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Abstract

The topic of this work is the synthesis and chamdzation of materials for
optoelectronic devices. The emphasis was set terrakst which are suitable for the use
in hybrid solar cells. The active layer in thesiscis based on a mixture of conductive
polymers and semiconducting nanoparticles. Thiskioation combines the advantages
of organic solar cells with the tunable optoeleaito properties of inorganic

nanoparticles.

The first three chapters deal essentially with catidg polymers. The focal points
include the synthesis of polymers which increageniscibility of the inorganic and the
organic components, and thus counteract phase atigparwhich would lead to a
deterioration of the achievable performance. Funtoee, polymers with suppressed
crystallization tendency were synthesized. The fmst is devoted to the effects of
metal contamination, caused by the polymerizatiatalgst, on the efficiency of solar
cells.

The main focus of the last two chapters was setthen synthesis of inorganic
nanoparticles. The emphasis of the first was plaoeda comparison between
conventional oil bath heating and microwave heatingthe synthesis of CulnS
nanoparticles. The last part of this work is conedrwith the investigation of a hybrid
material, consisting of a polymer with functionabgps which are able to coordinate to
both, ZnO nanoparticles and a cationic platinum glem Due to the proximity of the
latter materials, an energy transfer from the narnapges to the platinum dye is
possible. Furthermore, the ability of this combimatof materials to act as sensor for

copper ions was investigated.



Kurzfassung

Das Thema dieser Arbeit ist die Herstellung undr@ktarisierung von Materialien fir
optoelektronische Bauteile. Der Schwerpunkt liagtMaterialien die fir einen Einsatz
in Hybridsolarzellen geeignet sind. Die aktive Sthiin derartigen Zellen besteht aus
einer Mischung von leitfahigen Polymeren und anoigzhen Nanopartikeln. Diese
Kombination von Materialien verbindet die Vortelen organischen Solarzellen mit
den steuerbaren optoelektronischen Eigenschaftenr danorganischen

Halbleitermaterialien.

Die ersten drei Kapitel beschéftigen sich im Wedsdrn mit leitfahigen Polymeren.
Die Themenschwerpunkte liegen dabei auf der Syathesn Polymeren die die
Mischbarkeit der organischen und der anorganis¢f@mponente erhéhen und somit
einer Phasenseperation, die eine Beeintrachtigengeichbaren Leistung zur Folge
hat, entgegenwirken sollen. Weiters wurden geziitlymere mit unterdriickter
Kristallisationsneigung synthetisiert. Der letzteilwidmet sich den Auswirkungen von
Metallverunreinigungen, verursacht durch den Pohgasionskatalysator, auf die

Effizienz von Solarzellen.

Das Hauptaugenmerk der beiden letzten Kapitel etchich auf die Herstellung von
anorganischen Nanopartikeln. Schwerpunkt des erierein Vergleich zwischen
konventioneller Olbadheizung und Mikrowellenheizupgj der Synthese von CulnS
Nanopartikeln. Der letzte Teil der Arbeit besclgiftsich mit der Herstellung eines
Hybridmaterials. Dieses besteht aus einem Polymas, Gber funktionelle Gruppen
sowohl ZnO Nanopartikel als auch einen kationiscReinkomplex bindet. Durch die
raumliche Nahe letztgenannter Materialien wird efinergietransfer von den
Nanopartikeln auf den Platinfarbstoff moglich, desl der Untersuchungen ist. Weiters
wird diese Materialkombination auf ihre Fahigkeits Sensormaterial fir Kupferionen

zu fungieren, untersucht.
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1 General Introduction and Motivation

The increasing world population as well as the stdalization of threshold countries

increase the worlds energy demand. This progressven the past years, the actual
situation as well as predictions for the futurelépicted in Figure 1. A great part of the
consumed energy is generated from fossil fuels dikegas and coal. In contrast, the
energy from renewable resources like solar, wirglgeothermal energy play nowadays
only a minor role. However, for the future the potidns are pointing towards a higher

fraction of energy supplied by these resources.

=410 bilion barrets of oil in 2050

100 H Bicluels
@ Hydroalectric
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80— | Coal
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Figure 1. Overview of the world energy demand and predicfarthe future”!

This trend can be attributed to the fact, thatifcamsergy carriers get more and more
expensive due to their depletion. Moreover, theasts of environmentally harmful
substances like carbon dioxide, which acts as entp@use gas makes the establishment
of alternatives advantageous. Especially the prmmadf photovoltaics is necessary,
when keeping in mind that the energy provided ke shn per year is in the order of
3*10* joules” This huge amount of energy is sufficient to fllftie world energy

demand for 10.000 years.

1O, L. Changing theWorld's Energy Systems, Stahtniversity Global Climate & Energy Project

2 Gratzel, MNature 2001, 414, 338
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1.1 A reason for nanocomposite solar cells

Currently, the photovoltaic market is dominateddgssical silicon based technology.
The advantages of this type of solar cells arehilgd efficiencies and the long-time
stability. However, the production involves sevegapensive processing steps, which
make the search for low - cost alternatives necgssa

From this point of view, organic solar cells or hgbsolar cells are very attractive due
to the fact that they allow easy and cost-effectik@duction technologies. It is believed
that these types of cells can be based on plaatiters and manufactured by cheap
printing and coating techniquEb A typical Si wafer production plant which produces
wafers with 30 cm can produce an area of 88.08(year. Compared to that in an
average sized printing machine with 1-3 m/s theesamea can be produced within
hours!® Moreover, as silicon is an indirect semiconductioe, layers have to be thicker
than 100 um in order to absorb efficiently photdnscontrast to that the thickness of
organic solar cells is in the order of 200 nanometecven less. This corresponds to a
factor of 500 in the film thickness. From that goai view it is obvious that organic
solar cells are economically attractive. Other atwges are the flexible and
semitransparent nature of the cells. However, tled-kmown disadvantages are the
comparably low efficiencies and the long-time dighiBut nevertheless, by keeping in
mind that this is a relative new sector of reseanth efficiencies of up to 8.13%have
already been reached in organic photovoltaic ¢elts appropriate to be optimistic for

the future of this emerging technology.
1.2 Nanocomposite Solar Cells

In nanocomposite solar cells a donor material, tvisctypically a conjugated polymer
is in intimate contact with an acceptor material.organic nanocomposite solar cells
this acceptor material is in most cases PCBM. Tcheamtages of PCBM are the high
mobility, the excellent miscibility with the polym@hase in common organic solvents,
the ability to take up multiple negative charged #me ultrafast photoinduced electron

transfer from conjugated polymdtsThe combination of P3HT and PCBM is probably

®  Brabec, C.J. Solar Energy Materials & Solar C20164 83, 273
http://solar-energy-news-and-views.blogspot.c@tfZ07/solarmer-energy-reaches-world-
record.html (6.April 2011)

®  Cheng, Y.-J.; Yang, S.-H.; Hsu, C.Ghem.Rev2009 109, 5868
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the most researched material combination in orgainatovoltaics. In hybrid solar cells,
PCBM is replaced by inorganic nanoparticles whildo @ontribute to the absorption of
light.

1.2.1 Principle Processes in Nanocomposite Solar Cells

The conversion of photons to photocurrent involgeseral fundamental processes,
which will be discussed briefly in the next sectidimese processes are summarized in
Figure 2. The first is the absorption of light toeate an exciton. Excitons are
electron — hole pairs which are bound togetherutfinoelectrostatic interaction. The
incoming photon must have an energy exceedingdhd lgap of the absorbing material
in order to promote one electron from the highestupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUM®)hybrid solar cells, which consist
of a conductive polymer as the donor material amarganic nanoparticles as the
acceptor material, this process can occur eithehénorganic or the inorganic phase.
This is one of the main advantages of hybrid sofdis because the absorption of the
material combination can be chosen in a way thatpidrts of the solar spectrum with

the highest photon flux densities can be covered.

(1) Photoexcitation and (2) Exciton diffusion (3) Exciton dissociation (4) Charge transport
exciton formation and collection
Nlax Lp
LUMO LUMO | l[!]ﬁ[il } ! LUMO
[ ] : e @
1 1 1
h\r' Donor l: i»i i [ [ J ‘
1 1 I 1
A t 1 1 1
cceptor OI o o LY
HOMO _ _HOMO _HOMO _
| —— _Q,) =0

Figure 2. Principle processes involved in the generatiophaftocurrent®(red blocks:

D is the donor material, A is the acceptor matgrial

The photon flux of the sun under atmospheric caomastin northern Europe (AM 1.5)
as a function of the wavelength is depicted in Feg3. On the right y-axis the

integrated photon flux and the corresponding maxrinaurrent density in a solar cell,
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by assuming 100% conversion, are shown. The higiteson flux is found at 1.77 eV,
corresponding to a wavelength of 700 Bhirhis implies that materials used for the
fabrication of solar cells ideally have a large apsion coefficient in this area. This
graph can also be used to assess the currentydehaibsorber materials. For example,
poly(3-hexylthiophene), a common used polymer ilarsoells, has a band gap of 1.9
eV. This corresponds to a wavelength of 650 nm. ifitkegration of the photon flux
from 280 nm to 650 nm shows that this polymer ik @b absorb only 22.4% of the
total amount of the emitted photons from the sumtdrms of current density the
material is limited to 14.3 mA/ctnHowever, this calculation does not take into aoto
that also the acceptor material can contributeh® dabsorption of light. The main
information provided by Figure 3 is the need fortenials which absorb in the region of
higher wavelengths, although one has to keep irdrthat narrowing of the band gap
can result in a reduction of the power conversitficiency, by a reduction of the open
circuit voltage. An optimal band gap of 1.4 eV wasdicted by the detailed balance
limit, introduced by Shockley and Queid8eBynthesis strategies for low band-gap

polymers will be discussed separately in chaptér 1.

5¢+18 100
- 60
-~ d4e+18 re0 . 50 L
— = 5
L F <
s 3e+18 teo £ [0 E
g ok
= 2e+18 | F40  E ks
g N
Z 1e+18 r 20 10 g
0 | A = 2 A B 0
1000 2000 3000 4000

Wavelength (nm)

Figure 3. Photon flux of the sun (AM 1.5) as a functiortloé wavelength. The
integrated photon flux is shown on the right y-awigether with the maximum
obtainable current densiti€s.

® Reiss, P.; Couderc, E.; Girolamo, J.; ProniNAnoscale2011, 3, 446
Shockley, W.; Queisser, HI.Appl.Phys1961, 32, 510
Bundgaard, E.; Krebs, F.Solar Energy Materials & Solar Cel007, 91, 954
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The next crucial point concerning the absorptiorthis thickness of the active layer.
Typical values are in the range between 100 andn8d0This rather thin active layer
has the disadvantage that not all photons are labdomHowever, the formation of
thicker active layers can give rise to other proidewhich are mainly caused by the
limited mobility of charge carriers in the activaeyér. This implies that thicker layers
are only useful in the case of materials which mte\nigh mobility values. Otherwise,
more photons are absorbed, but the correspondiaggehcarriers will not reach the
electrodes and therefore do not contribute to thieeat density.

After the creation of excitons by the absorptionlight, they have to diffuse to the
donor/acceptor interface (Figure 2 (2)). The dmviarce for the transport of excitons is
diffusion in the case that no external field is laggpand drift-diffusion by applying an
external field. However, excitons have a limitetetime due to radiative or non-
radiative decays. This limited lifetime translaieto a certain distance an exciton is
able to diffuse before it recombines. Typical valage in the order of some nanometers
up to 10 nanometers. These lengths depend stramgtiie nature of the polymer. For
P3HT as example, the mean exciton diffusion lengtigreatly influenced by the
regioregularity of the connected monomer units. Ttecept of regioregularity will be
separately discussed in chapter 2. P3HT with 92@toregular couplings leads to
diffusion lengths of 2.6-5.3 nm, whereas a degtrergioregularity of 98.5% lead to
8.5 nm®® This difference can be explained by a higher degwé crystallinity,
achieved with regioregular polymer chains, resgltim lamella-like polymer domains
with higher mobility, compared to their amorphowasicterpart which are obtained from
polymers with poor regioregularifw However, as was impressively shown by Huang
and coworkers, too big polymer domains can havegative effect on the overall solar
cell performance®® This can be attributed to the fact that excitaresited in the center
of polymer aggregates, which exceed the doubledizlee exciton diffusion length do
not contribute to photocurrent generation due toom#ination. The size of the
aggregates can be influenced by the annealing tatype, by the used solvent and the

method of film formation.

®  Kroeze, J.E.; Savenije, T.J.; Vermeulen, M.J Warmann, J.MJ.Phys.Chem 2003 107, 7696

19 sShaw, P.E.; Ruseckas, A.; Samuel, I.D.JAdy.Mater.2008 20, 3516

" Hallermann, M.; Kriegl, I.; Da Como, E.; Bergér\.; von Hauff, E.; Feldmann, Adv.Funct.Mater.
2009 19, 3662

2" Huang, J.-H.; Yang, C.-Y.; Ho, Z.-Y.; Kekuda, ®Vu, M.-C.; Chien, F.-C.; Chen, P.; Chu, C.-W.;
Ho, K.-C.Organic Electronics2009 10, 27
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The next step in the production of photocurrenthesdissociation of the excitons at the
interface (Figure 2 (3)) based on the energetidgdiffierent LUMO levels of the donor
and the acceptor. Most literature reports agreeahainimum offset of 0.3 eV should
be provided in order to effectively separate tharghs™>*¥ It is clear that in order to
ensure efficient separation of the charges, théacbarea of the donor and the acceptor
material has to be as big as possible. This isobribe main advantages for the use of
nanoparticles which provide a large surface in dhganic matrix due to their high
surface to volume ratio. Moreover, this point expdathe advantage of the bulk
heterojunction architecture compared to the bilaeategy (see Figure 4). To explain
shortly, in bilayer solar cells, first a layer dfet donor material is deposited on the
substrate, followed by a second layer which costée acceptor material. In this type
of cells the contact area is very limited. Moregwes shown in Figure 4, absorption
processes, occurring in a distance from the interfavhich exceeds the exciton

diffusion length do not contribute to the photoemtrgeneration.

!ulk Heteruiunctini l Bilayer .

hotm:urrent

Gradient

[recombination
Donor hv Donor

Figure 4. Schematic illustration of bulk heterojunction (sliog a gradient) and bilayer

architecture.

However, based on the simplified morphology of ttype of cells their use is an
advantage for theoretical studies. In contrasthtat, tbulk heterojunction solar cells

consist of one active layer, which comprises bgihes of materials. Therefore an

13 Brabec, C.J.; Winder, C.; Sariciftci, N.S.; Humeme J.C.; Dhanabalan, A.; van Hal, R.A.; Janssen,
R.A.J.Adv.Funct.Mater2002 12, 709

4 Winder, C.; Matt, G.; Hummelen, J.C.; JansseA,R; Sariciftci, N.S.; Brabec, C.Thin Solid Films
2002 403, 373
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intimate contact is possible. The drawback of tascept is that by optimization of the

production parameters the phase separation of déherdand the acceptor has to be
controlled in a way which leads ideally to a biconbus network.

Once the charges are separated, they have to hgpbrded to the corresponding
electrodes, typically low work function metals ligkiminum or calcium. This can only

be achieved if continuous pathways are present ihplies that charges which are
generated at isolated islands cannot contributetht® photocurrent generation.

Moreover, also the recombination of charge carmears provide a reason for the loss of

efficiency. This point will be separately discussedhapter 4.
1.2.2 Characteristic Parameters

The characteristic parameters of the solar cell thee short circuit current ¢,
[mA/cm?]), the open circuit voltage @&, [V]) the fill factor (FF, [%]) and the power
conversion efficiency (PCE, [%]). These parametmr be extracted from current-
voltage plots in the dark and under illuminatioeg$-igure 5).

— Power Pmax
= Current

Power

PCE = Prusx _ FF-Is Vo

\ Currentdensi

P P
IEC
Voltage

Figure 5. Current — voltage characteristic of a solar €ell.
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To measure thes¢ of the cell no voltage is applied. This impliesttithe value can be
seen from the intercept of the illuminated curvéhwhe y-axis. As mentioned before,
this value is mainly influenced by the absorptiosogerties of the components (mainly
governed by the band gap, i Figure 6), the quality of the charge separataod the
transport behavior to the electrodes. Concerniegctimbination of donor and acceptor
a sufficient LUMO offset has to be ensured (depicés E in Figure 6).The ¥c is
measured if no current is flowing through the cdlhis value can be seen at the
intercept of the illuminated curve with the x-axismainly depends on the energetic
difference of the LUMO of the acceptor and the HOMiGhe donor (¥, in Figure 6)

and is also often called “effective band-gap”.

LUMO

Il Edl[ LUMO
E

8 VBI
HOMO

HOMO

Figure 6. Energy diagram of a donor and acceptor materigltl@ corresponding

parameters.

In principle a solar cell can be operated betweef ¥nd V=\b¢c. The corresponding
current densities at these levels argd=nd 1=0. As the electrical power is defined as
the product of voltage and current, there is aageqpoint where this product reaches a
maximum. This point is called the maximum powemp@Ryax), with lypp and Mypp as
the corresponding values of the current density\anihge at this point. Per definition
the power output of a solar cell is defined as gbeer at the maximum power point

under an illumination intensity of 100 mW/émt a temperature of 25!

15 Kéthe, H. K.Stromversorgung mit Solarzellé®93Franzis-Verlag
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The next parameter which is useful to describegtiedity of solar cells is the fill factor

(FF), which is defined as follows

FF = IMPP NMPP 1)
I SC NOC

In an ideal solar cell this value would approacB%0 This means thatRx is given by
the product of ¥c and kc. In real devices, however, the curve under illuation is not
an ideal rectangle but depending on the qualityhefinvestigated cell. This real-life
behavior of solar cells can be understood by thuvatent circuit of a cell (Figure 7). In
the dark a solar cell exhibits diode charactesstignder illumination the circuit can be
described by a diode with a current source, ortgugarom the produced photocurrent,
in parallel with the junction. In real devices tleiguivalent circuit has to be modified by

the implementation of a series resistancg @Rd a shunt resistances(fR

Rs

0K Om S

+ C

Figure 7. Equivalent circuit of a solar céf®

This leads to the following formula which describd®e |-V characteristics of
photovoltaic devices

U-IRs

=1, x(expn%(u - IRg))- 1) + low 2)

H

where § is the dark current, e the elementary chargegendibde ideality factor, k the
Boltzmann constant, T the temperature, U the appl@tage, R the series resistance,

Rsh the shunt resistance, ang Is the photocurredt® To get high fill factors certain

*  Hoppe, H.; Sariciftci, N.Sl.Mater.Res2004 19, 1924
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conditions have to be fulfilled. Firstly, the shuasistance has to be very large in order
to prevent leakage currents. Secondly, the seg@stance is low, in order to get a steep
rise in the forward current. The physical meanifghe series resistance is the sum of
all sorts of resistances in the cell, beginningrfrbulk transport resistance, interface
transfer and from the transport of currents throtigh contact§® The last important
parameter of solar cells is the efficiency whicklédined as follows

— VOC X SC xFF

h X00% @3)

IN

This parameter describes the productivity of sodis.

1.3 Semiconductor Nanoparticles

Semiconductor nanoparticles are an interesting @ésnaterials. This can be attributed
to the fact, that the energy gap which separatsdahduction from the valence band is
a function of the nanoparticle size, in contragh&r bulk analogues. This effect is also
known as the quantum size effect, and appliesdapparticle sizes smaller than 10 nm.
Of course, this is only a general value, and dep@&mdcertain material properties. The
quantum size effect is interesting because it alothrough a variation of the

nanoparticle size a precise tuning of the opticapprties. A simple approximation to

quantify this effect is the “quantum bo%*! The formula predicts a size related

contribution to the energy gap:

2,42

0
2m, R®

E,(QD) » E;, + 4)

In this formula B(QD) is the band gap of the quantum dot (other nfaneanoparticles

in the quantum size effect regime), ois the band gap of the bulk materialjs the
reduced Planck constantggememy/(metmy) where m and my are the effective masses
of electrons and holes, respectiviely, and R isrétBus of the spherical particle. This
formula predicts a blue shift of the emission wdicreasing quantum dot size. Beside
this increasing energy gap, the quantum confineneaals to discrete atom-like energy

levels. Generally, the boundaries between molecuesntum dots and the bulk

7 Klimov, V. Semiconductor and Metal Nanocrysta#arcel Dekker Inc.; New York2004
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materials are not precisely defined, but as rulé¢haimb between ~100 and ~10.000
atoms per particle can be assumed as size regmggidmtum dots.

A general overview of the used synthesis methodgiven in chapter 5.1. In the
following paragraph some general remarks concertiiagcolloidal chemical synthesis
are given.

In general, the synthesis of nanoparticles canitidat! in two stages. The first is the
nucleation of primary crystallites and the secanthe growth of the nanoparticles. The
kinetics of the nucleation is difficult to stul§) whereas several models which describe
the growth of nanopatrticles exist. One widely ategpnodel was proposed by La Mer
and Dinegal*® According to them two different cases of growthown in Figure 8,
can be considered. The first uses a high concentrat the monomer species and the
second a low monomer concentration. The left sidéhe curve with high monomer
concentration shows a negative growth, which meésolution of the particles under a
certain size. This size is also known as the alit®ize. This parameter is mainly
governed by the concentration of the active monameaplution and follows the trend
that high monomer concentrations lead to small @rymcrystallites. After the
nucleation event, the particles grow fast in thaahstage of the reaction indicated by
the steep slope of the red curve in Figure 8. Adteertain period of time, a maximum
in the growth rate can be observed. This can bebatitd mainly to geometric
considerations, which means that, with increasimjume of the particles more
monomer units have to be incorporated to inducestrae increase in radius. These
considerations have a dramatic influence on the digtribution of the nanoparticles.
As smaller particles grow faster than the biggerspra focusing in the size is obtained.
With prolonged reaction times the concentratiothefactive monomer decreases which
results in a continuous shift of the critical sitewards bigger particles. The
consequence of this fact is known as Ostwald ripgenihis process can be described as
the growth of big nanoparticles at the expense méler ones. In terms of size
distribution this event has to be prevented becéueads to a broadening. This can be
achieved by quenching of the reaction at shortactren times or the addition of

monomer during the synthesis which keeps the monooreentration at a high value.

