei monochromatischer Bestrahlung rsitét. Uberraschenderweise nimmt die
Effektivitat der Alterung in Richtung von UV Strainlg um mehr als eine GréRenordnung zu und folgt
nicht im Geringsten dem Absorptionsspektrum desyrRefs, was hauptsachlich im sichtbaren
Spektralbereich liegt. Dies lasst stark daraufieBen, dass sich die Photochemie im Film zwischen
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Bestrahlung im sichtbaren und ultravioletten Béreioterscheidet und dass bei Weisslichtbestrahlung
der UV Anteil den Degradationsprozess dominiertitédls FTIR Spektroskopie zeigte sich die
Gegenwart von mindestens 2 unterschiedlichen, pitiaierten Reaktionen. Bestrahlung mit
sichtbarem Licht fiihrt zur Zerstérung deskonjugierten Systems durch die Oxidation des
Thiophenrings. Photooxidation in der Gegenwart Wh Licht beeinflusst zuséatzlich dasSystem
des Polymers. Wahrend der Degradation wird diehatipche Seitenkette vom Rest des Polymers
durch eine Norrish Reaktion abgetrennt und desdrbien der Oberflache. Durch diese Spaltung
entstehen radikalische Spezies die den Degradptoress beschleunigen. Sowohl die
Reaktionskinetik als auch die Produktverteilung rgéld der Degradation unter Weisslicht ist der
unter UV Licht sehr ahnlich. Auch hier spaltet digphatische Seitenkette vom Polymergerist ab.
Daher scheint der dominierende Reaktionspfad aigrhrédikalbasiert zu sein und verlauft nicht tber
reaktive Spezies die durch die Absorption des Petgnverursacht werden. Um die Rolle der
Seitenkettenposition zu untersuchen die bisherStdstpunkt der Degradation gilt, wurde P3HT
untersucht, dass an dieser Stelle selektiv deutésteHierbei zeigte sich mittels FTIR Spektropla
dass diese Stelle nicht bevorzugt angegriffen wirdher ist diese Stelle sehr wahrscheinlich nicht
verantwortlich fir den Degradationsprozess. DieuNaer photochemisch aktiven Sauerstoffspezies
kann nicht einwandfrei geklart werden. Aufgrund derliegenden Ergebnisse spielen jedoch
superoxidionen keine dominierende Rolle. Viel wahesnlicher hier ist die Prasenz von Singulett O
was direkt an den Thiophenring addiéa die Oxidation der Schwefelposition im Thiophegrhicht
einwandfrei mittels FTIR Spektroskopie untersuchdgraden konnte, wurde die Degradation unter
Weisslicht zusatzlich mittels Photoelektronensps#topie untersucht. Diese Untersuchungen zeigten
dass die Schwefelposition wahrend der Reaktiorst#uitlig oxidiert wird und mit dem Verlust an
optischer Absorption korreliert. Weiterhin konntezgigt werden, dass neben der Abspaltung der
aliphatischen Seitenkette auch flichtige Reaktioydykte entstehen mussen die Schwefel enthalten
und das die Reaktion homogen im gesamten Film wiérlRaher wird das Polymer unter Weisslicht

vollig in flichtige Reaktionsprodukte zerlegt.

Wahrend dieser Reaktionen zeigte sich qualitatassddie Photooxidation in frihen Stadien zur
Modifizierung der elektronischen Struktur von P3Hiihrt. Diese Effekte in frihen Stadien der
Degradation wurden dann mittels XPS/UPS und Fluemsspektroskopie detailliert untersucht.
Dabei konnte nachgewiesen werden das sowohl rélergiie irreversible Effekte auftreten. Der

kurzzeitige Kontakt von P3HT mit Licht und Sauefstdihrt zu einem metastabilen

Polymer:Sauerstoff Komplex was zu einer p-Dotierutes Materials und partieller Léschung der
P3HT Fluoreszenz fiihrt. Beide Effekte sind revéesimd kdnnen durch Heizen unter Vakuum oder
Stickstoff rickgangig gemacht werden. Simultan #seh reversiblen Effekten wird das Polymer
irreversibel oxidiert. Diese irreversiblen Defekégieren als zusétzliche Quenchzentren fir die
Fluoreszenz des Polymers sind aber in Hinblick diefelektronischen Eigenschaften des Polymer

inaktiv und fuhren nicht zu Dotierung. Sowohl diéschung der Fluoreszenz als auch die reversible
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Dotierung von P3HT treten in frihen Stadien der fadgtion auf solange weniger als 3% der
vorhandenen Thiophenringe zerstért sind bzw. wenige 3% Verlust an Absorption im UV/VIS

Spektrum zu beobachten sind.