8 peng, X.; Wickham, J.; Alivisatos, A.P.Am.Chem.S0d998 120, 5343
19 La Mer, V.K.; Dinegra, R.HJ.Am.Chem.S0d95Q 72, 4847
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Figure 8. Kinetic considerations during the growth of nantiptes*”

However, one has to keep in mind that by addingenmeonomers the concentration of
the active species must not reach a certain longnisure that a second nucleation burst
of particles is avoided. Contrary, low monomer eanications lead to a broadening of
the particle size distribution.

This implies that by assuring a nucleation everuaing only during a short period of
time and by using high monomer concentrations jtassible to obtain particles with a
narrow size distribution. For the use in hybridasotells this is an important issue

because it guarantees defined optoelectronic plieper

Due to their high surface to volume ratio, nano@ise quantum dots (NQD) are not
stable and tend to form aggregates in order tomina their surface. This would lead to
poorly defined materials. To avoid this phenomenorganic molecules, able to
coordinate to the nanoparticle surface, are usetglthe synthesis. These molecules,
also called cappers, consist of two parts. Thd bree is an electron donor moiety,
which is able to coordinate to electron poor mataims on the surface and the second
part is a long alkyl chain which assures the stegilsion of two neighboring particles.
For the synthesis of nanoparticles in aqueous mib@igdendency to agglomerate can
also be prevented by molecules with ionic groupglvlkead to a steric repulsion of the
particles. Moreover, by the coordination the optipeoperties of the particles are

20 vin, Y.; Alivisatos, A.P Nature2005 437, 664
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optimized by the surface passivation. The surfateamoparticles is covered to a
certain degree with so called trap states. Theselanations on the surface where
dangling bonds or other irregularities cause enégggls located between the valence
and the conduction band. Trap states lead to pousseéon quantum yields due to
competing recombination processes. One further itapb factor which can be
controlled by the right choice of the cappers mirtlability to influence the nucleation
and growth of the particles during the synthesisgéneral there are several factors
concerning the capper which influence the progoessi nanoparticles growth. These
are the coordination strength, the ratio of cagpenonomer and the steric bulk of the
capper. Concerning the coordination strength lgosebrdinated molecules ensure high
growth rates. However, a certain limit of coordioattendency has to be ensured in
order to prevent agglomeration. Higher ratios gipsa to monomer lead in general to
smaller particles. Cappers with highly steric dediag groups decrease the growth rate
of the nanoparticles by decreasing the diffusionaofive monomer species to the
surface. Up to now no general strategies are knoanterning these factors which
allow precise use of certain molecules in the sgsith of nanoparticles. This implies
that the choice of the right reaction parametensekas the choice of the reagents is in
most cases a question of the operator’'s know-how.

However, for the incorporation of nanoparticlesswlar cells the capping molecules
have several disadvantages. General strategie®ttoicdy of the capping sphere are

described in chapter 2.
1.4 Conjugated Polymers

Conductive polymers are extensively investigatettesithe early works of Shirakawa
and co-workers in 1977 They were able to show that by doping of trans-
polyacetylene conductivities of up to*18/cm are possible. Since then many different
types of conductive polymers were investigated wuthe many advantages of using
polymers in electronic devices. They are light vagigflexible, resistant against

corrosion processes and offer cheap and easy thehprocessing methoés!

2L Shirakawa, H.; Louis, E.J.; MacDiarmid, A.G.; @hj, C.K.; Heeger, A.J.
J.Chem.Soc.Chem.Commd@77, 578

22 Malhotra, B.DHandbook of Polymers in Electroni2802, Rapra Technology Limited, Shawbury
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As already mentioned there is still a need forgreparation of low band gap polymers
which efficiently harvest photons. In the followirsgction some general strategies in
the synthesis of low band gap polymers are expiaine

The skeleton of polyaromatic conjugated polymens ba seen as an alternation of
double and single bonds. For such a system twonasee structures with
nondegenerate energy levels exist. The first isatbenatic resonance structure which is
energetically favored. In this structure the eleetrare confined to the aromatic units of
the polymer. In the second resonance structure -#lectrons are delocalized over the
conjugated system. This structure is called then@di resonance structure, which is
energetically less favored due to the loss of atmmasonance stabilization energy. By
adopting this structure the band gap of the polydemreases. The ratio of aromatic to
quinoid resonance structure can be correlated ¢obtind length alternation (BLA).
BLA is defined as the average of the differencdeimgth between adjacent carbon-
carbon bonds in a polyene ch&nPolymers with units which favor the aromatic
resonance structure in the ground state have Birdevalues. It is clear that polymers,
consisting of units with high aromatic resonaneab#ization energy prefer the aromatic
form, resulting in large band gaps. This can bartjeseen in polyphenylene which
exhibits a band gap of 3.2 eV. Another factor whighesponsible for this rather high
value is the steric demand of the hydrogen atomghenaromatic units, causing a
twisting of the rings which also leads to an insezhband gap. By diluting the aromatic
system with double bonds, as in poly(phenyleneeing) the band gap decreases to a
value of 2.4 eV. But in general the use of othenatic systems with lower resonance
stabilization energy, like in thiophenes, is moftem applied. This results in a band gap
of 1.9 eV in polythiophenes.

The next factor which influences the band gap pblmer is the planarization of the
backbone. The degree of electron delocalizatiowéen neighboring aromatic units is
dependent on the relative angle between these. ditiis is due to the fact that the
overlap of the porbitals is more effective when they are paraiteleach other. The
resulting delocalization leads to a decrease irBibe and a reduction of the band gap.

This strategy was confirmed in a series of polynietroduced by Roncallf*?*%Two

2 Brisset, H.; Thobie-Gautier, C.; Gorgues, A.;alulh M.; Roncali, JJ. Chem. Soc., Chem. Commum.
1994 1305

24 Orti, E.; Sanchis, M. J.; Viruela, P. M.; VitueR. Synth. Met1999 101, 602

% Roncali, J.; Thobie-Gautier, @dv. Mater.1994 6, 846.



Chapter 1 - General Introduction and Motivation 25

of these polymers are shown in Figure 9. The poftyomethe left side consists of two
thiophene rings which are rigidified and bridgedthg sp carbon of a ketal group.
This leads to a low band gap of 1.2 eV. The polyoretthe right side uses the same
strategy with the difference that the planarizai®extended over three thiophene units

which results in an even lower band gap of 1.1 eV.

o_ 0O
Hgtgiiigtgta
S S S S S

E,=1.2 eV E,=1.1eV

Figure 9. Polymers with increased planarizatéi’*2°!

The HOMO and LUMO levels can also be shifted by itherporation of electron
donating or withdrawing substituents. In generla HOMO energy level is raised by
electron-donating groups and the LUMO energy leigllowered by electron-
withdrawing substituents. A common polymer which eas this effect is
poly[3,4.(ethylendioxy)thiophene] (PEDOT), with ara gap of 1.5 eV. The chemical

structure is shown in Figure 10.

o] 0] PEDOT
/\ Eg=1.5 eV

S

Figure 10.Chemical structure of PEDOT.

The most common method in decreasing the band gdbei intramolecular charge

transfer. This strategy will be separately discdseechapter 3.1.
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1.5 Aim of the thesis

This work deals with the synthesis and charactBomaf materials which can be used
in optoelectronic devices.

In chapter 2 block copolymers, designed to impribeeinteraction of the inorganic and
the organic phase in hybrid solar cells, are dbsedti Normally, due to the different
solubility of these materials, phase separationuscoon the microscopic level.
However, to maximize the current density of phottaio devices an interpenetrating
network of the donor and the acceptor phase hdsetensured. This aim should be
achieved by the use of block copolymers. Theseisbastwo blocks. The first is able
to coordinate to the surface of the inorganic naniiges and the second consists of a
conjugated polymer. In principle, these macromdiesishould be able to effectively
passivate trap states of nanoparticles which aratéd on the surface. Moreover the
coordination of these polymers should prevent nartapes from agglomeration. The
electroactive block situated, due to the inherdnicture, near the surface of the
particles should provide efficient dissociation., 3bese molecules are suitable to

enhance the miscibility of inorganic nanoparticeth conjugated polymers.

The aim of the work described in chapter 3 death tiie synthesis and characterization
of F8T2 and derivates. The side chains in the de¥s/were modified in a way which
should reduce the crystallinity of the resultindypoers. This was done to increase the
content of the amorphous polymer phase. Althouglorphous phases have the
disadvantage of low mobility, the continuous pdtlotigh the active layer is relative
independent on the preparation conditions, anddahmeation of bulky polymer clusters

is avoided.

In chapter 4 the purity of polymers, used for ttabrication of solar cells was
investigated. While most of the work deals with th&insic parameters of polymers,
like the molecular weight and the PDI, the attemtwas focused on the influence of
residual palladium, introduced by the catalysthef polymerization, on the performance

of solar cells.

In chapter 5 the synthesis of CuinBanoparticles, using Cul, In{land elemental
sulfur as precursors and oleylamine as solventcap@ing agent, was investigated. The
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attention of the work was focused on a comparisbrmrowave irradiation and

classical oilbath heating as heating mechanisrheféaction. This investigation was of
special interest because of the numerous advantdgéss heating method, like short
reaction times and easy controllable heating msfilMoreover, the influence of
microwave irradiation on the final shape and sitenanoparticles is controversially

discussed in the literature.

In chapter 6 the interaction of ZnO nanoparticlégh\an amphiphilic block copolymer,
bearing platinum excimers, was investigated. Thd &ctionalities located on the
polymer act here as the functionality which enaldiesultaneous coordination of the
dyes and the patrticles. The conducted investigatmainly deal with an energy transfer
process which takes place due to an overlap ofntmeoparticle emission and the
absorption of the dyes. A model, describing theralVgorocess was worked out and
confirmed by different experiments. The second gadls with possible applications as
sensitive material combination regarding the deaaf CUf* ions.
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2  Block-Copolymers for the use in hybrid solar cells

Nanocomposites consisting of semiconducting nanigpes in a matrix of an
electroactive polymer gained a lot of interest @tent years due to the promising
properties relevant to the production of photovoltievices. This material combination
offers easy and non-expensive processing methkelsiin-coating and doctor blading
techniques. The materials are cheap and providearge | variety of possible
modifications. One main challenge in producing rcamoposites is the miscibility of
the organic and the inorganic phase. The use ajpaaticles with bulky cappers on the
surface often leads to a phase separation on toeometer scal€® This can be
attributed to the tendency of nanoparticles witlpptag molecules like oleic acid,
stearic acid and long-chained amines to form dgngelcked agglomeratéd!
Additionally the polymers which tend to form semystalline domains, means
crystalline domains which are separated by amorphareas, contribute to this
problem!?® The second big disadvantage, if using nanopastisieéh bulky substituents,
Is the suppressed charge transport between the @madothe acceptor because of the
isolating properties of the capping molecule.

Several strategies to overcome these problemsthesm applied. The first is to replace
the bulky substituents by small, labile ligandsisTprocedure was first introduced by
Greenham et af? Trioctylphosphineoxide (TOPO) ligands were replabgdyridine.
This small molecule is at least partially removexig the film formation. This results
in only poor capped nanoparticles which are stadgli by the polymer matrix. The
second approach is to use capping molecules winechex se conductive. This strategy
can be followed by using oligomers with anchoringpup$®®, suitable for the
coordination, but also appropriate functionalizeslymers can be used. Regarding
functionalized polymers the anchor group can beothiced at the chain end or in the

side chains. For high molecular weight polymers ititeoduction in the side chain is

% Holder, E.; Tessler, N.; Rogach, Al Mater.Chem2008 18, 1064

27 Murray, C.B.; Kagan, C.R.; Bawendi, M.@nnu.Rev.Mater.Sc200Q 30, 545

2 Brinkmann, M.; Wittmann, J.G\dv.Mater.2006 18, 860

2 Greenham, N.C.; Peng, X.G.; Alivisatos, Afys.Rev.B996 54, 17628

30 Aldakov, D.; Querner, C.; Keervella, Y.; Jousse)R.; Demadrille, R.; Rossitto, E.; Reiss, P.1rPro
A. Microchim. Acta2008 160, 335
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more suitable as the ratio of end groups to monsrdecreases with increasing chain
length. This would drastically reduce the numbeawdilable anchor functions. Most of
the literature reports deal with functionalizedypbiophenes as polymer. This is due to
the fact that thiophenes offer a rich chemistry alihenables different modifications,
allowing coordination to nanoparticle surfaces. mapes of end - functionalized
polythiophenes include polythiophenes functionalizevith thiof*Y, phosphonic
acid®®and aminb® groups. Wang et al. followed an alternative strgtaghere the
coordination to the particles is provided by groupghe side chains. For this reason
they synthesized comb-like, graft copolymers withlythiophene building the main
chain and poly{,N-dimethylaminoethyl methacrylate) side chdiis.Mixing this
polymer with CdSe nanoparticles resulted in ancéiffe nanoscale dispersion of the
particles in the polymer matrix. However, one drawalo of this approach is that the
charge transfer from the polymer to the nanopadics highly dependent on the chain
length of the side chains. In general, long sid@rehlead to a too large distance of the
particles to the conjugated backbone which resultshindered charge transfer
properties.

In this work two alternative strategies were pudsukhe first is to synthesize a block
copolymer, consisting of a conductive polythiophdmeck and a second block with
anchor groups which lead to an efficient coordmatio the surface of nanoparticles.

Hex
/ \
n
Anchor groups Conductive polymer
|
I AV Vi

Figure 11. Strategy 1 for the coupling of nanoparticles tmaductive block.

31 gih, B.C.; Wolf, M.0J.Phys.Chem.Q007 111, 17184

%2 Milliron, D.J.; Alivisatos, A.P.; Pitois, C.; Eed, C.; Frechet, J.M.Adv.Mater.2003 15, 58

% Liu, J.; Tanaka, T.; Sivula, K.; Alivisatos, A.;fFrechet, J. M. . Am. Chem. So2004 126 (21),
6550-6551.

% Wwang, M.F.; Kumar, S.; Coombs, N.; Scholes, GWinnik, M.A. Macromol.Chem.Phy201Q
211, 393
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The second strategy was to synthesize oligothioggherhich were incorporated in the
side chain of a polynorbornene block. The copolynagion with a second block,
suitable for the coordination to nanoparticles tetthe desired macromolecule.

Om Conductiveoligomers

Anchor groups Jj OKL in the side chain
CINGAN ( S\ )Br
Hex/ Hex

V

Figure 12. Strategy 2 for the coupling of nanoparticles tmaductive block.
2.1 Introduction to Polythiophenes

Polythiophenes are one of the most researched cowdypolymers. The disadvantage
of this polymer is the hindered processability tiwu@oor solubility. This drawback can
be overcome by introducing alkyl substituents isipon 3 of the aromatic ring. These
poly-3-alkylthiophenes (P3ATs) are of scientifictarest based on the possible
applications in various fields including thin filtnansistor§ or photovoltaic cell§®

The incorporation of asymmetric substituted mon@meto a polymer chain leads to

different possible coupling products.

% Katz, H.E.J.Mater.Chem1997, 7, 369
% Gur, I.; Fromer, N. A.; Alivisatos, A. B.Phys.Chem.R006 110, 25543
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Figure 13.Possible coupling products of substituted thioghen

As shown in Figure 13 the thiophene monomer wigulastituent in position 3 of the
aromatic ring can form three different dimers. Amtdetween the carbon atoms 2 and
5" leads to the HT dimer, 2,2" forms the HH dimed &inally coupling of 5 and 5’leads
to the TT dimer. In terms of conductivity HT coupi is superior compared to the
others because only in this arrangement of the chadéns the twisting of the polymer
backbone, caused by the steric hindrance of the cidins, is suppressed. The planar
backbone leads to efficient overlap of theorbitals and therefore the effective
conjugation length of the polymer is increased. Peecentage of HT coupling varies
strongly with the synthesis method, as discussedhapter 2.1.1.1. Moreover, only
polymers with a high degree of regioregularity abde to crystalize in the solid state.
This aspect will be briefly discussed in chaptdrP.1.

2.1.1 Synthesis methods

In the following chapter only the synthesis methedsch lead to a high fraction of
regular coupling will be discussed. Neverthelelssrd are of course other methods like

]

the oxidative polymerization with FefSl!, or the electrochemical synthé&s which

lead to irregular coupling of the monomer units.

2.1.1.1Grignard Metathesis Polymerization (GRIM)

The Grignard Metathesis Polymerization is one efgtate of the art synthesis methods
for substituted thiophenes and was also used &opthparation of the polymers in this
work. Therefore, the fundamental principles will @elained in more detail. There are
several advantages of this method compared to oftest used procedures, which will

be discussed shortly in the next chapter. FirsillpfGRIM is a living polymerization

37 Sugimoto, R.; Takeda, S.; Gu, H.B.; Yoshino(hem. Expres$986 1, 635
% Hotta, SSynthetic Metal4987, 22, 103
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which proceeds in contrast to most other polycosdion reactions via a chain growth
mechanism and not, as was assumed for some timetep growth mechanisfit. One

of the main advantages of living polymerizationghat the desired molecular weight
can easily be adjusted by the right molar ratieanohomer to catalyst. Controlling the
molecular weight distribution of polymers is anatleucial point in polymer synthesis
and is characterized by the polydispersity indeRl{f the polymer. In general, living
polymerization methods are in terms of low PDI esluisuperior compared to other
methods. Of course this statement is also truetHfer GRIM, with PDIs, typically
smaller than 1.5. However, another possibility wiproving the molecular weight
distribution is the so called solvent-extractiontihoel that was introduced by Trznadel
et all*” This method takes advantage of the fact that ohebaity of P3HT decreases
with increasing molecular weight in solvents of Ipwlarity index. For this reason an
easy separation of fractions with different molecweight can be made by successive
Soxhlet extraction of the precipitated polymer wsihlvents of increasing polarity. In
this work this method was applied by using hexamkechloroform as solvents.
Furthermore, since termination reactions are absbfick copolymers can be
synthesized just by adding a second comonomerr Alfie consumption of the first
monomer, the absence of termination reactions allsws the controlled introduction
of various end groups, as will be discussed irfeélewing chapter.

One further advantage of this method is that crgagemperatures are not needed. The
reaction proceeds at room temperature or evengatlglelevated temperatures.

As mentioned before, since substituted polythioplsemre mainly important for
optoelectronic applications, the conductivity o€ tholymers is of great interest. By
using GRIM head to tail coupling values of >98% at#ained. This does not only
increase the effective conjugation length of théymper chains but also provides the
basis for crystalline polymer structures as waswhby McCullough et al. using X-ray
studies of thin film$*!!This high regioregularity yields polymers with cemtvity
values of around 1000 S/cm (typical values are betwl00 and 500 S/cm). Compared
to around 20 S/cm, obtained by polymers produceohéthods on the basis of a radical

mechanism, the advantage of this method is apparent

% Sheina, E.E.; Liu, J.; lovu, M.C.; Laird, D.W.;d@ullough, R.DMacromolecule®004 37, 3526

4" Trznadel, M.; Pron, A.; Zagorska, M.; Chrzas#®z,Pielichowski, J.Macromoleculed998 31,
5051

“1 McCullough, R.D.; Ewbank, P.C., in Handbook of@acting Polymers™ ed, (Eds:Skotheim, T.;
Elsenbaumer, R.L., Reynolds, J.R.) Marcel DekkenwNork 1998
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The polymerization procedure involves several stEpst, a reaction withert-BuMgBr
in THF (abs.) with 2,5-dibromo-3-alkylthiophene Ige the corresponding Grignard
compound via metal-halogen exchange. The drivimgefdor this reaction is the better
stabilization of the magnesium next to an aromiatig compared to the aliphatiert-

butyl group due to hyperconjugation.

3., A
Hr/@ Br BrMg g Br Br g MgBr

THF, r.t. or reflux

(a) (b) (c)
75-85% 15-25%

Figure 14.Possible products from the reactioraakith the Grignard reagent.

Further incorporation of a second magnesium is Ihigluppressed based on the
electropositive character of the méfal.As will be discussed later it is crucial to use
exactly one equivalent of the Grignard speciessi@wn in Figure 14 this reaction is
not regiospecific. But compouridis formed in excess due to the butkyt-butyl group
which favors position 5 on the aromatic ring basadsteric arguments. Polymerization
of this mixture with Ni(dppp)Gl leads to polymers with 99% head to tail coupling.
Although this fact is not fully understood kinedod competitive studies showed that a
head to head coupling betwelerandc is unlikely because this would lead to a twisted,
and therefore energetic unfavorable, transitiotesdaring the reductive eliminatiéi!

So all following coupling reactions are head td. tai

The mechanism of the polymerization is depicteéigure 15. To start the chain, two
mono-Grignard thiophenes react with Ni(dppp)@©l the corresponding compourld
Reductive elimination of the catalyst producesfitet couple of thiophenes. These first
units are irregular coupled, namely in tail to tadsition. Especially, if low molecular
weight polymers are produced, this irregular couplcan be observed il - NMR
spectra as will be discussed later on. This irr@gyl at the beginning of the growing
chain cannot be avoided, but however by approadhi&digh molecular weight regime
the influence of the first unit can be neglectelde bithiophene unit forms an associated

42 Knochel, P., Dohle, W., Gommermann, N., KneifeE., Kopp, F., Korn, T., Sapountzis, I., Vu, V.

A. Angew. Chem2003 115, 4438-4456
4 Loewe, R. S., Ewbank, P. C., Liu, J., Zhai, Lc@®tillough, R. DMacromolecules2001, 34, 4324-
4333



Chapter 2 - Block-Copolymers for the use in hylsathr cells 34

pair with the Ni-catalystetf) which is of importance because this ensures thet ea
catalyst molecule gives rise to only one growintyper chain. The oxidative addition
in the next step is the beginning of the catalgycle, consisting of (1) oxidative
addition, (2) metathesis reaction with new, incagmmonomer, and finally (3) reductive

elimination of the catalyg9

Br associated pair

R . STN—R reductive | R
2 AN'(dppp).C'z L )3/ eliminatior, | /~ "y . o I
<: Ni - = ) i(0) + S. B
BrMg~ s~ "Br Y S 1/ Br” s \
(b) [ )—Br @

) .
@ R i |

%(idative addition

L B
' \—s
VY R
S Br

oxitative addition R BrMg
metathesis reaction

Br
L \S\ \ (h)
/Ni R R
- /f s A )
R \ s” Br

associated pair \_/ R
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Figure 15. Mechanism of the polymerization.

2.1.1.1.1Functionalization of the end group
As mentioned before the absence of terminationtice allows the introduction of
various end groups on the polymer chain. This V@@ interesting topic because end

group modification gives rise to many further athusnts. For example end groups can
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act as a starting point for the polymerization afeaond block by other polymerization
methods like atom transfer radical polymerizatiohTRPY*¥, reversible addition
fragmentation chain transfer polymerization (RA®¥) or nitroxide mediated
polymerization (NMPJ*Well defined block copolymers combining the projesrtof
different materials can easily be obtained in thésy. Another possible application is
the introduction of groups which can specificaldact with certain surfaces. The group
of Frechet for example modified P3HT with an amaémel group which was then used to
coordinate to CdSe nanoparticle surfaces. Thisithiyimaterial was used to fabricate
solar cells with efficiencies of around 1.4%3.

After complete consumption of the monomer, the lgatas still inserted between the
thiophene at the chain end and the bromine gtoithe addition of the end-capping

Grignard reagent in large excess yields the cooredipg polymet with the end group

S - -
| s. A\ / s A )
R Z \ s~ Br R Z \ s” 'Br
R R
i reductive elimination l (k)
, R [ ]
? / S R oxidative addition L R s R
NS NS C‘Ni<0>+ I X s AN
R \ / S Br/ I‘L> L/ R % \ / S Br
I () R i
R’ R
reductive elimination S
- D s AN
\ /
R

Figure 16. Schematic reaction scheme of the end group-fumaliwation.

4 Liu, J.; Sheina, E.; Kowalewski, T.; McCulloug®,D. Angew.Chem.Int.E®002, 41, 329
% lovu, M.C.; Craley, R.; Jeffries-EL, M.; KrankokisA.B.; Zhang, R.; Kowalewski, T.; McCullough,
R.D. Macromolecule007, 40, 4733
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Depending on the nature of this end group the i@astops at this point or goes further
to yield a polymer, functionalized at both chainlgnlt was observed by McCullough et
al*® that end groups containing aelectron system like alkenes, alkines or aromatic
compounds mainly give the mono-capped compound easealkanes give the di-
capped polymers. These results were explained dyetidency of Ni(0) compounds to
coordinate to electron rich groups. This impliestttne catalyst stays coordinated to the
first chain end if the end group bears an electicdm moiety. Contrary, using Grignard
reagents with saturated compounds make the ox@atidition on the other chain end

possible, yielding the di-capped polymers

2.1.1.2McCullough - route

In 1992 McCullough and coworkét® were the first who were successful in
synthesizing regioregular poly(3-alkylthiopheneéB)e fundament of their success was
the regiospecific formation of (5-bromo-4-hexyltbien-2-yl)magnesium bromide by a

selective lithiation of 2-bromo-3-hexylthiophenposition 5 (see Figure 17).

R R
i) LDAJTHF, -40°C, 40 min

ii) MgBr,*OEt,, -60°C to -40°C, 40 min

8% 2

/l{dppp JCla
510 25°C, 18h

98 -100% HT

Figure 17.Synthesis of P3AT according to McCullough.

The following transmetallation leads to the desig@duct with 98% vyield. The
subsequent polymerization with Ni(dppp)Glields P3AT, consisting of 98-100% of

regular coupled monomer units.

4 Jeffries-EL, M., Sauvé, G., McCullough, R. Advanced Material2004 16, 1017-1019
4" Osaka, I., McCullough, R. BAccounts of Chemical Resear&008 41, 1202
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2.1.1.3Rieke - route

The polymerization method developed by Rieke andockers*® uses 2,5-dibromo-3-
alkylthiophene as monomer. The oxidative additiérReeke zinc (Zn*) affords the
desired 2-bromo-5-(bromozincio)-3-alkylthiophenethwionly minor traces of the
second regioisomer. The relative ratio of the tegisisomers strongly depends on the
used reaction parameters. In general, temperaase®w as -78°C lead to higher
selectivities. Also the length of the alkyl chailays a role where a trend of increased

selectivity with longer alkyl chains was observed.

R

R R
Zn*THF
Br ﬂBr — = BrZn ﬂfﬂir + Brﬂfznar
S -78°C to RT, 4h S S
Ni{dppp)Clz
0 to RT"C, 24h

(R S
3 \

R

97 -100% HT

Figure 18. Synthesis of P3HT according to Rieke.

The advantage of this method compared to the MoGgh route is that organozinc
compounds are known for their high tolerance towdtohctional groups, opening the
possibility of synthesizing polymers with many difént functionalities.

2.2 Results and Discussion

2.2.1 Synthesis of Thiophene Monomers

To obtain 2,5-dibromo-3-hexylthiophen®),(3-hexylthiophenel) was brominated with
N-bromosuccinimide (NBS) according to a literatureotpcol. To the educt 2
equivalents of NBS were added in small portionsoatm temperature in absolute THF

4 Chen, T.-A.; Wu, X.; Rieke, R.3.Am.Chem.S0&995 117, 233
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as solvent. The progress of the reaction was imgatsd by thin layer chromatography
(TLC) with cyclohexane as eluent. The reaction vsisred at room temperature
overnight. At this stage the monomer was completddgent but two products were
formed, the mono and the dibrominated 3-hexyltheégh After evaporation of the
solvent in vacuum, n-heptane was added to pretapitlae excess of NBS. After
filtration, evaporation in vacuum yielded a brownisolution which was purified by
distillation under vacuum. The yield of the reantiwas 84%. The introduction of the

two bromine atoms was confirmed by NMR measurements

NBS, THF

Figure 19.Reaction scheme of the bromination of 3-hexylthige.
2.2.2 Polymerization via Grignard Metathesis

The general reaction scheme of the polymerizatianGRIM is depicted in Figure 20.
As mentioned in chapter 2.1.1.1 the polymerizatiorolves several steps. The first is
the addition oftert-BuMgBr. The purity of the product is highly depemd on the

conditions of this step.

Hex Hex
1. tert-BuMgBr
[\ 2. Ni(dppp)Cl A
Br~ s~ "Br > R s~ /Br
3. R'MgX n
P1: 1.) 5 hours
@) P2: 1.) 3 hours

Figure 20.Reaction scheme of the polymerization.

In the first experiments different reaction timeshwert-BuMgBr, which was added to
2,5-dibromo-3-hexylthiophen) in THF (abs.) were applied. For polynfet, 5 hours
at 50°C were used and fB2 only 3 hours. After cooling the reaction mixtuceroom
temperature, the catalyst, dissolved in THF wasddd@he reaction mixture was then

stirred for 10 minutes at room temperature, folldwey adding vinylmagnesium



Chapter 2 - Block-Copolymers for the use in hylsathr cells 39

bromide via syringe to the reaction mixture. Afwirring for further 2 minutes the

reaction mixture was poured into methanol to prigai the polymer.

2.2.2.1Characterization

To characterize the two obtained polymers diffemaethods of characterization were
used. First, the interpretation of the nuclear netigimresonance (NMR) spectra will be
discussed. In a 100% regioregular P3HT only onenatiz signal, attributable to the
proton at position 4 on the aromatic ring centeegdund 6.98 ppm should be
observable. As was explained in chapter 2.1.1.0%d€egular coupled P3HT cannot be
obtained due to the fact that the coupling reactibthe first two monomers is always
tail to tail. The chemical shifts corresponding ttee various possible couplings in

polythiophenes are listed in Tablé*d.

Table 1.Chemical shift of the possible coupling produatpolythiophenes with

chloroform as solvent.

: : chemical shift
configuration

[Ppm]
HT-HT 6.98
TT-HT 7.00
HT-HH 7.02
TT-HH 7.05

To estimate the regioregularity of the polymer thignals are not the best choice
because of the vicinity of the corresponding shiftke better method to assess the
relative ratio of regular to irregular couplingtestake the -carbon protons on the alkyl
chain. The HT coupled -carbon protons are observable at 2.80 ppm whetteas
irregular coupled protons lead to a peak at 2.58.PB A further interesting
information from the'H spectra is the estimation of the chain lengthictvttan be
obtained by the ratio of the vinylic end group prat to the aromatic protons. However,
this method is only a rough estimation of the cHamgth and should only be applied

for small molecular weight polymers.

4 Mao, H.; Xu, H.; Holdcraft, SViacromoleculs 1993 26, 1163
0 sato, M.; Morii, H.;Polym.Communl 991, 32, 42
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An exemplary’H - NMR spectrum of the samplel prepared using 1.0 eq tdrt-
BuMgBr is depicted in Figure 21. The used rationainomer to catalyst was 30/1 in
this case so that an average chain length of 3®menunits is expected. The aromatic
region shows a singulett at 6.98 ppm which can thebated to the HT-coupled
thiophene rings. At 7.00 ppm a small shoulder apgpigathe peak which belongs to the
TT-HT coupled pair at the beginning of the chairddAionally, some small peaks
between 6.95 and 6.82 belonging to less deshigid®dns at the beginning and end of
the polymer chaiffX!

The signal from the vinylic end group can be seé&h small intensity at 5.12, 5.51 and
6.52 ppm. By comparing the integrals of these pretwith the integral of the aromatic
protons a chain length of around 40 monomer usitbtained. This value is too high,
considering that a ratio of monomer to initiator3®1 was used for the synthesis. This

discrepancy will be explained by the contributidrother end groups later on.
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=
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Figure 21.*H NMR of poly(3-hexylthiophene).

The -carbon protons are observable at 2.80 ppm whdéheasregular coupled protons

lead to a peak at 2.58 ppm. The relative integhaws that the irregular coupled

L Bras, J.; Pepin-Donat, Blagn.Reson.Cher001, 39, 57
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protons contribute with around 8% to the overaidinal. This value corresponds quite
well to the theoretical value of 6.7%. Thecarbon protons can be found at 1.69 ppm.
The other CH - protons yield a broad peak centered around 1pf0 and the Cki
group leads to a singulett at 0.91 ppm.

By setting the integral of the aromatic thiophemetgn to one, polymeP2 shows a
higher integral of the CH group protons with a value of 4.5 compared toiB.P1.
Moreover, virtually no signal from the vinylic ergtoup was found. To understand
these observations also matrix assisted laser plgsoiionization - time of flight mass
spectrometry (MALDI-TOF MS) measurements were penfed to determine the end
group composition. The advantage of this methats iability to analyze polymers with
a minimum of fragmentation in the mass spectromli&feiThe results are shown in

Figure 22.
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Figure 22. MALDI-TOF results fromP2 (left) andP1 (right).

The measurements showed that the polyRiconsists of three products. The main
product is the desired polythiophene with a vingtlgroup. But during the synthesis
also two side products were formed in significambants. The first also bears a vinyl
end group but surprisingly &rt-butyl-group is attached to the other side. Thid en
group is responsible for the relative high methyup integral in the'H - NMR
spectrum. The second consists of the polythiophreaan chain with two hydrogen

atoms at the end. A comparison wiRi shows that in the case of prolonged reaction

2 Jeffries-El, M.; Sauve, G.; McCullough, R.Macromolecules2005 38, 10346
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time with tert-BuMgBr mainly the desired product was formed. Omiynor traces of
side products are observed. In this case the iBrdike the main product but with
hydrogen instead of the bromine at the chain emis $ide product is already known
from literaturé®® Miyakoshi et al. attributed this phenomenon to tlee of a not
stoichiometric use of the Grignard reagent. Thesécide product bears a hydrogen
atom at one chain end and a bromine atom at tlendezhain end. This side product is
responsible for the higher ratio of the aromatiotpns to the protons from the end
group obtained in th¥H - NMR spectrum.

A possible explanation for these results is thatholonged reaction time results in a
guantitative consumption of the Grignard reagemwelVer, shorter reaction times lead
to a situation where thieert-BuMgBr is still available in the presence of thetatyst.

This results in further possible reaction pathgicted in Figure 23.

H
ex —1—MgBr
/ \ N R + MgBr,
Br—Ni Br Ni

S

(p) beta_HA_el_/ W|
Hex
Ni(0
/ () l
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® l . J«U\)f l /\MgBr
S
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+MgBr Hex 1) beta-H-el.
g e e

2) red.el.
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Figure 23. Possible reactions leading to the observed sioéuats.
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The active speciep can react with the still availableert-BuMgBr to form the
intermediateq. This organic nickel species can either undergoHtelimination to
formr or a reductive elimination to form compousydvhich still has an active bromine
atom which can react with the initiator in an oxida addition to formu. Quenching of
the reaction with the vinylic Grignard species gg&ly, which was found inP2
Compoundr can undergo a reductive elimination to prodticélso in this case the
active bromine at the other side leads to an oxeatddition of the initiator to yield

as intermediate product. Depending on the avaitgpil can react either with thert-
butyl — or the vinylic Grignard species to formor w. As already mentionedy is a
common byproduct using GRIM as polymerization pdace. Compoundx can
undergo a -H-elimination followed by a reductive eliminatiah nickel. This yields the
polymer z with hydrogen atoms at both sides. It has to bidhahat the reaction
mechanisms explain all observed reaction produttsvever, the confirmation of the
proposed mechanisms would have exceeded the tenefithis work, so that it was not
further pursued.

To conclude briefly, it was shown that the polymation procedure and the obtained
products are highly dependent on the reaction ¢immdi. The addition of theert-butyl
Grignard reagent has to be in a one to one ratidathermore the time of reaction has
to be chosen so that complete consumption canieesh

For all following polymerization procedures the agan time for the addition of the
Grignard reagent was 5 hours or even over nighttiAer important point was to show
that for end-functionalized polymers the use of MALTOF MS measurements is
superior compared to NMR measurements. This is tduthe ability of the former
method to accurately give insight in the differend groups. In NMR measurements
the DP can only be roughly estimated if no sigatficamounts of other end groups are
present. A complementary way to measure the changth is gel permeation
chromatography (GPC). The results RirandP2 are shown in Table 2.

Table 2. GPC results oP1 andP2 with THF as solvent.

| My Muw PDI DP

P1 2330 3910 1.68 14
P2 (hexane) 2160 2960 1.37 13

P2 (chloroform) 4230 5100 1.20 25
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PolymerP2 was fractionated making use of a Soxhlet extractwith hexane to collect
the oligomers and with chloroform to obtain thehigolecular weight fraction. GPC
was measured with THF as solvent. It should bedhtitat GPC is a method which
compares the hydrodynamic volume of a polymer stahdused for calibrating the
instrument, to the polymer of interest. In mostesathe instrument is calibrated with
polystyrene standards which exhibit a coil-likeusture in solution. Contrarily,
polythiophenes are rigid, because of their congydiackbone. This leads to a stick-
like structure in solution. The different behavadrthese two classes of polymers leads
to a discrepancy in the results.

For exampleP1 has a number weighted distribution of 2330 g/miich corresponds
to a DP of 14. But comparing this result with theéADMDI-TOF MS measurements
which showed a maximum signal for a DP of 8 thaugab quite too big. The same is
true forP2 which shows a DP of 25 (chloroform fraction) comgzhto around 13 in the
MS measurements. However, for relative considamatiof polymers with different
chain lengths and because the PDI value can dasilybtained, this method still has
some value in assessing the polymer quality. Furtbee, it can be seen from Table 2
that the Soxhlet extraction works in fractionatittge polymer in low and higher
molecular weight samples. The obtained PDI valued@ P2 with 1.37 and 1.20 in a
good rangeP1 has a comparable high PDI of 1.68 which can bdéagxgd by the high

extent of different occurring side reactions ascdbsd previously.
2.2.3 Synthesis of block copolymers using vinyl - termin@zd P3HT

To study the formation of the block copolymé38 was used, which was synthesized
with @ monomer to initiator ratio of 40/1. The MALDOF MS measurements showed
that the average DP is around 21 and the vinylecgrmoup is present. The only formed
side product is the polythiophene with hydrogentlon other chain en@® was used as
sort of model comonomer because it was easy alaikid appropriate to study the
coupling reaction. As catalyst a Grubbs initiatbthe third generation was used due to
its high reactivity. The solvent of the reactionsnichloromethane (abs.). The reactions
were performed either in the glove box under irnbosphere or under argon using
conventional Schlenck-techniques.
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Hex ? Grubbs catalyst
T ./ O—  3"generation
x S Br ”
n o o— CH,CI, (abs.)
(P3) (3) BC1: P3 + 3 + initiator

BC2: 3 + initiator; + P3; r.t.

BC3: 3 + initiator; + P3; 40°C
Figure 24.Reaction scheme for the synthesis of the blocklgopersBC1-BC3.

The reaction was performed in three different wéyshe first type of reactior3 and

3 were mixed and afterwards the initiator was adatesbom temperaturd8C1). In the
second experimen8 was first polymerized with the initiator and afteomplete
consumption of the monomer, which was evaluatedthay layer chromatography
(TLC), P3 was addedRC2). Afterwards the reaction was stirred at room terafure
over night. The third type of reaction was perfodme the same way, with the only
difference that the reaction mixture was refluxed@C BC3). For all three reaction
types3 was added in an amount which should give a 1/ékobopolymer.

These reactions were characterized by NMR spedpyscGPC and finally with
MALDI-TOF MS. As expected, the NMR spectra showédtt3 always yielded a
polymer, observable by the signal between 5.125&d ppm which can be attributed
to the olefinic protons. However, the coupling dfet polythiophene cannot be
accurately demonstrated by NMR studies, due tosthall signal of the end group.
Complete absence of this signal was observed. Henvedso other side reactions are
suitable to cause this effect. For example the dizagon of the polythiophene or the
cleavage of the end groups would give the samédtresu

The results from the GPC measurements are sumrdanZeable 3. The formation of a
block copolymer should result in higher moleculaigits compared tB3. But as can
be observed from Table BC1 andBC2 are in the same range @3. BC3 has an even
lower molecular weight. Through these results #feoside reaction of polythiophene
dimerization can be excluded, due to the fact thgher molecular weight fractions
with about doubled molecular weight are absent.
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Table 3. GPC results oP3 andBC1-BC3.

Mhp My PDI
P3 9510 11840 1.25
BC1 9350 12550 1.34
BC2 9000 11750 131
BC3 8260 11420 1.38

And finally MALDI-TOF MS measurements showed that ¢copolymers were formed.
The obtained products are a mixture of two homapelg. ForBC2 some additional
peaks were present which could be a hint that ssoneof end group modification
happened to the polythiophene. But due to the faat a polymer mixture was
investigated, too many peaks were present, makdegper analysis impossible.
Recapitulating, the building of block copolymersntaining a thiophene block and a
norbornene block was not successful. A possiblsamdor this could be the steric
demand of the Grubbs initiator, which hinders therdination to the vinylic end group
of the polythiophene.

2.2.4 Synthesis of block copolymers using allyl - termin@d P3HT

In this set of experiments the same reactions &wdavere performed, with the only
difference of using a polythiophene with an allyéied group. The introduction of the
additional methylene group provides more rotatioineedom of the end group and
increases the distance of the bulky catalyst frioenthiophene backbone.

]
Hex Grubbs catalyst
Y 7 O—  3"generation
+ -
= H
S n 1e) 0 CHQC'Q (abS.)
BC4: 3 + P4 + initiator
(P4) 3

BC5: 3 + initiator; + P4; r.t.

BC6: 3 + initiator; + P4; 40°C
Figure 25. Reaction scheme for the synthesis of the blocllyopersBC4-BC6.

The polythiophen®4 was synthesized with a ratio of monomer to imatiaif 20/1. This

was done to ensure that informations about the l[swupeaction can also be obtained
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by NMR measurements. As depicted in Figure 26 thdicaend group leads to three
different peaks in the spectrum.
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Figure 26.'H - NMR spectrum oP4.

The H, — protons next to the aromatic ring lead to aaigit 3.50 ppm. The vinylic
protons | and H can be found at 5.97 and 5.12 ppm. The relatitensgities
correspond to the theoretical values. By compatiegntegrals of the-carbon protons
to the vinylic protons Ha chain length of 13 monomer units can be estidndALDI-
TOF MS measurements showed an average chain lefdth monomer units, due to
the formation of the side product with hydrogentlo@m second chain end.

The analysis of the reaction products of the cogptieaction showed that also in this
case the protons of the double bond at the chalnoéthe polythiophene disappear in
the NMR spectrum for all three types of reactianBIC6 a small peak at 9.86 ppm
aroused which can be attributed to an aldehydetiumadity. Additionally, the MALDI-
TOF MS measurements showed an end group modificatiith an aldehyde
functionality. An exemplary mass spectrumBgE6 is depicted in Figure 27. It is worth
mentioning that in these spectra no signals from pblynorbornene block can be
observed. The reason for this difference, compare®IC1-BC3 is that smaller blocks

were synthesized in this case. This means thatdhmorbornene block was too low in



Chapter 2 - Block-Copolymers for the use in hylsathr cells 48

molecular weight for a precipitation in methanoldatherefore was successfully

removed from the polythiophene block, ensuring gpdenalysis by MS.

100

1004

1620 1640 1660 16380 1700 172 1740

Figure 27. MALDI-TOF MS measurement @ C6.

As can be seen the allylic end group of the pobgheneP4 is nearly completely
consumed during the reaction. Only a small signalZ80.8 m/z is left. The main
reaction products are the polythiophenes with bnemor hydrogen on one chain end

and hydrogen or an aldehyde functionality on theeothain end (Figure 28).

Hex Hex Hex
B BTN
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f n H n
#=H, Br

Figure 28.Reaction products.
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These products are also formedBi@4 andBC5, although the relative amounts differ.
At room temperature the cleavage of the allyl grasiglominant, whereas elevated
temperatures favor the formation of the aldehydaee @ossibility for the formation of

the aldehyde end group is depicted in Figure 29.

/\m :m@ D — >
= X

Figure 29.Possible formation mechanism of the aldehyde fanatity.