Um die experimentellen Befunde der Degradationiimblitk auf die beobachtete Reaktionskinetik zu
verstehen und mechanistische Vorstellungen zu maigern , wurde eine numerische Simulation der
P3HT Photooxidation in diinnen Schichten erstekir Blgorithmus kann sowohl monochromatische
Experimente als auch Weisslichtexperimente erfassendabei UV/VIS Reaktionsspektren als auch
die Kinetik der Thiophenringkonzentration berechri@iese Simulation unterstiitzt die Aussage, dass
die Degradation sich nicht mittels einer klassischehotoreaktion erkldren lasst, bei der die
Degradation durch die Absorption des Polymers waeht wird. Vielmehr liegt ein radikalbasierter

Mechanismus vor der Uber Zwischenprodukte veridiefunter UV Bestrahlung hoch reaktiv sind.
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VII. Appendix

Appendix A: Numerical algorithm of matlab simulation about the polymer degradation

In the following the matlab algorithm of the comelesimulation will be explained from the initial

light absorption to the chemical reaction of polynslains within the random chain or end chain
scission mechanism. Finally the two limiting casdmut the mobility of the reactive center are
introduced. The basic differential equation usedthie matlab algorithm for the photochemical

decomposition of P3HT is given by:

dc
a =1 Absorbed (/]) ED(A) Eq. 43

with ¢ being the concentration of a chemical spedje the time, dpsomed the number of photons
absorbed per unit volume by the species i @ras the wavelength dependent quantum efficiency of
the photo reaction. The number of absorbed phot@Rsnes Per UNit volume is given by is the

difference of primary intensity, nd transmitted intensity I:

I absorbe(A) = 16(4) = 1(A) Eq. 44
Using the Lambert Beer law

—dI(x) =) L d)[ 1(X [dx Eq.45
and integration to:

[(x) =1, [0 Eq. 46
This becomes:

| ppsommedA) = g () EL-10757) Eq. 47

Therefore the differential equation for a photocleinreaction becomes:
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%: |D(/‘)E(1_107£(A)C(X)X)m)(/1) Eq. 48

The numerical algorithm (written in Matlab®) wilekexplained in the following and is visualized in
Fig. 78:

Matrix: Rings (t) . — E
1 |12 | = i
1 c1,1) | c1,2) (L)
2 cf2,1) c2,2) c2,j)
..... - cig) | - . .
T Tam 1 S Time loop given by photon
3 flux per second
Chain length (1) [mol photons cm™? s71]

I Matrix: Spectra (t.i.j) ‘ Energy | L(.E) | Fragment Absorbed Absorbed | Layer

E (eV) Absorbance | intensity by | intensity Absorbance
(i..E) Fragment by layer G.E)
(ij.E) (iL.E)
62 - Sum over
Loop (1) all layers

Spectra
output (t)

Matrix: Rings (t+1) 1 3 - | Sublayer ()
i

1 c(1,1) | c(12) - (1)
2 c2,1) | c2,2) . C(2,j)
..... (i)

i cfi,1) c(m,n)

Chain length (1)

Fig. 78 Scheme of the numerical algorithm for theiswlation of the photochemical decomposition of a
P3HT thin film. The matrix element (i,j) in the matrix Rings contains the concentration c(i,j) of thiphene
rings for a fragment consisting of i conjugated thdphene rings which is located in sublayer j. The Nmber
of sublayers in the complete polymer film is giverby n whereas m is the chain length of conjugated

thiophene rings at t=0.

Step 1: Generation of Matrix Rings (t)

A matrix calledRingsis generated which consists of n columns (j). hEealumn represents a sub
layer of the polymer film with a thickness of 1 nfihe matrix has m = 300 rows, each representing a
certain length off-conjugated fragments. The index i of a given rewdentical to the number of

thiophene rings in the corresponding thiopheneoatigr. At time zero (indicated in the algorithm by
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the time index zero) only the last row (chain 1én800) has entries of c(t = 0) = 10 mol/L for each
column (each sub layer) which corresponds to theceatration of thiophene rings in undegraded
P3HT films.