It is already known from literature that Grubbsatgdts can form hydride complexes
(LnRu-H in Figure 29) if primary alcohols and/or watee present in the reaction
mixture In our reaction system both species could be ptésemall amounts due to
the long reaction time and the fact that the fuomalized polythiophene was
precipitated in methanol. These hydride specie® l@ready been proposed to be the
active species in the isomerization of double bomdsch can be seen in some of the
reactions using ruthenium metathesis catafy3t4l In this case this would mean that
the double bond at the chain end isomerized totipasiwo. In the next step an
unchanged Grubbs catalyst, located at the chain aénthe poly(norbornene) can
coordinate to this newly formed double bond. Than chappen in two possible
orientations, which is shown in Figure 29 as patamtl path B. For a successive block
copolymer formation the two polymer chains havédoltow path A, meaning that they
rearrange in a way which gives rise to high stelecnands, making this orientation

unfavorable. Following path B, the polymers areeoted in a way that the chains are

3 Dinger, M.B.; Mol, J.COrganometallics2003 22, 1089
> Furstner, A.; Thiel, O.R.; Ackermann, L.; SchaHzJ.; Nolan, S.R].Org.Chem200Q 65, 2204
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pointing towards other directions. This favoredeatation leads to a binding of the
ruthenium initiator to the end group of the polgibhene. The final step of the reaction
is the addition of oxygen to the ruthenium - carblonble bond which leads to the final
product with aldehyde end groups. This final stepswalso observed for several
occasions in literature repofts. However, currently an explanation about the reacti
mechanisms resulting in the cleavage of the endmi®cannot be provided.

To sum up, the formation of block copolymers ishiygimprobably, due to the high
steric demand of the intermediate, which leadsh® desired coupling product. The
sterically more favorable transition state leads tooupling of the catalyst to the end
group of the thiophene. In the presence of oxygjenend group gets converted into an
aldehyde functionality. This result, although netgiul for this work, can lead to a new

way of functionalizing the end groups of polythieples.
2.2.5 Comblike block copolymers

As the formation of block copolymers by direct cliwg of the polythiophene block to
the polynorbornene by the Grubbs catalyst did notkywan alternative strategy was
followed. The synthesis scheme is depicted in Eg80. Using4 as educt, another
polythiophene with an allylic end group was synibed P5). In the next step the
double bond was converted into an alcoholic fumaiby through hydroboration
yielding compoundP6. Esterification with endo, exf2.2.1]bicyclo-hept-5-ene-2,3,
dicarboxylic acid chloride introduces a polymerileagroup, suitable for ring opening
metathesis polymerization (ROMP). In the final pobrization stepb was used to
build up a homopolymerBC7 and through the polymerization witlendo,
exd2.2.1]bicyclo-hept-5-ene-2,3-dert-butyl-dicarboxylate as comonomer a block
copolymer BC8 was synthesized. The method of introducing a foneti unit,
separated by a spacer, to a norbornene is an wdeoh method. Several reports for the
incorporation and subsequent polymerization usin@MR are known from

literature!®®571

®  Qin, Y.; Hillmyer, M.A.Macromolecule®009 42, 6429
®  Roh, Y.; Bauld, N.LAdv.Synth.CatalR002 2,344
" zaami, N.; Slugovc, C.; Pogantsch, A.; StelzeM&cromol.Chem. Phy2004 205, 523.
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Figure 30. Synthesis of comblike block copolymers.

2.2.5.1Synthesis and characterization

The allyl-terminated polythiophen@5 was synthesized, with a monomer to initiator
ratio of 15/1 in order to get low molecular weighligomers, which also allow the
investigation of the reaction progress through smMpMR spectra. For the following
hydroboration 9-borabicyclo[3.3.1]Jnonane was usedr@agent. The reaction was
performed in THF (abs.) at 40°C over night. The goess of the reaction was
investigated by TLC. After nearly complete consumpbf the educt, NaOH (5M) was
added to the reaction mixture. After stirring farther 15 minutes and cooling to room
temperature hydrogen peroxide (30%) was added. Teeneaction solution was again
stirred at 40°C over night to complete the oxidatibhe solvent was evaporated under

reduced pressure and after dissolving in dichlotbaree inorganic byproducts were
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separated by extraction with water. In the nexp stee organic phase was separated,
concentrated and precipitated in MeOH. After fiitva and drying, the product was
obtained with a yield of 89%. The introduction bé&talcoholic function was proved by
NMR, MALDI-TOF MS and Fourier Transform Infrared TRR) measurements. The
NMR spectra showed the absence of the mentionaglsidrom the allyl-group. Three
new signals at 3.75, 2.86 and 1.94 ppm aroused;hwban be attributed to Hthe
proton next to -OH, K the proton next to the aromatic ring ang the proton between
the two CH - groups. MS measurements showed the successfatuation of the

alcoholic functionality as is depicted in Figure 31
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Figure 31.MS results oP5.

As can be seen the product is pure and consists ainthe desired compound. The
second chain end in this polymer is also terminatdeer by bromine or hydrogen.

The esterification oP6 with endo, exf2.2.1]bicyclo-hept-5-ene-2,3-dicarboxylic acid
chloride was done in the presence of pyridine. &sction solvent anhydrous
dichloromethane was used. The reaction was stoved night at room temperature. To
remove the excess of pyridine the solution wasaei#d with HCI (5%) and NaHGO
(sat.). After that the organic phase was concesdrdtty solvent evaporation under
reduced pressure. The product was purified by colehromatography with a solvent
mixture of cyclohexane and ethyl acetate (20/1¢laent. The yield of the reaction was
63%. The formation of the product was confirmed NMR. First of all, the
characteristic peaks of the norbornene appearetdsacondly, the peak of the protons,

initially next to the alcohol functionality shifteddom 3.75 to 4.19 ppm.
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The reaction sequence described so far was aldoroed by FTIR measurements. The
corresponding spectra are summarized in FigurelB2.detailed data are given in the
experimental section. Here only the most importahtinges are described. The
hydroxypropyl - terminated P3HP6 shows the typical broad peak around 3400'cm
corresponding to hydrogen bonds, arising from theoheol function. This peak
disappears after esterification and new peaks &8 Hhd 1180 cih corresponding to

the introduced ester functionality can be seen.
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Figure 32.FTIR spectra oP5, P6 andb.

For the polymerizations the Grubbs catalyst of thied generation was used. The
reactions were performed with anhydrous dichlorbvae¢ as solvent. The
homopolymerBC7 was polymerized with a monomer to initiator ratd 20/1 by

stirring the reaction at room temperature over nighin layer chromatography showed
complete consumption of the monomer. Therefore rdaetion was quenched with
ethylvinylether. After stirring for further 10 mites the reaction solution was
concentrated by solvent evaporation under reducestspre. The polymer was
precipitated in MeOH which has been cooled to Ogfbie use and allowed to settle
down over night. The red precipitate was finallyedrin vacuum to give the polymer

with 76.5% yield. The formation of the polymer wamfirmed by NMR measurements.
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Due to the formation of the double bonds in them@iain the significant broad peak

from 5.57-5.12 ppm can be seen.

The block copolymerBC8 was synthesized in the same way. The ratio of
M1/comonomer/initiator was 10/200/1. First, the cahivas added to the comonomer
and after complete consumption, achieved by sgrawer night M1 was added to the
reaction solution. Then the reaction was alloweéutther stir at room temperature for
20 hours. Afterwards the reaction was quenched uafitlylvinylether. The rest of the
work up was performed in the same way as desciitrethe homopolymer. The vyield

of the reaction was 51%.
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Figure 33. Comparison of characteristic regions fr&@7 andBCS.

To confirm the formation of the block copolym&C8, some characteristic NMR
regions of both polymers are shown. The spectrae wermalized in a way that the
integrals of the aromatic proton from the thiopheing, at 6.98 ppm were equal. Also
in this case the significant broad peak from 5.525%pm can be seen, indicating the
formation of the main chain double bonds. CompaedBC7, this peak is more
pronounced due to the comonomer contributing t ititegral. The last peak at around
3 ppm consists of the-carbon protons of the hexyl chain next to thegh&ne and the
signal in the upper region stems from the protohshe cyclopentane ring in the
polymer backbone. Once again, B€8 this integral is more pronounced. The relative
amount of the two different monomers in the polymeass evaluated by integrating the

methyl - protons of the norbornene to the aronyataton of the thiophene in the second
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block. The calculation gives a value of around 2®Hich corresponds very well with

the used amounts.

Summing up this chapter shortly, the synthesis lo€k copolymers was successful
through the end group modification of polythiophegsterification with norbornene
derivates is possible and results in the introdmctf a polymerizable group. The
electroactive group is in this case in the sideirch®y appropriate choice of
comonomers, the introduction of a second blockiable for the coordination to

nanoparticle surfaces is possible.

2.2.5.2Photophysical characterization of BC7 and BC8

Absorption and emission spectra of the two polyni#@ and BC8 were recorded
using dichloromethane as solvent. The concentrafd8C7 was 2.13*1¢ g/mL and
for BC8 5.5*10° g/mL. The absorption maximum is centered arour@ @ for both
polymers and can be attributed to a * - transition of the conjugated backbone of the
thiophene block®
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Figure 34. Absorption and emission spectraB&7 andBC8.

% McCullough, R.DAdv.Mater 1998 10, 93
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The maximum is 7 nm red - shifted compared to tlgdrdxypropyl - terminated
oligothiophene. This may be explained by the stacking of the oligothiophenes in the
side chain, leading to a more extended conjugasigstem. The intensity of this
transition is lower foBC8. This can be explained by the dilution of the thiepé dyes
by the comonomer. The broad and structureless mmisd# both polymers has its

maximum at 572 nm.
2.3 Experimental

2.3.1 Materials and Methods

All chemicals were purchased from Sigma Aldrichihie purest available form and used
for syntheses without further purification stepheTsolvents were purified according to
known literature procedurés)! The reactions were performed under an inert
atmosphere of purified nitrogen or argon using &otk techniques unless otherwise
stated.

'H - NMR spectra were recorded on a Varian INOVA 308z Spectrometer at 500
MHz, the correspondind®C - NMR spectra were recorded at 125 MHz. Solvent
residual peaks were used for referencing the NMPectra to the corresponding values
given in literaturé®® For the multiplicity of the peaks the following menclature was
used, s for singuletts, bs for a broad singulefgrddoublet, dd for dupletic doublet, t
for triplett, p for pentett and m for multiplettTR spectra were measured on a Perkin
Elmer Spectrum One IR spectrometer with a DTGSatleteThe spectra were obtained
from films on KBr or NaCl windows. The intensitiegere named s for strong, m for
medium and w for weak.

The number average molecular weights,)Mveight average molecular weights M

as well as the polydispersity index (PDI) were daeteed by gel permeation
chromatography with THF as solvent using the follayvarrangements. THF setup:
Merck Hitachi L6000 pump, separation columns ofyRar Standards Service, 8 x 300
mm SDV 5 um grade size (106 A, 104 A, and 103 &nbined refractive index —

% Perrin, D. D.; Armarego, W. L. Purification of Laboratory Chemical8rd ed.; Pergamon: New

York, 1988
% Gottlieb, H. E., Kotlyar, V., Nudelman, A. Org. Chem.1997, 62, 7512 - 7515
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viscosity detector from the company Viscotec. Pgtygsne standards purchased from
Polymer Standard Service were used for calibraidfche setups.

UV-Visible absorption spectra were recorded on aryC&0 Bio UV-Visible
Spectrophotometer, fluorescence spectra on a HiE&€b00 fluorescence spectrometer
(www.inula.at) equipped with a red-sensitive photttiplier R 928 from Hamamatsu
(www.hamamatsu.com). The emission spectra wereomwected for the sensitivity of
the PMT!#

MALDI-TOF mass spectra were recorded on a MicronfadSpec 2E. The instrument
is equipped with a nitrogen laser (337 nm wavelengperated at a frequency of 5 Hz),
and a time lag focusing unit. Spectra were takereflectron mode at an accelerating
voltage of +20 kV. Analysis of data was done withaddLynx 3.4 (Micromass,
Manchester, UK). Samples were dissolved in THF ¢lmt") with Dithranol as matrix
(10 mg mL* in THF). Solutions were mixed in the cap of a miabe in the ratio of
1 pL : 10 pL : 0.5 pL. The resulting mixture wasopd onto the target and air

dried!*4
2.3.2 Syntheses procedures

2.3.2.1Synthesis of the monomer

2,5-dibromo-3-hexylthiophene (1)

A solution of 3-hexylthiophene (20g, 118.84 mmaildN-bromosuccinimide (52.88 g,
297.09 mmol, 2.5 eq) in THF (abs.) (150 mL) wasreti at room temperature over
night. The reaction progress was monitored by Ttglphexane on silica). After the
educt was nearly completely consumed the solvestresmoved by rotary evaporation.
Then 150 mL heptane were added to precipitateubeirimide. Filtration and removal
of the solvent afforded the crude reaction prodBatification was done by distillation
under reduced pressure. The product was obtainedtamperature of 87°C with a
vacuum of 0.15 mbar (32.575 g, 84%).

'H - NMR (, 20 °C, CDC}, 500 MHz): 6.77 (s, 1H, T} 2.50 (t, 2H, Hex1), 1.54 (p,
2H, Hex2), 1.30 (m, 6H, Hex3-5), 0.89 (t, 3H, Hex6)

13C - NMR (, 20°C, CDC}, 125 MHz): 142.9 (1C, T3), 130.9 (1C, T4), 1101&(
T2), 107.9 (1C, T5), 31.5, 29.5, 29.4, 28.8, 256,(Hex1-5), 14.1 (1C, Hex6)
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2.3.2.2Polymerization using GRIM with vinylic end groups

Syntheses of P1 and P

2,5-dibromo-3-hexylthiophene (333.35 mg, 1.02 mma§s dissolved in anhydrous
THF (6 mL).Tert-BuMgBr (0.5 mL, 1.02 mmol) was added via syringel éhe mixture
was refluxed for 5 hours in the caseRiI and for 3 hours in the case BR After
cooling the reaction mixture to room temperaturddppp)Ch (57.4 mg, 0.104 eq for
P1and 19.2 mg, 0.034 eq f&*¥2), dissolved in THF was added. The reaction mixture
was stirred for 10 minutes at room temperaturen tfiaylmagnesium bromide (0.25
mL, 50 mol% of monomer) was added via syringe ordaction mixture. After stirring
for further 10 minutes the reaction mixture wasneduinto methanol to precipitate the
polymer. P2 was filtered in to an extraction thimble and waasted by Soxhlet
extraction with methanol, hexane and chloroform.

PL *H - NMR (, 20 °C, CDC4, 500 MHz): 6.98 (s, 1H, T4), 6.52 (m, vinyl), 5.4,
J=11Hz, 0.025H, vinyl), 5.12 (d,J=11Hz, 0.025H, Win 2.80 (m, 2.1H, Hexl
(regular)), 2.58 (m, 0.25H, Hex1(irregular), 1.68, @2H, Hex2), 1.40 (m, 6H, Hex3-5),
0.91 (m, 3H, Hex6)

P2 'H - NMR (, 20 °C, CDGCJ, 500 MHz): all signals are the same asRdr except
the following: 0.91 ( m, 4.5H, Hex6)

P1 andP2 *3C - NMR (, 20°C, CDC}, 125 MHz): 139.9 (1C, T3), 133.67 (1C, T5),
130.5 (1C, T4), 128.6 (1C, T2), 31.7 (1C, Hex1),53AC, Hex2), 29.3 (2C, Hex3-4),
22.7 (1C, Hexb5), 14.1 (1C, Hex6)

GPC analysisP1: PDI = 1.68, M=2330 g/mol, M,=3910 g/mol;P2 (hexane): PDI =
1.37, M\=2160 g/mol, M=2960 g/mol;P2 (chloroform): PDI = 1.20, M=4230 g/mol,
M,=5100 g/mol

MALDI MS (m/z): P1: 2268.63 (calcd. 2268.65; DP of 13; Br/vinyl, Hfyi and H/Br
end groups)P2 1356.65 (calcd 1356.68; DP of 8; H/vinyl, terttigivinyl, H/H end

groups)

Synthesis of P3

The synthesis oP3 is the same as already describedRarwith the only differences
that the reaction withtert-BuMgBr was stirred over night and that a mononer t

initiator ratio of 40/1 was used.
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'H - NMR (, 20 °C, CDC}, 500 MHz): 6.98 (s, 1H, T4), 6.52 (m, vinyl), 5.%d,
J=11Hz, 0.01H, vinyl), 5.12 (d, J=11Hz, 0.01H, W)nY.80 (m, 1.9H, Hex1 (regular)),
2.58 (m, 0.1H, Hex1(irregular)), 1.69 (m, 2H, Hex2¥40 (m, 6H, Hex3-5), 0.91 ( m,
3H, Hex6)

3¢ - NMR (, 20°C, CDC}, 125 MHz): 139.9 (1C, T3), 133.67 (1C, T5), 13(1F,
T4), 128.6 (1C, T2), 31.7 (1C, Hex1), 30.5 (1C, PeX9.3 (2C, Hex3-4), 22.7 (1C,
Hex5), 14.1 (1C, Hex6)

GPC analysis of the chloroform fraction: PDI = 1.28,=11840 g/mol, N}=11840
g/mol; MALDI MS (m/z): 3598.47 (calcd. 3598.65; @P21; Br/vinyl and H/vinyl end

groups)

Syntheses of BC2 and BC3

3 (37.3mg, 0.18 mmol) was dissolved under stirringanhydrous dichloromethane in
the glovebox. Then the Grubbs catalyst ¢(@neration) (6mg, 0.0085 mmol) was added,
after dissolving it in 0.5 mL anhydrous dichloroimate, via syringe. After complete
consumption of the monomer, monitored by TLE3 (100 mg, 0.0085 mmol) was
added in one portion. For the preparatiolBG2 the reaction solution was stirred over
night at room temperaturBC3 was prepared in the same way with the only diffeee
that the solution was heated to 40°C.

Then the reactions were quenched by the additiéghdvbps ethylvinylether and further
stirring for 30 minutes. The obtained reaction 8ohs were concentrated by solvent
evaporation under reduced pressure. Afterwardpohaners were precipitated in cold
methanol. Filtration and drying in vacuum affordbd reaction products.

BC2: 'H - NMR (, 20 °C, CDC4, Proton Momencl ature

500 MHz): 6.98 (s, 8H, T4), 5.10-5.55
(m, 2H, H, Hp), 3.65 (m, 6H, Me),
3.45-2.40 (m, 22H, 1, 2, 3, 4, Hexl),
1.80-1.01 (m, 106H, 5, Hex2-Hex5),
0.91 (t, 41H, Hex6)

BC3: 'H - NMR (, 20 °C, CDC,
500 MHz): 6.98 (s, 2H, T4), 5.10-5.55 (m, 2H, H), 3.65 (m, 6H, Me), 3.45-2.40 (m,
6H, 1, 2, 3, 4, Hex1), 1.80-1.01 (m, 24H, 5, Hex&xB), 0.91 (t, 9H, Hex6)

GPC analysis oBC2: PDI = 1.31, M=9000 g/mol, M=11750 g/mol; GPC analysis of
BC3: PDI = 1.38, M=8260 g/mol, M=11420 g/mol;

Hex1-Hexb
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Synthesis of BC1

The synthesis dBC1 was performed in the same way with the same madggeagents
with the only difference that prior to the additiohthe catalyst both monomers were
dissolved in anhydrous dichloromethane.

'H - NMR (, 20 °C, CDCJ, 500 MHz): 6.98 (s, 3H, T4), 5.10-5.55 (m, 2H, Hib),
3.65 (m, 6H, Me), 3.45-2.40 (m, 9H, 1, 2, 3, 4, Hpx1.80-1.01 (m, 35H, 5, Hex2-
Hex5), 0.91 (t, 14H, Hex6); GPC analysis: PDI =41.81,=9350 g/mol, M=12550
g/maol,

2.3.2.3Polymerization using GRIM with allylic end groups

Synthesis of P4

2,5-dibromo-3-hexylthiophene (750 mg, 2.3 mmol,e?() was dissolved in THF (abs.,
15 mL). Ter-BuMgBr (1.13 mL, 2.3 mmol, 20 eq) was added viairgge and the
mixture was refluxed for 6 hours. After cooling thieaction mixture to room
temperature, Ni(dppp)e(124.6 mg, 0.115 mmol, 1 eq), dissolved in THFs\wadded.
Then the reaction mixture was stirred for 10 misus# room temperature, before
allylmagnesium bromide (1.12 mL, 50 mol% of monoywveas added via syringe to the
reaction mixture. After stirring for further 10 mutes the reaction mixture was then
poured into methanol to precipitate the polynm4. was filtered into an extraction
thimble and was then purified by Soxhlet extractiith methanol, hexane and
chloroform.

'H - NMR (, 20 °C, CDC4, 500 MHz): 6.98 (s, 14H, T4), 5.97 (m, 1H;)H5.12 (ddd,
2H, H), 3.50 (d, J=6.3 Hz, 2H, §{ 2.80 (m, 24H, Hexl (regular)), 2.58 (m, 4H,
Hex1(irregular)), 1.69 (m, 28H, Hex2), 1.40 (m, 84#&x3-5), 0.91 ( m, 42H, Hex6)
13C - NMR (, 20°C, CDC}, 125 MHz): 139.9 (1C, T3), 133.67 (1C, T5), 13(1F,
T4), 128.6 (1C, T2), 31.7 (1C, Hex1), 30.5 (1C, Pex9.3 (2C, Hex3-4), 22.7 (1C,
Hex5), 14.1 (1C, Hex6)

GPC analysis: PDI = 1.15,M3310 g/mol, M=3810 g/mol

MALDI MS (m/z): 1782.86 (calcd. 1782.84; DP of HY/allyl and H/allyl end groups)

Syntheses of BC5 and BC6

P4 (31.5 mg, 0.15 mmol) was dissolved under stirimgnhydrous dichloromethane in
the glovebox. Then the Grubbs catalysrfj @eneration) (10.9 mg, 0.015 mmol) was
added, after dissolving it in 0.5 mL dichlorometbarvia syringe. After complete
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consumption of the monomer, monitored by TI3G50 mg, 0.015 mmol) was added in
one portion. For the preparation BES5 the reaction solution was stirred over night at
room temperatureBC6 was prepared in the same way with the only diffeeethat the
solution was heated to 40°C. Then the reaction® welenched by the addition of 2
drops ethylvinylether and further stirring for 30inutes. The obtained reaction
solutions were concentrated by solvent evaporatiater reduced pressure. Afterwards
the polymers were precipitated in cold methanoltrdion and drying in vacuum
afforded the reaction products.

BC5: 'H - NMR (, 20°C, CDC}4, 500
MHz): 9.86 (s, 0.07H, aldehyde side
chain), 6.98 (s, 9H, T4), 5.10-5.55 (m,
0.5H, H, Hp), 3.65 (m, 6H, Me), 3.45- Fh
2.40 (m, 19H, 1,2,3,4,Hex1), 1.80-1.01
(m, 90H, 5, Hex2-Hex5), 0.91 (t, 33H,
Hex6)

BC6: 'H - NMR ( , 20°C, CDC}4, 500
MHz): 9.86 (s, 0.07H, aldehyde side chain), 6.98k§ T4), 5.10-5.55 (m, 2H, HHy),
3.65 (m, 6H, Me), 3.45-2.40 (m, 8H, 1,2,3,4,Hexi1R0-1.01 (m, 33H, 5, Hex2-Hex5),
0.91 (t, 12H, Hex6)

Froton Momencl ature

Synthesis of BC4

The synthesis dBC4 was performed in the same way with the only défee that prior
to the addition of the catalyst both monomers welissolved in anhydrous
dichloromethane.

'H - NMR (, 20 °C, CDCJ, 500 MHz): 6.98 (s, 7H, T4), 5.10-5.55 (m, 1H, Hib),
3.65 (m, 6H, Me), 3.45-2.40 (m, 16H, 1,2,3,4,Hex1)80-1.01 (m, 76H, 5, Hex2-
Hex5), 0.91 (t, 26H, Hex6)

2.3.2.4Comblike block copolymers

Synthesis of P5

2,5-dibromo-3-hexylthiophene (750 mg, 2.3 mmol, d)5e@as dissolved in THF (abs.,
15 mL). TertBuMgBr (1.13 mL, 2.3 mmol, 15eq) was added viairgye and the

mixture was refluxed for 6 hours. After cooling theaction mixture to room
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temperature, Ni(dppp)€l(83.1 mg, 0.153 mmol, 1leq), dissolved in THF, \adsled.
The reaction mixture was stirred for 10 minutes rabm temperature, then
allylmagnesium bromide (1.12 mL, 50 mol% of monoyweas added via syringe to the
reaction mixture. After stirring for further 10 mites the reaction mixture was poured
into methanol to precipitate the polymer. The prgate was filtered into an extraction
thimble and was then washed by Soxhlet extractioth wnethanol, hexane and
chloroform.

'H - NMR (, 20°C, CDC}, 500 MHz): 6.98 (s, 8H, T4), 5.97 (m, 1Hp)H5.12 (ddd,
2H, H), 3.50 (d, J=6.3 Hz, 2H, 1 2.80 (m, 16H, Hex1), 1.69 (m, 16H, Hex2), 1.40
(m, 48H, Hex3-5), 0.91 ( m, 24H, Hex6)

13C - NMR (, 20°C, CDC}, 125 MHz): 139.9 (1C, T3), 133.67 (1C, T5), 13(1%,
T4), 128.6 (1C, T2), 31.7 (1C, Hex1), 30.5 (1C, Bex9.3 (2C, Hex3-4), 22.7 (1C,
Hex5), 14.1 (1C, Hex6)

GPC analysis hexane fraction: PDI = 1.46,,=680 g/mol, M=2460 g/mol;
chloroform fraction: PDI = 1.19, M5190 g/mol, M,=6150 g/mol

MALDI MS (m/z): 1118.50 (calcd. 1118.45; DP of 6r/&8lyl and H/allyl and minor
traces of allyl/allyl end groups)

FTIR: 3825-3117(w), 2956(s), 2928(s), 2857(s), 16401517(w), 1465(m), 1377(m),
1261(m), 1201(w), 1095(m), 1020(m), 915(w), 825(891(m)

Synthesis of P&"

P5 (500 mg, 0.3 mmol) was dissolved in THF (abs.ml0 under argon atmosphere.
To the reaction solution a 0.5 M solution of 9-BBMnL, 3 mmol, 10 eq) in THF (abs.)
was added via syringe. The reaction mixture wasestifor 24 hours at 40°C. TLC
(Cy/EE=5/1, silica) showed that a lot of educt w888 present. Therefore, 5 mL of 9-
BBN (2.5 mmol, 8.3 eq) were added and the reaatias allowed to further stir for 24
hours. After most of the starting material was coned, 3.5 mL NaOH (5M) were
added to the reaction mixture. After stirring farther 15 minutes the solution was
allowed to cool to room temperature. After that Bi& of hydrogen peroxide (30%)
were added and the reaction was stirred at 40°C omght. Then the solvent was
removed by rotary evaporation. The crude reactiondyct was dissolved in

dichloromethane (30 mL) and extracted with watevesa# times. The red-colored

1 lovu, M.C., Craley, R., Jeffries-EL, M., KrankokisA.B., Zhang, R., Kowalewski, T., McCullough,
R.D. Macromolecule007, 40, 4733
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organic phase was concentrated by solvent evapaoratider reduced pressure. Finally
the product was precipitated in cold methanol.r&tlbon and drying under reduced
pressure afforded the product with a yield of 89%.

'H - NMR (, 20 °C, CDC4, 500 MHz): 6.98 (s, 8H, T4), 3.75 (t, J=6.2 Hz,; 1),
2.86 (m, 1H, H), 1.94 (m, 1H, B, 2.80 (m, 16H, Hex1), 1.94 (m, 1HL1.69 (m,
16H, Hex2), 1.40 (m, 48H, Hex3-5), 0.91 ( m, 24txH)

MALDI MS (m/z): 1302.6 (calcd. 1302.5; DP of 7; Bydroxypropyl and
H/hydroxypropyl)

FTIR: 3825-3004(vs), 2956(s), 2927(s), 2856(s), 116} 1632(w), 1458(m), 1378(m)

Synthesis of 5

P6 (180 mg, 0.15 mmol, 2.1eq) was dissolved in 10ohhnhydrous dichloromethane
under argon atmosphere. Then 30 pL of pyridine n3ol, 4.5 eq) were added to the
reaction solution. After the addition oéndo, exf2.2.1]bicyclo-hept-5-ene-2,3-
dicarboxylic acid chloride (12uL, 0.07 mmol, 1lelyg treaction was stirred over night at
room temperature. TLC (Cy/EE=20/1, silica) showennplete consumption of the
educt. The reaction solution was extracted with H&¥b) and NaHC® (sat.). The
combined organic layers were dried over sodiumaselfThen the solvent was removed
unter reduced pressure. The crude product wasigurify column chromatography
(Cy/EE=20/1 on silica) to give the product with 63%ld.

'H - NMR (, 20 °C, CDC4, 500 MHz): 6.98 (s, 18H, T4), 6.30 (dd, J=5.2 B2=8.4
Hz, 1H, bi5), 6.08 (m, 1H, bi6), 4.19 (m, 3H), 3.848, 1H), 3.14 (m, 1H), 2.80 (m,
42H, Hex1) 1.70-0.8 (m, 260H)

FTIR: 3825-3117(w), 3063(w), 2956(s), 2927(s), 28561733(m), 1465(m), 1378(m),
1308(w), 1263(m), 1179(m), 1108(m), 1021(m), 826@IB(m)
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Synthesis of BC7

5 (17 mg, 6.5 umol) was dissolved in 5 mL of anhydralichloromethane in the glove
box under nitrogen atmosphere. Then the Grubbdysa@® generation, 0.25 mg, 0.3
umol) was dissolved in 1 mL of the same solvent added in one portion to the
reaction solution. The mixture was stirred overhhigat room temperature. TLC
(Cy/[EE=20/1, silica) showed complete consumptiontt®d monomer. Therefore the
reaction was quenched by the addition of 3 dropgh@hylether. After further stirring
for 10 minutes the solution was concentrated uneeluced pressure. Then the
concentrated solution was precipitated in MeOH. Pb&/mer was allowed to settle
down over night. After filtration and drying undeduced pressure the red polymer was
obtained with 76% yield.

'H - NMR (, 20 °C, CDC4, 500 MHz): 6.98 (s, 5H, T4), 5.57-5.12 (m, 1H, mehain
double bond), 4.12 (m, 1H), 3.47-2.90 (m, 1H, cpl2480 (m, 12H, Hex1), 1.96 (m,
2H, cp5), 1.69 (m, 12H, Hex2), 1.48-1.12 (43H, H&330.90 (s, 18H, Hex6)

GPC analysis: PDI = 2.81, 4250 g/mol, M=11950 g/mol

Synthesis of BC8

Di-tert-butyl bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylatdd{.3 mg, 365 umol, 200 eq)
was dissolved in anhydrous dichloromethane in thevey box under nitrogen
atmosphere. Then the Grubbs catalyé‘f @¢@&neration, 1.32 mg, 1.8 umol, 1 eq) was
dissolved in 1 mL of the same solvent and addezhaportion to the reaction solution.
After that the reaction solution was stirred ovigghh The complete consumption of the
monomer was shown by TLC (Cy/EE=20/1). In the rsgp5 (47.4 mg, 18 pumol, 10
eq) was dissolved in 5 mL dichloromethane and adddtie reaction solution in one
portion. Then the reaction solution was alloweduidher stir at room temperature for
20 hours. Quenching of the reaction was achievedthey addition of 10 drops
ethylvinylether and stirring for 45 minutes. Thde tsolution was concentrated under
reduced pressure. Precipitation of the concentratddtion in 150 mL cold MeOH
afforded the red polymer with a yield of 51% affiéiration and drying under reduced
pressure.

'H - NMR (, 20 °C, CDC}, 500 MHz): 6.98 (s, 1H, T4), 5.57-5.12 (m, 2H, mahain
double bond), 4.12 (m, 1H), 3.30-2.30 (m, 6H, cpHéx1), 1.85 (m, 1H, cp5), 1.56
(m, 2H, Hex2), 1.35 (s, 18H, tert-butyl) 1.29-1(b% 8H, Hex3-5), 0.83 (s, 4H, Hex6)
GPC analysis: PDI = 6.75, 4400 g/mol, M=29710 g/mol



Chapter 3 - Poly(9,9-dioctylfluorene-co-bithiophgnaad Derivates 65

3  Poly(9,9-dioctylfluorene-co-bithiophene) and Derivies

3.1 Introduction

Another interesting group of conductive polymers poly(9,9-dialkylfluorenes). This
class of material has been investigated mainlytdube promising photoluminescence
properties, high hole mobilities, good film fornati properties and chemical stability.
This intensive research was mainly governed byfidle of organic light emitting
materials. Nevertheless the large optical band @fap.7 eV, which is too high for
efficient solar photon absorption is a disadvantigethe use in solar cells. For this
reason several copolymers have been synthesizdfieirpast with the aim of an
optimized band gap. One of the main strategies tv@asncorporation of electron rich
monomer units in the main chain. The resulting pwys are also known as donor
acceptor polymers. Two of the most prominent exaspboly(9,9-dioctyl uorene-co-
bithiophene) (F8T2) and poly(9,9-dioctyl uorene-tlaeno[3,2-b]thiophene (F8TT) are
depicted in Figure 35.

Octyl Octyl Octyl Octyl
Figure 35.Chemical structures of F8T2 and F8TT.

The fluorene unit itself is electron deficient. $hmteraction of a donor and an acceptor
monomer in the same main chain leads to a redudtiothe optical band gap as
illustrated in Figure 36. The high lying HOMO ofetldonor unit and the low lying
LUMO of the acceptor unit, in combination with amtramolecular charge transfer,

results in the reduced optical band gap.
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LUMO

LUMO

Figure 36. Interaction of front orbitals in donor-acceptos&ms.

According to the perturbation theory, the interactof the two LUMOs and HOMOs
leads to the formation of four new orbitals. Aftedistribution of the electrons these
newly hybridized orbitals have a higher lying HOM@d a lower lying LUMO, which
results in a reduced band gap, as shown in Tabft 4.

Table 4. Comparison of front orbitals and band gaps of (B8+dioctylfluorenes),
F8T2 and F8TT.

Polymer HOMO [eV] LUMO [eV] Eg [eV]
polyfluorene -5.8 -2.12 3.68
F8T2 -5.41 -2.48 2.93
F8TT -5.38 -2.40 2.98

Especially F8BTAP1) gained a lot of interest in combination with PCBSIthe acceptor
material in organic solar cells. Kuo-Chuan Ho ét%ishowed that the crystallinity of
F8T2 is strongly dependent on the applied annedéntperature in this type of cells.
This dependence is due to the structure of thenpaiywhich leads to thermotropic
liquid crystalline behavior. The crystalline nanatkins of F8T2 are increasing from
30-40 nm by annealing the films at 100°C to 70-89 loy applying temperatures of
250°C. At 100°C the formation of a bicontinuouswmk is possible based on the
dispersion of the nanodomains in the film, wheraa250°C rather big clusters of

PCBM, surrounded by the polymer are observ&Blén terms of device performance

2 Lim, E.; Jung, B.; Shim, H.-KMacromolecule€003 36,4288
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large polymer domains are disadvantageous becatfis¢heo higher degree of
recombination of excitons within these domains.sTimding was also confirmed by
current density-voltage plots of devices, anneaeddifferent temperatures which
showed lower current densities when elevated teatpess were used. Best device
performance was observed at an annealing temperafur0°C. By applying higher

temperatures the voltage as well as the currerdityathecreases.

Having PCBM as acceptor material, rather low aringalemperatures can be used
without disadvantages. However, for systems whezeatceptor phase is formed in-situ
during the annealing step from precursor matenefisch decompose by applying
thermal energy, the use of low temperatures irativeealing step would lead to a poorly
defined acceptor phase and as a consequence ofotl@apoor device performance.
Hence another strategy has to be followed to deerdae crystallization tendency for
such systems. In general, the crystallinity of dymer strongly depends on the
arrangement of individual polymer chains in thenfilConcerning alternating fluorene-
bithiophene copolymers it can be governed withiiade limits by the sidechains on the
fluorene unit. In general, the interpenetratiortted sidechains will be hindered if they
are branched, which leads to a higher interplarsiamce of two neighboring polymer
chains.

In this work, this strategy was used in polyr®® where 2-ethylhexyl sidechains were
used instead of octylchains (see Figure 37). Amotfegy to increase this distance is to
use two fluorene monomers with different sidechaiDsie to the polymerization
method, a polycondensation, fluorene and bithioph@monomers are alternating
incorporated in the main chain. The statistic ipooation of the two different fluorenes
breaks the symmetry of the sidechains, which ldadan increase of the interplanar
distance. Based on this idea, in polyrR8ra fluorene with 2-ethylhexyl sidechains and
one with octyl sidechains was used. Both strategies together with the chemical
structures, schematically depicted in Figure 37.tAtee polymers were synthesized
and characterized by differential scanning calotignéDSC) to get information about
the thermal properties. Additionally, photophysicaéasurements were performed to

investigate the aggregation behavior.
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Branched side chains Irreszular ordered side chains

Figure 37.Chemical structures and schematic illustratiorhefdtrategies to increase

the inerplanar distance.
3.2 Synthesis by Suzuki Polycondensation

The Suzuki polycondensation reaction is one of rtfest researched methods which
produce carbon-carbon bonds. This is based oratitdHat the reaction proceeds under
milder conditions and more efficiently as comparéol, example, to Yamamoto
coupling® The early beginnings of this type of reaction daaek to 1978"and were
honored in 2010 with the Nobel prize. The monomesgd in this reaction, are known
to be easy to handle and are stable towards oxggednmoisture, which is another
advantage responsible for the popularity of thishmé. The overall reaction connects
monomers with halide groups to monomers bearingrganoboron functionality. The
catalytic cycle for the cross coupling reactionngsa palladium catalyst and a base, is
depicted in Figure 38.

5 Yamamoto, T.; Hayashi, Y.; Yamamoto, Bull.Chem.Soc.Jpri978 51, 2091
Miyaura, N.; Yamada, K.; Suzuki, Aetrahedron Lett1979 3437
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Figure 38. Schematic representation of the catalytic cyckelved in Suzuki-type

reactions.

The main steps in the catalytic cycle are the dridaaddition, transmetallation
followed by a reductive elimination to recover thetive palladium species again. The
role of the base in the reaction is mainly to aeadk the reaction by the formation of a
negatively charged boron compound with increaseteophilic charactef®

3.3 Results and Discussion

3.3.1 Synthesis

The synthesis schemes of the polymBdsP3, using Suzuki polycondensation, are
depicted in Figure 39 and Figure 40.

Pd[P(Ph);]4

QJ O.Q

P1: R=octyl
P2: R=2-ethylhexyl

Figure 39. Synthesis scheme for polymé?s andP2.

8 Suzuki, A.Chemical Communication2005 38, 4759
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Figure 40. Synthesis scheme for polynies.

For the polymerization the monomers were dissolvednhydrous toluene. Then the
phase transfer cataly$l;Methyl-N,N-dioctyloctan-1-ammonium chloride (Aliquat 336)
was added. The role of this reagent is to enswgdrémsfer of hydroxide ions from the
water phase to the organic phase, which ensuresneal reactivity in the
transmetallation, as was already mentioned in @mapt3. This was followed by
deaeration for 40 minutes by purging with argon.alghile a solution of sodium
carbonate (2M) was prepared and also deaerate®@Cfominutes. In the next step
tetrakis(triphenylphosphine)-palladium was added the@ combined solution. The
reaction mixture was vigorously stirred at 90°C 4& hours. To provide defined end
groups 0.05 eq of the corresponding monomer, bgdhi@ boronic ester group and 0.1
eq of bromobenzene were added. After stirring &rrtB hours, the polymers were
precipitated in MeOH. Filtration afforded the crugeoduct which was dissolved in
chloroform and extracted three times with watereimove the alkali components. The
organic phase was dried over sodium sulfate, arett efmoving the solvent by rotary
evaporation, the product was once again dissolwea small volume of chloroform.
Then the polymers were precipitated in MeOH, codddy filtration and dried under
reduced pressure. Finally the polymers were puaribg Soxhlet extraction in acetone

for 1 day to remove low molecular weight oligomers.
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These polymers were characterized by NMR and GRCordler to investigate the
crystallization behavior, differential scanning aranetry (DSC) measurements were
made in addition to the photophysical charactanmatf the polymers in solution and

in thin films.
3.3.2 Characterization

The'H - NMR spectra of the obtained polymers do notedisignificantly. The peaks
of the polymers are identical to the ones alreasigwin from literaturé®® In general,
the information content of these polymers conceynimeir NMR spectra is relative low.
The GPC data are listed in the Table below.

Table 5. GPC data of the polymeRl-P3in THF as solvent

P1 P2 P3
My 29700 13300 10850
[g/mol]
M 140700 23400 32250
[g/mol]
PDI 4.73 1.77 2.97

As can be seen from the da®d, has compared 82 andP3 a higher molecular weight.
Also the PDI ofP1 differs significantly from the two other polymers.

3.3.3 DSC measurements

In order to investigate the thermal properties bk tpolymers P1-P3 DSC
measurements were performed. The heating curvieothird heating run, performed
with a scan rate of 40°C/min, for polyntet is shown in Figure 41.

In accordance with the literatlffé different phase transitions, observable through a
release or intake of thermal energy, were obserVée. polymer undergoes a glass
transition at a temperature of 110°C, which isdekd by a cold crystallization at a
temperature of 159°C. In the higher temperaturgedwo transitions, typical for liquid
crystalline polymers can be observed. The firstuck@t a temperature of 249°C and

can be attributed to a transition from the solatesto the mesophase. The transition to

Lim, E.; Jung, B.; Shim, H.-KMacromolecule€003 36, 4288-4293.
7 Kinder, L.; Kanicki, J., Petroff, BSynthetic Metal2004 146, 181
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the isotropic phase occurs at a temperature of G23hese results confirm the

assumption that F8T2 shows liquid crystalline betrav

Area=-13.630 mJ
Defta H=-2641 Jfg

n \“‘/_‘\'F\ e =10.954 il
| Dlta H = 2.122 Jig
Ty: Half Cp Extrapolated = 110,45 C \ | Pesk=21m.14 ¢
-12
1
Delta Cp = 8.6386-002 J/g™C
Peak = 322,57 °C

A3 rea= 16536 md
\ Defta H=3203 J/y
EG \

Hest FlowEndo Up (mi)

172 50 100 150 200 250 300 350,
Temperature (°C)

Figure 41.DSC curve oP1.

In Figure 42 the DSC curve fét2 is depicted which was obtained by using the same
scan rate. Contrary t&1, this polymer does not undergo such a complex neelti
behavior. The only observable signal is the glaassition, occurring at a temperature
of 113°C. This means that the introduction of tlhanished alkyl chains effectively

reduces the ability of the polymer to crystallize.

437

-18
/: Ita Cp = B.60Be-002 Jig™?C
Tyl Half Cp Extrapalated = 113.10 °C

Hest Flow Endo Up (i) —— ——

Temperaturs (°C)

Figure 42.DSC curve oP2.
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PolymerP3, depicted in Figure 43, shows complex melting beiran the temperature
range between 300°C and 350°C, in addition to thesgtransition which occurs at a

temperature of 111°C.

-15,009

Ty Half Cp Extrapolated = 110.83 °C
Afea = 24.856 mJ
Delta Cpl=0.110 Jig™C Delta H = 3.897 Jig

} Peak = 346 64 °C|
"f N
30355 °C
-19.6799 W

Heat FlowEndo Up {mii) —— ——
I

21

E>]

2

2387
8,085 50 100 150 200 250 300 355,

Figure 43.DSC curve oP3.

Two endotherm peaks can be observed. The firsbooers at a temperature of 303°C
and the second one, more pronounced than the dicsyrs at 347°C. Currently, this
difference cannot be explained. But according terdiuré” the existence of two
melting peaks can also be observed in polymers witmplex melting behavior.
However, to study this effect in more detail, palaed optical microscopy would be
beneficial. Concluding these measurements, a obba@nge in the crystallization

behavior can be confirmed for both investigatedtsties.
3.3.4 Photophysical characterization

Another possibility to evaluate the tendency ofraggtion of conductive polymers is to
compare the absorption spectra in solution anchin fims®® In general, polymer
molecules which tend to agglomerate exhibit absmmpspectra which do not differ
significantly in solution and in films. This can bexplained by intermolecular
-stacking, already occurring in solution. Thisnscontrast to polymers with bulky side

8  Setayesh, S.; Grimsdale, A.C.; Weil, T.; Enkelmavi; Miillen, K.; Meghdadi, F.; List, E.J.W.;
Leising, G.J.Am.Chem.So@001, 123, 946
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chains P2) or irregular ordered substituent®3.®® The absorption spectra of the

polymersP1-P3are depicted in Figure 44.
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Figure 44. Summary of absorption spectra in chloroform solufic = 0.008 mg/mL;

black lines) and of films cast from chloroform dwbdn (¢ = 7 mg/mL; red lines) d?1

(A), P2 (B) andP3 (C); D: emission spectra of the polymers in chionm solutions
(c = 0.004 mg/mL$ex = 450 nm).