Step 2: Generation of absorption spectra in the atrix Spectra

For each time t, the matriRingsis evaluated column by column to obtain the aktsmmpspectra of
each layer. For each matrix element (polymer fragjne Gaussian function is created representing
the main UV/VIS absorption band of the correspogginlymer fragment. The maximum position of
the Gaussian function is correlated to the chaigtle of the p-conjugated fragment according toetabl
Tab. 10

Tab. 10 Maximum absorption position of oligomers wth length of n thiophene units used in the matlab

algorithm>®
Oligomer | Absorption Absorption Oligomer | Absorption Absorption
[n] Position  Eax | Position  Eax | [N] Position .y | position
[eV] [nm] [eV] Emax [NM]
1 451 274.8 5 2.50 495.9
2 3.60 343.8 6 2.30 539.0
3 2.90 427.5 7 2.27 546.2
4 2.60 476.9 >8 2.24 553.5

The height of the function is given by the prodwftthe non-normalized Gaussian, the molar

—1n% 1l
absorption coefficient =10"M “em ,the corresponding concentration c(i,j) and shelayer
thickness d. The absorbance of the fragment oftthehin layer j at a given energy E, Abs(i, j, B,

then given by:

_(E-Eng)’

Abs(i, j,E) = £ [&(i, j) (@ 2FwHm®

Eq.49
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The spectra are calculated on the energy scaleanitbnstant halfwidth of 0.2067 eV for all chain
lengths. Finally, the absorption spectrum of a #etayer, j, is calculated by summing over the

absorption spectra of all fragments i in this layer

Abs(j,E)= %A(i, j.E) Eq.50
i=1

The resulting spectra, Abs(j,E), are convertedhéowavelength scale, AYj, according to

—34 8 -1
Jinm] = NS oo - 66300 [ 1299800 ms™] )

HJ] EfeV JOL602010™°[ J&V ]
Eq.51

Step 3: Absorption of light in Matrix Spectra

The number of photons absorbed by each fragmerthiei sublayer j at the wavelengttis calculated

according to:

|pssgnen 0 1:4) = g (1. 4)(A=1077010) cq. 52

with lo(j,A) being the primary intensity of the incoming lightthe sub layer j at the wavelength

The total number of photons absorbed, integratest te whole spectrum is obtained by summing

over all wavelengths:

I abs Fragment (15 1) = 2 1o (.4 )(L-1077=03)
A Eq.53

The number of photons absorbed at waveleigththe layer j is obtained from the absorbancallof

fragments i present in this layer:

I Abs layer (J ,A) = l 0 (J ,A )(1_107Ab5(1'/])) Eq54

This number is used to calculate the primary iritgrfer the next sub layerg has to be recalculated

for each sub layer, as the light intensity is redustep by step according to the Lambert-Beer law.

The absorption of light is also used as time cauint¢he simulation as the incoming light is gives
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mol photons per second and unit area. Therefore téae loop represents one second of illumination

with the intensity .

Step4: Reaction: Destruction of thiophene rings itMatrix Ringsl

The concentration of reacting thiophene rings(t,j) in the corresponding fragment class after the
absorption of light is then given by:

AC1) _,

At Abs Fragmema ’ ]!/]) m] Eq.55

Whereg is the photochemical quantum yield. For the momeetset the quantum efficiency to unity.
Although this is most probably not the case, thimber is only a linear scaling factor for the time

scale as can be seen in Eq. 49.

The corresponding concentration for the fragmehtermth i in layer j for the next time index t+Lel

to the destruction of rings is thus given by:

Cl i+ =cq, i 1)~ Al ) Eq56

Due to the destruction of thiophene rings, theonjugated segments are split into shorter fragsnen
consisting of i* and i" thiophene rings. For eaplit segment of row i, the concentration of thiepa
rings in the corresponding rows, i* and i, habedncreased by the corresponding values, cfd)cd
i"). Assuming that each destructed ring leadsh® s$plitting of exactly one polymer chain, the
concentration of polymer chains which have to teitisted into shorter classes of chain lengths is

also AC,,, (i, j,t) . The corresponding concentration loss of thioptrergs in row i is thus given by

ACredislribu{e(i ' J) = Acreacl(i ' J’/]) il Eq.57

The overall concentration of rings remaining in ridier the next time step t+1 is given by:

C(l ’ jvt +l) :C(i ' th) _Acredismbuea 1 J) :C(i ’ th) _Acreact(i ’J) Eﬂ Eq.58

In rows i* and i", the concentrations of thiophengs at time t+1 are

O t+D) =C (1) + G, )T Eq50
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And

cl" jit+) =c(",],t) + AC, ., ) 0" Eq.60

withi =i+i"=1 Eq. 61

Equation 55 takes into account that one thiophérgeis destructed in order to split the chain with

length i into segmentsi'and ™.