As expected, the onset of the absorption specttheofiims from polymer$2 andP3

is red-shifted compared to their solution speatrhich indicates that-stacking only
occurs in the films. Compared to these polymers, dhset of polymeP1 remains
unchanged. The absorption maxima in solution arttierfilms are depicted in Table 6.
The data show a clear red shift of 13 nmRif in the absorption maximum, in
comparison td*2. The maximum oP2 andP3 is centered at 446 and 449 nm, whereas
the maximum oP1is at 459 nm. In addition, also the shoulder @ absorption, which
can be attributed to a poorly resolved vibronickpeaat 481 nm for polymelP1 and
therefore 14 nm red shifted compared to poly@P2rHowever, the corresponding film
spectra exhibit peak maxima which are only sligstiyfted. This indicates that all three
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polymers tend to intermolecular aggregation in #wdid state. The bathochromic
shifted, broad and structureless absorption pedtservable for all three polymers can
be attributed to interference fringes of the thim$.°% This assumption was confirmed
by the casting of thinner films, which showed d&tsbi this peak. In Figure 44 (D) the
emission spectra of the polymers in solution aggaded. Also the emission of polymer
P3 is compared to the two other polymers redshiffEde corresponding emission
maxima of the different vibronic peaks are listadiable 6. One other interesting point
concerning the emission spectra is the relativensity of the transition from the
excited state to different vibrational levels oéthround state. As can be seen the 0-0
transition of the polymerd?2 and P3 is compared to the 0-1 and 0-2 transition
dominant. In contrast to these, polynf&r exhibits an emission with equal intensity of
the 0-0 and the 0-1 transition. This difference barexplained by the higher molecular
weight of polymerP1l. The number of possible vibrational modes is prbpoal to the
chain length of the polyméf! This higher vibrational degree of freedom leadsato
stronger shifting of the excited state of a moleadmpared to its ground st&tB.As a

consequence, higher vibrational transitions becomee probable.

To sum up, the comparison of the absorption speditained from solutions and from
thin films is an excellent method in evaluating teedency of polymers to agglomerate.
It was demonstrated that this tendency can be esfjufirough the introduction of

distortions in the side chain

Table 6. Summary of the absorption and emission dataeptlymerd1-P3.

CHCls-solution fllmzﬁaérsfrom Emission
Pobmer | {onouiden | (shoutcen | ©0| 1] 02
[nm] [nm] $uax [Nm]
1 459 (481) 454 (481) 505 535 575
2 446 (467) 449 (478) 498 530 ---
3 449 452 (479) 499 53

69 Ziegler, E.; Pein, A.; Fischereder, A.; Trimm@l,Monatsh.Chen2011, 142, 193

0 Grey, J.K.; Kim, D.Y.; Donley, C.L.; Miller, W.L.Kim, J.S.; Silva, C.; Friend, R.H.; Barbara, P.F.
J.Phys.Chem.B006G 110, 18898

™ Ariu, M.; Sims, M.; Rahn, M.D.; Hill, A.M.F.; Lidey, D.G.Physical Review B003 67, 195333
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3.3.5 Experimental

Typical Synthesis Procedure (P1)

For the polymerization the monomers, 2-(2-(1,3@xdborinan-2-yl)-9,9-dioctyl-9H-
fluoren-7-yl)-1,3,2-dioxaborinane (750 mg, 1.35 ntmoand 2-bromo-5-(5-
bromothiophen-2-yl)thiophene (435.3 mg, 1.35 mmabre dissolved in 30 mL of
anhydrous toluene. Then 50 pL of the phase tramsialyst, Aliquat 336 were added,
followed by deaeration for 40 minutes by purginghwargon. Meanwhile 6 mL of
sodium carbonate (2M) were prepared which wererdéze: for 30 minutes. In the next
step tetrakis(triphenylphosphine)-palladium (15/58, 1 mol%) was added to the
combined solutions. The reaction mixtures were nagsely stirred at 90°C for 48 hours.
To provide defined end groups the fluorene monorf8t.5 mg, 0.05 eq), and
bromobenzene (20 pL, 0.1 eq) were added. Afterirggirfor further 2 hours, the
polymer was precipitated in MeOH. Filtration affectithe crude products which were
dissolved in chloroform and extracted three timeth water to remove the alkali
components. The organic phase was dried over sodulfate and after removing the
solvent by rotary evaporation the product was @agagn dissolved in a small volume of
chloroform. Afterwards the polymer was precipitatedVleOH, collected by filtration
and dried under reduced pressure. Finally, the npetg were further purified by
Soxhlet extraction in acetone for 1 day to rema@we mnolecular weight oligomers.

'H - NMR (, 20 °C, CDC}, 500 MHz): 7.65-6.80 (m, 10H), 2.02 (br, 4H), 1.@8,
20H), 0.80 (m, 10H)

GPC analysis: PDI = 4.73,M29700 g/mol, Mj=140700 g/mol

The synthesis oP2 followed the synthesis procedure describedHar Although the
absolute masses were different, the same ratiosooiomers and solvents were used.
P3 was also synthesized following the described proeadHowever, for this polymer
the ratio of the two fluorene derivates and thhibghene moiety was 1/1/2.

P2

'H - NMR (, 20 °C, CDC}, 500 MHz): 7.65-6.79 (m, 10H), 2.02 (br, 4H), 1.@8,
20H), 0.80 (m, 11H)

GPC analysis: PDI =1.77,M13300 g/mol, M=23400 g/mol
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P3

'H - NMR (, 20 °C, CDC}, 500 MHz): 7.66-6.80 (m, 10H), 2.02 (br, 4H), 1.@8,
19H), 0.80 (m, 10H)

GPC analysis: PDI = 2.97, M10850 g/mol, M=32250 g/mol

DSC measurements were made with a Perkin Elmers F9ramond Differential
Scanning Calorimeter equipped with a Perkin EIMEACZ cooling system using liquid
nitrogent*??! A nitrogen flow of 20 mL mift and a heating rate of 40°C/minute were
used. The described transitions were taken fronthiing heating run.

The rest of the instrumentation for the differenéi@cterization methods was applied as
described in Chapter 2.3.1.
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4 Influence of residual Palladium in F8T2

Commonly, for the polymerization of F8T2 and its ridatives Suzuki-type
polycondensation, using Pd-catalysts, is used. boipg on the applied work up and
purification of the resulting polymers residual lpdlum is left in the materials.
According to Bjorklund et dl? palladium and other impurities, present in theduse
polymers can act as charge-trapping sites. Thegstigated in their work the influence
of palladium and other metal impurities in polymersthe performance of field-effect
transistors. However, to the best of my knowledganailar study with hybrid solar
cells has never been conducted before.

Therefore, F8T2 was synthesized, and after thedatdnwork up of the polymer, one
fraction was exposed to a metal scavenger whickcedkely reduces the content of
palladium in the sample. These two polymers, tagrethith a commercially available
one were used in the production of organic soléis.c€o simplify the work, PCBM
was used as acceptor phase due to the known &dht electron transport in this type
of material is trap-free and because of the avdiiiabof literature dealing with
optimizing this systerfi2! The overall performance of the obtained devicel e
discussed and moreover, corresponding plots obplea circuit voltage versus the light

intensity were made and are used to investigateeth@ve trap density.
4.1 Introduction

The principle processes involved in the productbiurrent in hybrid solar cells were
already discussed in the introduction of this w@ckapter 1). The steps which are
necessary to produce free charge carriers andaim@eting processes are depicted in
Figure 45.

2 Bjorklund, N.; Lill, J.-O.; Rajender, J.; Ostedsa, R.; Tierney, S.; Heeney, M.; McCulloch, I.;
Colle, M. Organic Electronic009 10, 215

3" Huang, J.-H.; Ho, Z.-Y.; Kekuda, D.; Chang, Yh C.-W.; Ho, K.-CNanotechnolog009 20,
025202
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Figure 45. Schematic summary of the processes, involveddaridimation of free

charge carriers.

In general, an electron transfer process betweenldhor and the acceptor phase leads
to an electron-hole pair, also called exciton. €Reiton can either dissociate into free
carriers!’ or decay to its ground state. The competing meshaof the dissociation
process is bimolecular Langevin recombination, poay excitons from free carriers.

The Langevin recombination rate is given by
R=g(np- np,) (5)

with n (p) is the free electron (hole) density, (p) is the intrinsic electron (hole)
density, and%is the Langevin recombination constdflt. This recombination is
governed by the sum of the electron and hole mgbiliaking into account that in the
case of a blend material only the mobility of thewsest carrier dominates the
recombination, the consta#is given by

min(/m, m,) (6)

where q is the elementary chardes the dielectric constant angyis the mobility of
the electrons (hole&Y! It has been shown and experimentally confirmedM&MO-
PPV/PCBM solar cells that a linear dependence katwiee \4c and the light intensity

exists, exhibiting a slope S of (kT/g), under theerpquisite that Langevin

" Mandoc, M.M.; Kooistra, F.B.; Hummelen, J.C.; Bd®.; Blom, P.W.MAppl.Phys.Lett2007, 91,

263505
> Langevin, PAnn.Chim.Phys1903 28, 433
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recombination is the only loss mechani$thin this case, the open circuit voltage of the

solar cell is given by

v = Bew KT, @- PN

= 7
oc =Ty q PG (7)

where Egp is the energy difference between the highest dedumolecular orbital
(HOMO) of the electron donor and the lowest unogedipnolecular orbital (LUMO) of
the electron acceptor, q is the elementary chagiie Boltzmann constant, T the
temperature, P is the dissociation probability loé electron — hole pairs into free
carriers,%the recombination constant. the density of states in the conduction band,
and G is the generation rate of electron — holespds is the only term directly
proportional with the light intensity*!

However, all-polymer solar cells, using another dumtive polymer as acceptor
material showed a much steeper slope in the pfotse versus light intensitl”! This
has been explained by the existence of traps, mprésehe acceptor polymer. These
traps make a recombination of trapped electronthénacceptor material with holes
present in the donor also possible. This recomimngirocess does not occur in their
PCBM counterpart, a material which shows trap-&eetron transpoff!

In the presence of electron traps, the dissociaidfaiine excitons at the interface gives
rise to the formation of free charge carriers, with difference that in this situation a
part of the electrons will be trapped. For thossetbns which are trapped close to the
interface, recombination with holes occurs with ext@in probability so that both
carriers are lost. The mathematical descriptiothisf process is given by the Shockley-

Read-Hall (SRH) equatidfi" ® "lgiving the trap-assisted recombination rate:

— CnCp Nt ( pn- plnl)
(C.(n+n)+C,(p+ p))

(8)

% Koster, L.J.A.; Mihailetchi, V.D.; Ramaker, R.ldBn, P.W.M.Appl.Phys.Lett2005 86, 123509

" Mandoc, M.M.; Veurman, W.; Koster, L.J.A.; Bo&; Blom, P.W.M.Adv.Funct.Mater2007, 17,
2167

8 Shockley, W.; Read, W.Phys.Rev1952 87, 835

" Hall, R.N.Phys.Rev1952 87, 387
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where G and G are the capture coefficients of electrons anddyatespectively, Nis
the density of electron traps, n and p are thereleadensity in the conduction band and
the hole density in the valence band, amgh-NN, exp[-(E-E,)/kT]=n? with n the
intrinsic carrier concentration in the sampféThis means that in the case of trap-
assisted recombination the overall recombinatiote r& increased by a further
contribution of the trap-assisted recombinatioe,rathich increases the slope of linear
dependence betweerpyand the light intensity.

The decrease of thep¥ for trap-limited transport in the acceptor phaésalar cells is

a direct result of the fact that the presence ettebns in trap levels below the LUMO
of the PCBM leads to a lowering of the electrongiukermi level’ But not only the
open circuit voltage is negatively affected by ghieenomenon. Also the fill factor, and,

by the additional loss of free charge carriers,civeent density decrea$®.

4.1.1 Results and Discussion

4.1.1.1Synthesis and purification

The synthesis of the polymer was performed in thmes way as described in the
previous chapter. Also in this case, the resulfiodymer P4 was characterized by
NMR-spectroscopy and GPC. The only difference, caneg to the polymers of the
previous section is that a part of the polymer taated with N, N, N”-trimethylethane-
1,2-diamine immobilized on polystyrene (see Figdé¢ to remove residual palladium
giving P5.

H:C, /N
N N-CHg
Figure 46. Schematic illustration of the palladium scavenger.

The typical procedure involves the dissolution lo¢ fpolymer in anhydrous toluene
followed by the addition of the palladium scaveng8low agitation (<100 rpm on
magnetic stirrer) is enough for the polymer to adsesidual palladium. Therefore,

8 Koster, L.J.A.; Mihailetchi, V.D.; Blom, P.W.M\ppl.Phys.Lett2006 88, 052104
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there was little attrition of the polymer beadstliie experimenf! The solution was
allowed to stir at 70°C for 45 hours. After filtiad the solvent was concentrated by
rotary evaporation. The polymer was obtained gftecipitation in MeOH, filtration,
and drying under reduced pressure with a yield48b.7The number average molecular
weight, obtained by GPC analysis was 58500 g/mio¢ galladium metal content of all
three polymersP4, P5, and the commercial on®6, was analyzed with inductive-
coupled plasma optical emission spectrometry (IESP The results are summarized
in Table 7. As can be seen the cleaning procedteetiwely decreases the palladium
content to about one third of its initial value fral200 pg/g to 400 pg/g. The high
content of palladium in the commercial polymer wath 5600 pg/g quite surprising
and confirms the need for an adequate quality obofrthe materials used in solar cell

production.

Table 7.Pd-content of the polymeP-P6.

| P4 P5 P6
Pd-content [ug/g] | 1200 400 5600

4.1.2 Fabrication of solar cells

The F8T2/PCBM nanocomposite solar cells were pexpas schematically depicted in
Figure 47.

aluminium
contacts

indium tinn

. active layer
oxide y

glass

substrate PEDOT:PSS

Figure 47.Schematic illustration of the prepared hybrid scklls.

8 Urawa, Y.; Miyazawa, M.; Ozeki, N.; Ogura, rganic Process Research &Developm203 7,

191
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For the first optimization experiments the commargiolymerP6 was used. The ITO
covered glass substrates were coated by spin goatith PEDOT:PSS as hole
conducting layer and to smooth the roughness offt@esurface. For the first cells this
additional hole conducting layer was omitted. Thextnlayer is the active layer
consisting of the mixture of F8T2 and PCBM whichswstirred over night. The
structures of the used materials are depictedgarEi48. The focus of the optimization
for these first substrates was put on the conceotraf this layer. The best values for
the ratio of donor to acceptor is already knowmfrliterature to be 1/4¥ The used
concentrations varied between 4 and 10 mg/ml whloroform as solvent. Two
substrates of each concentration were preparegibycsating. One substrate of each
concentration was annealed on a hot plate underatosphere in the glove box at a
temperature of 70°C. According to the literattifethis temperature turned out to be
optimal. The others were used as spun. The firgl st the production was the vapor
deposition of alumina electrodes through shadowkmas a resistive heated vacuum
chamber. The results of these first cells are sumzedin Table 8.

Figure 48. Overview of the used materials.

As can be clearly seen, in contrast to the liteeatn our case the cell performance of
the as spun cells is superior compared to the éethezlls. The temperature mainly
reduces the current density. The concentration afgdnL turned out to be the one
which produced the highest PCE-values. However,peoed to the literature with a
Voc of 0.93, kcof 1.89 and a FF of 50% the obtained values aherdow.
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Table 8.Solar cell parameters.

25°C 70°C
C  Voc Isc FF PCE | Voc lsc FF  PCE
mg/mL] [Vl [mA/em? [%]  [%] | V] [mAlem? (%] (%]
10 |052| 030 | 323| 005/ 040 026 278 0.03
8 |060| 084 | 341 017 052 091 29p 0.14
6 |060| 1.15 | 328| 0.23| 050 085 308 0.3
5 |058| 1.32 | 326| 025/ 060 056 33p 0.11
4 |044| 113 | 346| 017 046 082 323  0.12

Therefore, in the next step a concentration ofmdggmL was used with an additional
PEDOT:PSS layer. The rest of the substrate praparatas as described before, with
the only difference that the annealing temperatas raised to 130°C.

The solar cell parameters of the prepared substeaelisted in Table 9. In this case all
three contacts of one substrate are shown, indgdhe reproducibility of the used
system. As can be seen, as cast cells are supengrared to the annealed cells. Main
factors which reduced the PCE values in the andeed#ls are the reduced current
density and the fill factor. The reason for thisardatic decrease in the device
performance is the phase separation, which carnr dcannealing temperatures, higher
than the glass transition temperature of the potyar® used, and the increased surface
roughnes$”

Table 9. Solar cell parameters of cells with PEDOT/PSSrintliate layer.

25°C 130°C
Voc Isc FF Eff. Voc Isc FF Eff.
VI [mAlcm?  [%]  [%] VI [mAicm?  [%]  [%]
0.87 5.70 30.8 1.53 0.8 1.10 14,0 0.13
0.87 5.72 30.9 1.54 0.8 1.03 144 0.12
0.87 5.55 30.7 1.48 0.8 0.94 14(5 0.11

In the next step identical cells with the thredeadi#nt polymersP4, P5, andP6 were

fabricated, with the only difference that the conda solutions with polymer and
fullerene were stirred for only 150 minutes, in tast to overnight stirred solutions
which were used in the previous experiments. Eatynger was used in three different
concentrations. This was done to investigate ifdhemized concentration which was
evaluated by using6 is also valid foP4 andP5 or if, owing to the different molecular
weight of these polymers another concentrationeisehicial. Moreover, as annealing

proved to be inadequate to increase the performanttermal treatment was omitted in
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the fabrication of the next devices. The resultshef experiments are summarized in
Table 10. For a better survey the polymers aredistith decreasing Pd-content. For
each polymer and concentration three cells aredistith the corresponding mean of

the measurements.

Table 10.Comparison of solar cell parameters for the déifépolymers.

Polymer conc. Voc average Isc average FF average PCE average
mg/mL " mAfcm? % 9%
0.778 131 336 0.47
6.5 0.757 0.76 133 1.429 33.5 334 0.34 0.37
0.746 1.14 33.1 0.28
PG 0.735 1.53 35.0 0.47
5600ppm Pd 5.5 0.704 0.721 1.55 1.673 35.7 34.7 0.39 0.42
0.725 1.64 336 0.40
0.746 2.12 36.8 0.58
4.5 0.704 0.721 2.04 2.055 35.8 36.3 0.52 0.54
0.714 2.01 36.4 0.52
0.915 1.20 247 0.27
6.5 0.394 0.894 1.03 1.116 24.4 245 0.24 0.25
0.873 1.06 24.3 0.23
P4 0.883 130 23.1 0.27
1200ppm Pd 5.5 0.862 0.83 111 1.137 226 238 022 0.23
0.746 1.00 25.8 0.19
0.936 171 220 0.35
4.5 0.915 0.915 1.45 1.448 23.0 231 031 0.31
0.394 118 243 0.26
0.925 1.25 28.6 0.33
6.5 0.936 0.933 1.17 1.169 26.5 27.0 0.29 0.30
0.936 1.09 25.9 0.26
P5 0.947 2.06 27.9 0.55
400ppm Pd 5.5 0.915 0.933 1.81 1.814 27.1 278 0.45 0.47
0.936 1.57 283 0.42
0.947 2.14 29.9 0.61
4.5 0.947 0.943 1.98 1.931 27.8 283 0.52 0.52
0.936 1.67 27.1 0.42

As can be seen fdP6, the obtained values do not reach the efficienaigsn the
previous experiments. One reason for this factctcdea the change in the stirring time
of the polymer which was reduced from overnightretl to 150 minutes. There are
some literature reports which showed the benefeffaict of prolonged stirring times in
this type of syster{¥) Another factor, which possibly influenced the pemance
negatively is the air humidity which was 42% instibase, compared to 35% in the afore
mentioned solar cells. It was shown at our ingditoh several occasions that the cell
performance is drastically affected by this paranddowever, by comparing the open
circuit voltage of the different polymers it can tlearly seen that the polymers with

lower overall palladium content achieve higher ealuThe maximum Voc with a value
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of 0.943 V is reached with polym&5 with a metal loading of 400 ppm. At the same
concentratiorP6 gives only moderate 0.721 V. Polyntet with 1200 ppm palladium is
with 0.915 V in between these two extremes. Anositatement concerning the open
circuit voltage is, that, as expected, it is refatindependent of the concentration of the
active solution. This is in contrast to the curretgnsities which show a clear
improvement by using lower polymer concentratidnghis case a serious comparison
should only be made betwed&# and P5 due to the fact that this parameter is also
strongly influenced by the molecular weight of thelymers which gives rise to
different morphology of the filff? As P4 andP5 have the same molecular weight with
about 56.000 g/mol anB6 is with 20.000 g/mol much shorter, it has to becdssed
separatelyP6 is, independent of the concentration, always tigmer with the highest
current densities with a maximum of about 2 mA7@n4.5 mg/mL. By comparinB4
and P5 the expected trend that the palladium metal negigtinfluences the current
density by trapping of charge carriers followed dyhanced recombination can be
confirmed. Independent of the used concentraB&nalways reaches higher values.
Also the highest measured current density of dl$ egith a value of 2.139 mA/chitan

be attributed to this polymer. By the same arguntteafill factor, mainly influenced by
the ratio of the mobility of the donor and the gitoe phase and the dominant
morphology, should only be compared with polymdrthe same chain length, leading
to a separate discussionRf again. Also in this case the fill factor B6 is compared to
the other two polymers superior with values betwesh and 36%. A possible
explanation could be the fact that higher moleculaights in the conductive polymer
can lead to a reduced amount of molecular ordewithin the polymer domains
ultimately limiting the mobility®®! As a consequence, this reduced mobility can lead t
an unbalanced charge transport in the cells, gikisgyto so called space charges, which
limit the fill factor to a value of at most 428! The high molecular weight polymers
P4 andP5 have fill factors of about 24 and 28% respectiyéiygiting the overall solar
cell performance significantly. However, this facty be corrected for these polymers
by a suitable annealing step which increases tderimg of the polymer chains that

gives rise to enhanced mobility values. To sumhgpdiscussion of these experiments,

8 gchilinsky, P.; Asawapirom, U.; Scherf, U.; Biel¢.; Brabec, C.JChem.Mater2005 17, 2175

8 Kline, R.J.; McGehee, M.D.; Kadnikova, E.N.; Lili; Frechet, J.M.J.; Toney, M.Macromolecules
2005 38, 3312

8 Blom, P.W.M.; Mihailetchi, V.D.; Koster, L.J.AMarkov, D.E.Advanced Materia|2007, 19, 1551
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P6 is compared t¢4 andP5 superior in overall solar cell performance. Thisgriainly

caused by the higher current densities and filidies; probably attributable to the higher
mobility. The open circuit voltage, however, follswhe expected trend that increasing
amounts of residual palladium lead to a loweringhef electron quasi-Fermi level and,
as a consequence of that, the effective band gegn @y the energy difference of the
HOMO of the polymer and the LUMO of the acceptoagdy decreases. Considering
only P4 and P5, also the expected trend in the current density te fill factor,

concerning the palladium content, can be confirmed.
4.1.3 Correlation between residual palladium and the trapdensity

In the following experiments from each polymer twdevices with different
concentrations (6.5 and 4.5 mg/mL) were used ferdétermination of the open circuit
voltage at different light intensities. The corresding plots are depicted in Figure 49

together with the corresponding linear fits.