The rings to be actually photo-oxidized (to be reetbfrom the matrix) are determined according to

the chosen splitting mechanism (end chain or ransjgitting) as described in the following step 5.

Step5: Splitting of polymer chains in Matrix Ringsl

There are different ways of distributing the thiepk rings to be destroyed in the polymer fragments.

Two extreme cases will be considered in the foll@videstruction of terminal rings only ("end chain
splitting") and random destruction of rings ("randsplitting").

End chain splitting:

In this case, it is assumed that only the termimas of the conjugated segments are destroyed.

Consequently, in Eg.55, i' = i-1 and i" =0. Acdagito Egs. 50 and 51, the concentrations of

fragments of lengths i and i-1 are obtained as

el it +D =c(l,jt) = BCe (1) Eq.62

ci-1jt+1=c(i—-1j,t)+Ac..(,j)i-1) Eq.63

All terminal rings in the considered region (eitlrethe same layer or in the whole film, depending

the chosen mechanism - see below) have the sarbaljlity of being photo-oxidized.

Random splitting:

In this case, all rings of the considered polynmagment are destroyed with equal probability using

random number out of a uniform distribution [0:The chain lengths of the two fragments, i' and i"
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depend on the position of the destroyed ring initfigal segment of length i. This position, p, is
chosen randomly

p =1+ RandomNuma{0: (i(t) —1)]

Eq.64
Thus
i't+)=p-1 Eq.65
i"t+D=it)-p Eq.66
With the concentration of thiophene rings according
e jt+) =c’,j,) +Ac,q (. ) {p-1) Eq.67
" it+D=cq",j,t) + Acu, ) Hi(t) - p) Eq.68

Step 6 Time loop closes

The matrixRingscontains the concentration of thiophene ringstiiertime index t. Simultaneously a
matrix Ringslis used to save the concentrations for the tintexnt+1. In order to iterate the
concentrations of the time index t+1 are handed twehe index t which remains in the working
memory of the matlab software. Then the calculatistart again. The reaction spectrum at the time

index t of the complete film is saved in an extéfite.

Mobility of the reactive centre created after the &sorption process

1) "Localized reactive centre- Classical photocheroal reaction"

This model represents a mechanism where molecedes only from their excited state. Molecules in
their ground state are not affected. The mechargserlized by oxidizing only those thiophene rings
which are contained in fragments of the same lengih the fragment in the same layer which has
absorbed the photon. As pointed out above, the eurob reacting thiophene rings per absorbed
number of photons of a fragment of length i in shelayer j is given by:
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ACreacl(i ’ J) =1

At Abs Fragmem(i ’ ],A) @0/1 Eq.69

2) " Mobile reactive centre “

This model represents a mechanism where the almorpt a photon by a molecule produces a
reactive species which destroys a thiophene rirthenrsame molecule or in other close by molecules
with equal probability. Therefore also moleculegtieir ground state are affected by the degradation

process which were not involved in the absorptimtess.

In a first approach the reactive reactive centredrae to move within the complete polymer filnheT
model is based on the consideration that diffusibtihe reactive centre might be much faster than th

destruction of thiophene rings.

The total number of reacting rings in the comppelymer film is given by:

ACTEaC
— % = | psim (1)
At Eq.70

As the reactive centre is now mobile in the congletlymer film the number of reacting thiophene
rings is given by comparing the concentration @bghene rings c(i,j) in the fragment class i in a

sublayer j compared to the overall concentratiothimphene rings in the complete film (i,j)

a8)
> >l )

ACreac!(i ' J) = uXcreact

Eq.71

The following steps of the algorithm, chain spfittiand redistribution of thiophene rings is calteda

as presented in section I11.3.1.
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