1,0 5
oe _/
0,8 —/////
0,7 4
>
306
> 7] polymer concentration [mg/mL]
m P6 6.5
Ui ® P6 45
m P4 6.5
® P4 4.5
0,4 -
’ P5 6.5
P5 45
0,3 T T T T T T T T l T T T T T T T T l
10 100 1000

Light intensity [W/m?’]

Figure 49.Plots of light intensity versus open circuit vgkeaof the polymer®4 (red),
P5 (green) andP6 (black) together with the corresponding lineas {tllack lines).
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The corresponding Rvalues (quality parameter of a linear fit) aradistogether with
the obtained slopes in Table 11. The obtained sl@pe of course no absolute values
but manifolds of (kT/q), according to equation 4.

Table 11.Obtained slopes from the measurements.

concentration| Pd-content |_.,
polymer R--value| slope
[mg/mL] [ppm]

35
P& = 5600 e
45 0995 | 2.69

o)
P4 | 65 . 1200 0996 | 235
45 0997 | 2.65
- 6.5 e 0991 | 1.54
45 0.997 | 2.10

As already discussed in the introduction of thigpthr, the values of the slopes are
proportional to the trap densities in the devides.can be clearly seen from the data,
the slopes are related to the respective palladiomtent, achieving a value of 2.50 for
P6 with a concentration of 6.5 mg/mL and the highgtadium content, 2.35 fd?4 at
the same concentration and finally 1.54 f#. This trend also holds for the cells
prepared with a concentration of 4.5 mg/mL. Anotb@nt of interest is the fact that for
all cases the cells prepared at the lower condamirgive higher values of the slope. A
possible explanation for this effect is that byngsiower concentrations of the solutions
the resulting film thickness is lower. As a consme the average light intensity per
volume of the active layer is higher which coulchance the investigated effdgt.
Another hint for the correctness of this specutatie the fact that the difference
between the high and the low concentration inceasgh decreasing palladium

content.
4.2 Experimental

4.2.1 Materials

P6, PEDOT/PSS and PCBM were purchased in the purestable form and used
without further purification stepsP4 was prepared in analogy to the polymers of
chapter 3.3.5P5 was obtained from a purification procedure Rf using N,N,N"-
trimethylethane-1,2-diamine immobilized on polystye as metal scavenger. In detall
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600 mg of the polymer were dissolved in 200 mL wifiydrous toluene and then 1.2 g
of the scavenger were added at a temperature € Wih a stirring speed of 100 rpm.
The solution was stirred for 45 hours. Filtratidntlee resulting solution followed by a
partial removal of the solvent under reduced pnessielded 100 mL of the purified
polymer solution which was precipitated in 1000 wiLMeOH. The precipitate was
then filtered and dried under vacuum to give théymper with reduced palladium
content with a yield of 74%.

P4

'H - NMR (, 20 °C, CDC}, 500 MHz): 7.65-6.79 (m, 10H), 2.02 (br, 4H), 1.0F,
20H), 0.80 (m, 11H)

GPC analysis: PDI 4.99, Mn=58500 g/mol, Mw=292000 g/mol

P5

'H - NMR (, 20 °C, CDC}, 500 MHz): 7.65-6.79 (m, 10H), 2.02 (br, 4H), 1.®F,
20H), 0.80 (m, 11H)

GPC analysis: PDI =5.41, M55800 g/mol, Mj=302000 g/mol

P6

GPC analysis: PDI = 2.96, M20100 g/mol, M=59400 g/mol

4.2.2 Device preparation

The first step of the preparation was the etchihg part of the indium tin oxide (ITO)

from the glass substrates. This was done to prestemits which may be caused by
contacting the Al-electrode during the measurenuérthe cells. In the next step the
substrates were cleaned by washing in water fomifutes in an ultrasonic bath at
40°C, followed by the same washing procedure iprgpanol. Some of the substrates
were covered with a PEDOT/PSS layer. This was tgr&pin coating in two steps on a
CT62 Spincoater produced by the company Karl Susshiique. For the first step a
velocity of 2500 rpm was applied for 3s, followey d drying step with 3500 rpm for

30 s. Drying of this layer was achieved by heatmd@00°C in vacuum for 25 minutes.
The active layer was also deposited by spin coatiitly a velocity of 600 rpm for 60

seconds. Annealing was done on a hot plate uneéetr aimosphere in the glove box.
The aluminium electrodes were evaporated througkd®k masks with the coating unit

MED 010 using a top down approach with tungstefscoi
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4.2.3 |-V curves

The current density-voltage plots of the obtainethrscells were measured in N2
atmosphere in the glove box using a Keithley 240@rce meter. The illumination was
provided by a halogen lamp of adjustable lightnstgy which was set to the preferred
values by adjusting with a photodiode.
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5  Synthesis of Culn$ Nanoparticles

Reproduced in parts with permission from Pein,Baghbanzadeh, M.; Rath, T.; Haas,
W.; Maier, E.; Amenitsch, H.; Hofer, F.; Kappe, Q.Crimmel, G.Inorg.Chem2011,
50, 193. Copyright 201American Chemical Society

5.1 Introduction

Copper indium disulfide, CulnSlike CulnSe, and CulpGa,Se (CIGS) a member of
the I-llI-VI semiconductor family, is an interesginalternative for silicon based
photovoltaic/solar cell materials. Culn&xhibits a suitable direct bandgap of 1.5 eV, a
high absorption coefficient and its applicability isolar cells has already been
demonstrateff®>®® Today, there is a growing interest to find low tcosutes for the
production of solar cell materials. Solvent basedtes leading to stable CulnS
nanoparticle dispersions are very attractive ay @mnoid energy intensive vacuum
techniques for the production of the active matefibe dispersion can be used like an
“ink” and thus be applied in a broad variety of nbimg and coating production
processes which are, in addition easily scalabl@atds high production speed and large
areas. Different synthetic methods have been iigatstl for the preparation of CulnS
nanoparticles. Besides solid state reacti®ns/arious solution based routes, e.g. hot
injection method€® solvothermal routed” as well as single-source precursor
methodS® have been applied. In particular, colloidal systheoutes using suitable
capping agent§Y have been heavily investigated in recent yearsefRéy, the popular

oleylamine route originally published for binary talesulfide nanoparticles by Joo et

% Nanu, M.; Schoonman, J.; GoossensNano Lett2005 5, 1716.

8 Scheer, R.; Walter, T.; Schock, H. W.; FearheidyL.; Lewerenz, H. JAppl. Phys. Lett1993 63,
3294,

8 Carmalt C. J.; Morrison D. E.; Parkin I. P.Mater. Cheml1998 8, 2209.

8 Ppan, D.C.; An, L. J.; Sun, Z. M.; Hou, W.; Yaig; Yang, Z. Z.; Lu, Y. FJ. Am. Chem. So2008
130, 5620.

8 (a) Jiang, Y.; Wu, Y.; Mo, X.; Yu, W. C.; Xie, ¥Qian, Y. T.Inorg. Chem200Q 39, 2964. (b) Yu,
C.;Yu, J. C.; Wen, H.; Zhang, ®later. Lett.2009 63, 1984.

% (a) Castro, S. L.; Bailey, S. G.; Banger, K. Kepp, A. F.Chem. Mater2003 15, 3142. (b)
Batabyal, S. K.; Tian, L.; Venkatram, N.; Ji, Wittdl, J. J.J. Phys. Chem @009 113 15037.

°L (a) Courtel, F.M.; Paynter, R.W.; Marsan, B., MpChem. Mater2009 21, 3752. (b) Czekelius, C.;
Hilgendorff, M.; Spanhel, L.; Bedja, I.; Lerch, Muller, G.; Bloeck, U.; Su, D.-S.; Giersig, M.,
Adv. Mater.1999 11, 643. (c) Zhong, H.; Zhou, Y.; Ye, M.; He, Y.; Y&; He, C.; Yang, C.; Li, Y.
Chem. Mater2008 20, 6434.
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al® has been applied for Culp®anocrystal preparatidfi’ Changing the reaction
condition by using other amines, mixtures with igahds or using other sulfur sources
strongly influences the crystal phase, growth, am¥phology of the obtained CulpS
nanocrystal®* There are also two very recent reports using miaw@ heating for the
preparation of CulnSnanoparticles, one method using a single soueupsor’® and
another procedure utilizing an aqueous based syistimrotocol’® However, to our
knowledge, there is no study on microwave-assistages to Culng using the
oleylamine route.

In the past two decades, the use of microwave gnerdneat chemical reactions has
attracted a considerable amount of attention, duestmany successful applications in
organic/peptide synthesis, polymer chemistry, nmatesciences, nanotechnology and
biochemical process&€:*® First reports using microwave-assisted methods in
nanoparticle synthesis date back to the mid 188amd from then on all known types
of nanoscale materials, ranging from metals to @xicchalcogenides and phosphates
were successfully prepared using microwave techyyofd® The motivation for the use
of microwave energy has mainly been to design fasteaner, and economically more

viable methods of synthesis. If efficient agitatiman be ensurdf™ and the

%2 (@) Joo, J.; Na, H. B.; Yu. T.; Yu, J. H.; Kim, W.; Wu, F.; Zhang, J. Z.; Hyeon, J.Am. Chem.
S0c.2003 125, 11100. (b) Kwon, G.; Hyeon, Acc. Chem. Re2008 41, 1696.

% panthani, M. G.; Akhavan, V.; Goodfellow, B.; &ulitke, J. P.; Dunn, L.; Dodabalapur, A.;
Barbara, P. F.; Korgel, B. A. Am. Chem. So2008 130, 16770.

% (a) Nose, K.; Soma, Y.; Omata, T.; Otsuka-Yao4vat SChem. Mater2009 21, 2607. (b) Koo,
B.; Patel, R. N.; Korgel, B. AChem. Mater2009 21, 1962. (c) Xie, R.; Rutherford, M.; Peng, X.
Am. Chem. So009 131, 5691. (d) Norako, M. E.; Franzman, M. A.; BrutghR. L. Chem.Mater.
2009 21, 4299.

% Sun, C.; Gardner, J. S.; Shurdha, E.; Marguli&uR.; Westover, R. D.; Lau, L.; Long, G.;

Bajracharya, C.; Wang, C.; Thurber, A.; PunnooseRAdirguez, R. G.; Pak, J.Jl.Nanomater.

2009 Article ID 748567, 7 pages.

Bensebaa, F.; Durand, C.; Aouadou, A.; ScolesDu, X.; Wang, D.; Le Page, Y. NManopart. Res.

201Q 12, 1897.

For a recent review with >900 references andaléa survey of ca. 200 microwave chemistry

review articles, books and book chapters, see: EaPpO.; Dallinger, DMol. Diversity2009 13,

71.

For recent books, see: (a) Loupy,Microwaves in Organic Synthesis, 2nd; &liley-VCH:

Weinheim, 2006. (b) Kappe, C. O.; Stadler Microwaves in Organic and Medicinal Chemistry

Wiley-VCH: Weinheim, 2005. (c) Bogdal, D.; Prociagk, Microwave-Enhanced Polymer Chemistry

and TechnologyBlackwell Publishing: Oxford, 2007. (d) Lill, R. Microwave Assisted Proteomjcs

RSC Publishing: Cambridge, 2009.

% (a) Komarneni, S.; Katsuki, H. Am. Ceram. So&998 81, 3041. (b) Hu, M. Z.-C.; Harris, M. T_;
Byers, C. HJ. Colloid Interface Scil998 198 87. (c) Spatz, J.; Mossmer, S.; Méller, M.; Kagche
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190 (a) Bilecka, I.; Niederberger, NNanoscale201Q 2, 1358. (b) Polshettiwar, V.; Nadagouda, M. N.;
Varma, R. SAust. J. ChenR009 62, 16.

191 Herrero, M. A.; Kremsner, J. M.; Kappe, C.J0Org. Chem2008 73, 36.

96

97

98



Chapter 5 — Synthesis of CulnSanoparticlesSynthesis of CulnS2 Nanoparticles 93

temperature is monitored/controlled by fast-resjiogéhternal probe8°:1%? rapid “in
core” volumetric heating without significant temature gradients will occur. The very
rapid heating and sometimes extreme temperaturgsnable in microwave chemistry
generally lead to faster processes and transfaomsatvhich require several hours when
performed in a solvent at reflux temperature in ah bath, however may reach
completion in a few minutes or even seconds usupgemheated solvents in a sealed
vessel, autoclave-type, microwave reaff5r®? These unique features explain the
growing popularity of this non-classical heatingthoel in many different fields of
chemistry, including the generation of inorganiaoerystald!®®%1% Regardless of
the large published body of work in this field, rinés still considerable controversy on
the exact reasons why microwave irradiation is dbleimprove the synthesis of
nanoparticle$®” Based on the characteristics of the microwaveedist heating
phenomend'® in many of the published cases the reasons for dbgerved
enhancements and altered nanoparticle propertiesipaong microwave and
conventional heating are probably due to purelyniad’kinetic effects, resulting from
the higher bulk reaction temperatures and moredrapating rates that can be attained
in a microwave irradiation experiméht?) However since the early days of utilizing
microwave irradiation for nanoparticle generatiththe observed rate accelerations,
and the often different shape and size of the ddrimanoparticles have led to
speculations on the involvement of so-called “sfpe’cimicrowave effects such as
superheatin§®® selective heating®”! or wall effect minimizatio®:°® Some authors
have also suggested that so-called “nonthermalrawniave effects play a role in
nanoparticle generatidﬁ)f’] Unfortunately, while in organic or polymer chemysthe

microwave dependent effects can be specificallgudised in terms of the reaction

192" Obermayer, D.; Kappe, C. Org. Biomol. Chem201Q 8, 114.

193 For a more detailed description of these processe: (a) Gabriel, C.; Gabriel, S.; Grant, E. H.;
Halstead, B. S.; Mingos, D. M. Ehem. Soc. Re%998 27, 213. (b) Mingos, D. M. P.; Baghurst, D.
R.Chem. Soc. Re%991, 20, 1.

104 Damm, M.; Glasnov, T. N.; Kappe, C. Org. Process Res. Devel®01Q 14, 215.

105 (@) Komarneni, SCurr. Sci.2003 85, 1730. (b) He, Y.; Lu, H.-T.; Sai, L.-M.; Lai, W.-; Fan, Q.-
L.; Wang, L.-H.; Huang, WJ. Phys. Chem. B00§ 110, 13352. (c) R. Pana, Y. Wu, Q. Wang, Y.
Hong,Chem. Eng. 2009 153 206. (d) Yu, W.; Tu, W.; Liu, HL.angmuir1999 15, 6. (e) Bilecka,
l.; Elser, P.; Niederberger, M\CS Nan®009 3, 467.

1% pg|, V. G.; Langzam, Y.; Zaban, Bangmuir2007, 23,11211.

107" (a) Washington II, A. L.; Strouse, G. Ehem. Mater2009 21, 2770. (b) Washington II, A. L.;
Strouse, G. FChem. Mater2009 21, 3586. (¢) Hu, X.; Gong, J.; Zhang, L.; Yu, J.Aclv. Mater.
2008 20, 4845.

1% Hu, X.; Yu, J. C.; Gong, J. Phys. Chem. €007,111,11180.

199 M. Tsuji, M. Hashimoto, Y. Nishizawa, M. KubokawB Tsuji,Chem. Eur. J2005 11, 440.
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trajectory!**? the lack of an in-depth mechanistic picture for opzarticle formation
(nucleation and growth) makes the determinatiothefexact influence of microwave
irradiation on the intermediates and transitiortestdor nanoparticle formation more
difficult.

In this manuscript we investigate the synthesisCainS nanoparticles using Cul,
InCl3, and elemental sulfur as precursors and oleylamsnsolvent and capping agent.
Thereby, we first study the onset of nanopartiétemation at low temperatures by an
in situ X-ray study using Synchrotron irradiation. The @&t issue focuses on the
comparison of synthesis procedures using a coromadtioil bath and microwave
heating at different temperatures. Finally, catgfaixecuted control experiments are
undertaken to separate putative “specific’ or “m@nmal” microwave effects from

thermal effects during the Culp8anoparticle synthesis.
5.2 Results and Discussion

In this study, we investigate the formation of C®imanoparticles by a modified
synthesis protocol using oleylamine as capping tagsrwell as solvent. In contrast to
the method by Panthani et al., no additional sdlika chlorobenzene was us€d.For

the synthesis a solution of the metal compounds, (6Gl3) was prepared by heating to
170°C for 30 min in oleylamine. Separately, eleraksulfur was also dissolved in
oleylamine at 130°C. After cooling down, both smos were combined and are

subjected to different heating procedures as destin detail below.
5.2.1 Study of the nanoparticle formation by WAXS

Reaction temperatures used in the oleylamine rargeusually in the range of 200 °C
and above, sometimes using even autoclave conglitido determine the lowest
possible temperature for the formation of the phas we investigated the reaction by a
wide angle X-ray scattering (WAXS) set-up using &yotron irradiation to obtain a
high time resolution. A part of the reaction mixwras continuously pumped through a

capillary directly placed in the X-ray beam. Theolenion of the most intensive

10 For leading reviews, see: (a) Perreux, L.; Loubfetrahedror2001, 57, 9199. (b) Perreux, L.;
Loupy, A. inMicrowaves in Organic Synthesis, 2nd @gd. A. Loupy), Wiley-VCH: Weinheim,
2006, chapter 4, pp 134-218. (c) De La Hoz, A.;zBtatiz, A.; Moreno, AChem. Soc. Re2005
34,164. (d) De La Hoz, A.; Diaz-Ortiz, A.; Moreno, i Microwaves in Organic Synthesis, 2nd ed.
(Ed. A. Loupy), Wiley-VCH: Weinheim, 2006, chapterpp 219-277.
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reflection of Culng at 28.1° was followed during heating the solutidrem room

temperature up to 170 °C using a conventionalatihb
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Figure 50.Wide angle X-ray scattering curves and correspantbrentz fits at
selected temperatures (A) and primary crystallie and temperature versus reaction
time (B).

The results of the experiment are summarized inr€id. For better visibility selected

experimental data and the corresponding Lorengzafie depicted in Figure 1(A). The
formation of the particles starts already at terapges around 115 to 120°C, indicated
by the rise of the (112) reflection at 28.1°. Usthgse fits, the primary crystallite sizes
were estimated by the Scherrer equation and atéeeglas a function of the reaction
time, as presented in Figure 1(B). After 15 min orresponding to a reaction

temperature of 115°C - the primary crystallite sSt&rts to increase very rapidly. After
36 min the growth rate flattens out which can kehatted to (1) a geometric factor,

which means that with increasing size more mondmasrto reach the particle surface
to induce the same increase in particle size anth€2decrease in educt concentration.

The WAXS analysis shows that a temperature of @83°C should be sufficient for the

formation of Culn$ nanoparticles, which is 120°C below the value oliterature

protocol using oleylamine reported by the grougofgel**!

11 Koo, P.; Patel, R. N.; Korgel, B. AGhem. Mater2009 21, 1962.
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5.2.2 CulnS; nanoparticle synthesis at 120°C

In order to analyze the generation of Cuylmfanoparticles in a preparative way, the
combined reaction mixture was heated up from roemperature to the comparatively
low reaction temperature of 120 °C. Samples ofrdaetion solution were taken after
15 and 60 min, but also after an extended reac¢tme of 20 h. The time includes the
heating ramp of ~15 min, thus the 15 min samptaken immediately after the reaction
mixture has reached the target temperature of C20 Re nanoparticles were separated

from the reaction mixture by precipitation in colchethanol and subsequent

centrifugation.
> 20 hours
Lin]
% M 60 minutes
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< 15 mi
: t
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ICSD - 220 116 008
42127 200 | IEEJ, 400 316
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Figure 51. XRD-patterns of particles prepared at 120°C aftiferent heating times
(curves are shifted vertically for better visiby)it The peaks are in good agreement with
the reference file for chalcopyrite type Cul(8SD — 42127 sharp lines at the

bottom).

The corresponding XRD-patterns of these samples@rpared with the reference data
for CulnS (ICSD — 42127) in Figure 51. The most prominerdlcbpyrite reflections
of CulnS (Miller indexes are shown together with the refee data) are present,
although the signals are noisy and broad, indigative reduced crystallite size. Using
the Scherrer equation, a primary crystallite siZe 23 nm was calculated for
nanoparticles obtained after a reaction time ofml. After 60 min, the particles reach
a size of 2.6 nm and finally 3.7 nm after 20 h. ld@er, the Scherrer equation can only
give a rough estimation, especially for particlasthe low nm range, but it gives an

overall trend for particle size evolution. The peakund 2 = 18° can be attributed to
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the capping molecule, oleylamine (see supportifigrination). Interestingly, this peak
is less pronounced for the first two samples (1%,n6%0 min). Exactly these two
samples are not soluble in nonpolar solvents, vésetiee third sample and all samples
prepared at 220 °C are rapidly soluble in solvdiks hexane, chloroform, and
dichloromethane. At the moment we have no explandtr this phenomenon, but the
lower intensity of the XRD-peak at 2 18° is an indication that less capper is retine
after the work up and therefore a higher tenderfcthese particles to agglomerate is
expected.

In Figure 52(A), the TEM image of the sample prepaat 120 °C for 20 h shows
nanoparticles with a diameter between 2 and 4 nm.addition, some larger
agglomerates between 5 and 10 nm are visible.

Figure 52. TEM image of Culngnanoparticles (A) prepared at 120 °C using

conventional heating for 20 h and (B) microwaveadration for 60 min.

To investigate possible differences between thesadal oil bath synthesis and an
alternative heating mechanism by microwave irragiigtthe nanoparticle synthesis was
also performed in a dedicated microwave reactdr2ét °C. It should be emphasized,
however, that in these preliminary experimentshbating profiles seen in the oilbath
experiments were mimicked in the microwave runssioyply adjusting the instrument
power, and not by an adequate algorithm that ireslfeedback from an internal
temperature probe (see below) . In addition, oimgortant processing factors such as
reaction volume, vessel geometry and stirring speeste all different (see
Experimental Section for details). Importantly, tieenperature measurements for both
sets of experiments were different, since for théath runs a traditional glass
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thermometer monitoring the reaction mixture tempeea was used, while in the
microwave experiments an external IR sensor reathiegsurface temperature of the
Pyrex reaction vessels was employed. Reaction tiregs to overall reaction time
involving ramp time (time needed to reach the tatgmperature) and hold time (time
for which the sample is held at target temperaturkg corresponding heating profiles

are depicted in Figure 53. Reaction times of 15&hdin were applied.

240
o 200 / ——90 seconds
3 160. | —— 15 minutes | 220TC
§ 60 minutes
© 1201 ’
S ‘ —— 15 minutes
E) 801 | 60 minutes 120
40

"0 10 20 30 40 50 60 70
time / minutes

Figure 53. Heating profile of the microwave experiments ab 1€ and at 220 °C.

Figure 54 shows the XRD patterns of the sampledhsgized under microwave
conditions at 120°C. In both cases Cuylmanoparticles of chalcopyrite structure are
obtained. According to the Scherrer equation, tagiges have an average primary
crystallite size of 1.8 nm after 15 min and 2.5 aiter 60 min, thus the particle sizes are
comparable with those obtained using the oil batB (m, 15 min; 2.6 nm, 60 min). In
addition, these particles contain a significant ami@f organic capper (peak around 2
=18°) and both the samples are soluble in orgaompalar solvents. The peak around
29 =15° in the 60 min sample can be attributed to allsquantity of unidentified

impurities.
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Figure 54. XRD patterns of CulnShanopatrticles prepared using microwave heating at

120°C times (curves are shifted vertically for bettisibility).

Figure 52(B) shows the TEM image of the particlesppred using microwave heating
after a reaction time of 60 min. The particle s&zaround 3 nm but also in this case the
size distribution is quite broad.

The TEM images as well as the XRD data clearly skimat Culn$ nanopatrticles are
already formed at 120 °C using both heating methatisnuch lower temperatures as
usually employed for this synthesis protocol. Hoerethe particles are rather small in
size, the size distribution is broad, and the piagi are irregular in shape. In order to
improve the particle quality, in the next step weeastigated both synthesis methods at
220 °C, a temperature which can be obtained witiveotional oil bath as well as by

microwave heating.
5.2.3 CulnS; nanoparticle synthesis at 220°C

Figure 55 shows the XRD — patterns of nanopartiplepared with oil bath heating
after 15, 40 and 80 min at a temperature of 220AtCincrease of particle size can be
observed from the increase of reflections with Emgeaction times. In addition, some
minor intensity reflections (2= 57.7° and 77.1°) are now clearly visible. Thanary

crystallite sizes, estimated from the Scherrer-equareach a size of 5.7 nm after 15

min, after 40 min 9.4 nm and finally after 80 mivetsize is around 12.1 nm.
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Figure 55 XRD-patterns of particles prepared at 220°C afiferent heating times

(curves are shifted vertically for better visiky)it

Figure 56. TEM image of Culngparticles prepared at 220°C using oil bath forrib.

The TEM image in Figure 56 shows a representativerview of the nanoparticles

obtained at 220 °C using conventional heating. Jdméicles are of angled shape and the
particle size is in the range between 5 and 10 @mmpared to the particles prepared at
120°C (Figure 52) the size distribution is improwedd also the shape is much more

regular.
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The same experiment at 220 °C target temperatuseagditionally undertaken using
microwave irradiation. The heating profiles for sheexperiments are presented in
Figure 53. In both cases reaction times of 15 @hdnht were applied using a heating
profile similar to conventional heating. In additjoan experiment with very short
reaction time of 90 s including 80 s ramping and I@ating at target temperature (high
microwave power) was performed, as especially &s¢ leating ramp is considered to
be an important asset of microwave chemisSty *Figure 57 compares th¥RD
patterns of the particles from these experimentee Tcrystal modification of
chalcopyrite type CulnSs also obtained in all cases. The experimentnfirbheating)
with a slower heating ramp (cf. Figure 4) — appneoxiely the same heating rate was
used in the oil-bath experiments - yields particiéth a particle size of 3.5 nm. Using
prolonged microwave irradiation for an additional @in leads to particles with a size
of 6.5 nm. Interestingly, particles with a size308 nm are already obtained after 90 s
heating at 220 °C. This demonstrates one of thendisadvantages of microwave
chemistry, fast syntheses protocols by extremelgt faeating to the desired

temperatureS. 98100
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Figure 57.XRD patterns of the particles prepared using mvenee heating at 220°C

(curves are shifted vertically for better visiky)it
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Figure 58. TEM images of the CulnShanoparticle samples prepared at 220°C using

microwave irradiation: (A) 90 s, (B) 15 min, and) @ min experiment.

In Figure 58 the TEM images of these samples differ significantignfr each other. In
contrast to the XRD-patterns, the shape and sitelalition of the nanoparticles of the
90 s sample and the 15 min sample seems to beatitféeHowever, having a closer look
both samples contain nanoparticles with a crystadlize of approximately 2-4 nm, but
the 15 min samples show, in addition, a lot morgl@gerates in the range of 6 to 15
nm. The particles obtained by the 60 min synthasés very irregular and exhibit a
broad size distribution with particles ranging imesfrom 5 to 20 nm. Comparing the
TEM images in Figure 58B, the nanoparticles obthweh microwave irradiation at 15
min, and in Figure 56, the sample prepared usimyeational heating, the particle size
(2-3 nm compared to 5-6 nm) as well as the siz&ilaision are quite different
depending on the used heating. Therefore, an asafshe above results may in fact
imply the existence of a “microwave effect” in tipeeparation of these materials.
However, as it is known that the geometry of thactien vessel, the heating and
cooling ramp, and stirring speed sometimes havigrafisant influence in microwave
chemistry9°1%2 3 series of carefully executed control experimemés designed to

minimize these effects.

5.2.4 Comparison of oilbath and microwave heating for theCulnS,

nanoparticle generation under controlled reaction onditions

In order to accurately compare the results obtalmedirect microwave heating with
the outcome of a conventionally heated chemicalstamation, we have recently
demonstrated that the utilization of reaction viaade out of sintered silicon carbide
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(SiC) ceramic in microwave reactors can mimic aveonionally heated autoclave
experiment, while retaining the rapid heating (fldseating) and excellent process
control features inherent to microwave chemiStry.Since by employing a SiC vial
any effects of the electromagnetic field on thectiea mixture can be eliminated, this
technology makes it possible to effectively segathtermal from specific/nonthermal
effects™™*® As an additional control experiment, the Cylm@noparticle synthesis was
also performed in a conventionally heated Pyrek with internal temperature control
that allowed us to accurately mimic the heatingdfifg® obtained in the microwave
experiment$t® Internal temperature control using fiber-optic tealogy was used for
both microwave and conventionally heated runs siacent evidence has demonstrated
that monitoring reaction temperatures by convemtionfrared sensors on the outside
vessel wall is not an acceptable technique if acumate temperature profile for
comparison studies needs to be obtaltféd®**'? Since oleylamine is a solvent of
comparatively low microwave absorptivity’ the pure solvent alone cannot be heated
to high temperatures (>200 °C) under microwave ttmms. In contrast, the reaction
mixture can be easily heated to 220 °C within 2 ,nwlicating that the precursor-
solvent complex will absorb most of the microwanergy (“selective heating”).

Control experiments between microwave and conveatitieating (SiC vials) were
performed on a 3 mL scale using Pyrex and SiC vrala microwave reactor under
otherwise completely identical reaction conditiombe heating profiles were carefully
adjusted by variation of microwave power to minienidifferences resulting from a
thermal effect as shown in Figure 10A. In additiangontrol experiment using a pre-
heated oil bath (bath temperature 220 °C) was pedd, leading to a similar heating
profile. In all cases the desired final temperatwaes 220°C and the overall heating
period (including ramp and hold time) was 15 misutédn Figure 10B, the
corresponding XRD patterns are shown. The samectefhs can be seen in all three
samples and also the primary crystallite size ofiad 5.4 nm is in all cases identical. In
order to exclude any experimental artefacts, the@es of microwave and oilbath

experiments were performed twice, leading to idahtiesults.

112 (a) Kremsner, J. M.; Kappe, C. 0.Org. Chem2006 71, 4651. (b) Hosseini, M.; Stiasni, N.;
Barbieri, V., Kappe, C. Ql. Org. Chem2007, 72, 1417. (c) Nuchter, M.; Ondruschka, B.; Bonrath,
W.; Gum, A.Green Chem2004 6, 128. (d) Leadbeater, N. E.; Pillsbury, S. J.;r&ien, E.;
Williams, V. A. Tetrahedror2005 61, 3565.
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Figure 59. Heating profiles of the control experiments (ARB-patterns of the
experiments obtained after 900 s (15 min) oveedlttion time (B).

From the TEM images, depicted in Figure 60 simi@anoparticle shapes and size
distributions in the range between 5 and 10 nmbmaseen for samples obtained from
the three types of experiments. The only differenseem from different particle
concentration in the images. Also the SAED inseasfirm the XRD-results showing

the diffraction rings of non-oriented nanocrystaliCuln$.

Figure 60. Comparison of TEM images and SAED pattern (ins&rthe Culn$
nanoparticles synthesized at 220 °C of the (A) MyveR, (B) MW-SIC, (C) Oilbath

experiments.
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Thus, both TEM and XRD-experiments cannot idergifynificant differences between

the two heating modes. This fact was confirmed pitcal absorption measurements,
shown in Figure 61. Weak absorption of the nanopast already starts at a wavelength
of around 850 nm. However, a significant increaseabsorption can be observed

around 500 nm, which is similar to several literatteportd**3*4!
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Figure 61.UV-Vis spectra of the CulnSamples synthesized at 220 °C.

The only small difference which was observed isftut that the microwave sample has
a somewhat higher amount of capping ligand, dedebtethermogravimetric analysis
shown in Figure 62. A mass loss due to the evajporatf the capping oleylamine of
30.7% in the case of the SIC sample, an almostimdrvalue of 30.3% in the case of
the oilbath sample and a slightly higher value 4f7360 for the Pyrex — sample was
detected. The increased content of capping ageaisasvisible in the emission spectra

of the samples, depicted in Figlg@.

113 Castro, S. L.; Bailey, S. G.; Raffaelle, R. P.; Ban K. K.; Hepp, A. FJ.Phys.Chem.R004 108,

12429.
114 Chen, Y.; He, X.; Zhao, X.; Song, M.; Gu, Mater. Sci. Eng. 2007, 139, 88.
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Figure 62. TGA experiments of the CulaSamples synthesized at 220 °C.

An excitation wavelength of 355 nm was used for dilbath sample, leading to an
emission with a maximum at 425 nm. For the SiC tedPyrex samples an excitation
wavelength of 357 nm was applied, giving maximahi& emission intensity at 428 nm
for SiC and 430 nm for the Pyrex sample. Currenilg, have no explanation for this
reproducible effect, but further experiments asnpkd.

1,24

A [nm] Em.Max. [nm]
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1,0+ —— MW-SiC-220 357 428
MW-Py-220 357 430
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Figure 63.emission spectra of the samples in chloroform swiyt = 0.05 mg/mL.



Chapter 5 — Synthesis of CulnSanoparticlesSynthesis of CulnS2 Nanoparticles 107

5.2.5 Experimental Section

All chemicals were purchased from Sigma Aldrichtie following purities: InG
(98%), Cul (99,999%), elemental sulfur (reagentdgjaoleylamine (technical grade).
All chemicals were used without further purificatio

Caution: In the below described reaction, toxic &wl volatile thiols can be evolved.
All reactions must be undertaken under a fume hanwdl protection clothing must be

used.

5.2.5.1Microwave Instrumentation

Preliminary microwave synthesis experiments werdadout using a Biotage Initiator
8 EXP (2.5) single-mode cavity instrument produabogtrolled microwave irradiation
at 2450 MHz (Biotage AB, Uppsala). Experiments wpegformed in sealed Pyrex
microwave vials (0-400 W maximum power) using terapgre control mode. Reaction
times refer to hold times at the reaction tempeeatndicated, not to total irradiation
times. The temperature was measured with an IRos@msthe outside of the reaction
vessel. Advanced microwave experiments with infereection temperature monitoring
were performed using a Monowave 300 single-modeawiave reactor from Anton
Paar GmbH (Graz, Austria). The instrument uses a&man of 850 W magnetron
output power and can be operated at 300 °C reatdimperature and 30 bar pressure.
The reaction temperature is monitored either bgxdernal infrared sensor (IR) housed
in the side-walls of the microwave cavity measurthg surface temperature of the
reaction vessel, and/or by an internal fiber-opfi€O) temperature probe (ruby
thermometer) protected by a borosilicate immersigall inserted directly into the
reaction mixturé*® Microwave experiments were carried out either GhmL Pyrex
vessels or in 10 mL silicon carbide (SiC) reactuals with magnetic stirring. The use
of SIC vials shields the contents of the vesseinfrihe electromagnetic field and

therefore simulates an oil bath experiméht.

5.2.5.2Synthesis of Culn$ Nanoparticles

Conventional synthesisCul (1.527 g, 8.00 mmol) and In{J[1.772 g, 8.00 mmol, 1.0
equiv) were dissolved in oleylamine (80 mL) by lmgtthe mixture to 170 °C for 30

115 Obermayer, D.; Gutmann, B.; Kappe, CADgew. Chem. Int. E@009 48, 8321.
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min. After the solution was cooled down, a solutairsulfur (1.539 g, 48.00 mmol, 6
equiv) in oleylamine (20 mL), prepared by heating 130°C, was added and the
resulting mixture was heated to the desired tayaperature for the appropriate time
period (see main text) using an oil bath. The tespisolution was cooled to ambient
conditions and the particles were precipitated dgitton of methanol and separated by
centrifugation. The particles were washed by sudipgnthem in methanol, separated
by centrifugation and dried under reduced presatuiaenbient temperature.

Microwave synthesis The precursor solutions were prepared followihg same
procedure as described above. Subsequently, a 2Bymax vessel equipped with a stir
bar was charged with 8 mL of metal salts solutiod & mL of sulfur solution. The
vessel was sealed with a septum and the reactigtumiwas exposed to microwave
irradiation and held at a desired temperature Herdppropriate time period (see main
text). The work up procedure was performed as destiabove.

Comparison studies Comparison experiments between microwave and exgional
heating were carried out mixing 2.4 mL of metal salution with 0.6 mL of sulfur
solution in either a Pyrex or SiC 10 mL reactiossads equipped with a stir bar. The
vessels were sealed with a septum and the reastiviures were either exposed to
microwave irradiation (MW-Pyrex and MW-SIiC) or immsed in a preheated oil bath at
220 °C for 15 min (Pyrex, Oilbath). After being ¢®d to room temperature the same
work up and purification procedure as mentionedvabfor conventional synthesis

afforded the nanoparticles.

5.2.5.3Characterization techniques

Powder-X-ray diffraction (XRD) measurements werefgrened on a Siemens D-5005
powder-diffractometer (theta-theta geometry, Curédiation). The sample was placed
on a silicon substrate and applied to a scan fafe086 ° § to record the patterns in
the 2y range between 10 and 80°. The diameters of thstallijes were estimated
according to the broadening of the diffraction eaising the Scherrer relationship
(equation 1):

D(29) * cosg
with D(2q) is the full width at half maximum (FWHM) of theegk in radiansg is half

(5)

XRD

of the scattering angleg2l the wavelength of the X-rays, and K is the shamtor (K

= 0.9 for spherical particles). In this contexsitvery important to note that the Scherrer
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relationship is only a good approximation for sptedrcrystals. The size is inversely
proportional to the FWHM. For the calculation, 1id.2)-reflection at @ = 28.4° was
used. The experimental line width was determineted®.12° at this@- position by
measuring a Si-reference standard (NIST 640c).

Transmission Electron Microscopy (TEM)-images wewguired on a Tecnai F 20
microscope (FEI Company) with a Schottky emitter,ltraScanCCD camera and a
Gatan GIF Quantum energy filter system. Selecteda aelectron diffraction
measurements were evaluated by determination of diigaction center and
measurement of the ring radii using the method softlvare plug-in described by
Mitchell.**®! TEM-samples for imaging were prepared from a disipa of 0.04 mg/mL
particles in chloroform by putting a drop of thepmrsion on a Nickel-TEM-grid with a
carbon film and evaporation of the solvent. UV/¥gectra of nanoparticle solutions in
chloroform (0.05 mg/mL) were measured with a Shimad UV-1800

spectrophotometer.

Thermogravimetric analysis (TGA) measurements performed with a simultaneous
thermal analyzer STA 449 C Jupiter from Netsch-@&dy@ GmbH (crucibles:
aluminum) with a heating rate of 10 °C/min in anflof He (50mL/min).

The growth of the CulnSnanocrystals was studied by in situ time-resolVéaXS-
measurements recorded at the Austrian SAXS beandiie ' of the Italian
synchrotron center, ELETTRA, Trieste, operated d&&V/. For the detection of the
WAXS signals in the @range of 25 to 32° a 1D gas detector was usedndritf the
WAXS-peaks was done with Lorentz function. The @mynparticle size was estimated
with the Scherrer equation.

The experimental set-up consisted of a reactioselea peristaltic pump, tubes and a
flow-through cell situated in the centre of the dd® The reaction was conducted in
the reaction vessel equipped with a reflux condeasd a thermometer. The reaction

mixture was stirred and heated by a magnetic stieater. To pump the solution

118 Mitchell, D.R.G.Ultramicroscopy2008 108 367-374.

117 Amenitsch, H.; Bernstorff, S.; Kriechbaum, M.:rmbardo, D.; Mio, H.; Rappolt, M.; Laggner, P.
Appl. Crystallogr.1997, 30, 872.

118 Argen, P.; Linden, M.; Rosenholm, J. B.; Schwabeeher, R.; Kriechbaum, M.; Amenitsch, H.:
Laggner, P.; Blanchard, J.; Schith JFPhys. Chem. B999 103 5943.
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through the measuring cell, we used steel cambaais tubes; only for a small distance
directly at the peristaltic pump an elastic neoprarbe was used. The steel capillaries
were isolated to reduce the temperature loss ofsttetion during pumping to the
measuring cell. The measuring cell was heated t¥C8and the flow rate was adjusted

to 5 mL/min. The concentration of the nanopartidghesolution was 4.5 w/w%.
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6 Energy Transfer

6.1 Introduction

In this chapter the interaction of ZnO nanopariciwith an amphiphilic block
copolymer bearing platinum excimers was investigialdie acid functionalities located
on the polymer here act as the functionality whealables simultaneous coordination of
the dyes and patrticles. The following investigasiomainly deal with an energy transfer
taking place due to an overlap of nanoparticle simsand absorption of the dyes. A
model describing the overall process was workedamdlt confirmed through different
experiments. The second part deals with possiblglicapons of this material
combination for the detection of &€tions.

In recent years block copolymers have become ahighestigated topic within the
scientific community due to possible applications the field of drug delivery
system&' electronic§®”, or as surfactants for nanomatert&ds?? Especially
amphiphilic block copolymers, consisting of covdlgnlinked hydrophilic and
hydrophobic blocks, offer interesting properties n@grning the design of
nanostructures. This can be attributed to thetfatt phase separation between the two
(or even more) immiscible blocks can only occurtba nanoscale levEf? In this
study ring opening metathesis polymerization wasduss polymerization technique to
prepare a defined block copolynt&®! As hydrophobic monomer endo,
exd2.2.1]bicyclo-hept-5-ene-2,3-dicarboxylic acid dthylester was chosen and as
hydrophilic building blockendo, exf?.2.1]bicyclo-hept-5-ene-2,3-dicarboxylic acid
was used. During the synthesis the acid functitealihad to be protected with tert-
butyl groups in order to ensure an efficient cosiar by using the Grubbs catalyst of

the third generation.

19 N. Nishiyama,K. Kataokadv. Polym. Sc2006 193 67

120 A C. Edrington, A.M. Urbas, P. DeRege, S. CheM.TSwagerAdv. Mater.2001, 13, 421.
121 colfen, H.Macromol.Rapid Commu2001, 22, 219

122 Niedermair, F. Thesis, Graz University of Teclugyl, 2009

123 Riegler et alMacromol. Symp2004 217, 231
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Charged platinum complexes belong to another piomidass of materials due to their
interesting optical properties. Their absorptiod @mission spectra differ significantly
in the solid state and in solution. This can bela&rpd by the special packing behavior
in the solid resulting in polynuclear species thshibit red shifted emission compared
to the mononuclear specié&” This “low-energy” emission can be observed even in
concentrated solutions resulting from excimer farama Excimers are excited dimers
which are formed in solution through a diffusiomtolled process that results from the
interaction of one molecule in the ground statehveihother identical molecule in its
excited stat€?® The positive charge can be used as some kinceofrestatic attractor
for anionic, or more general, coordinating spedisusing a block copolymer bearing
functionalities suitable to coordinate to the platn complex, accumulation of the dyes
in the acidic groups on the polymer is expectesilltang in the formation of excimers.
Indeed, an intense luminescence signal centeréltnm upon the addition of the
polymer to the platinum complex was observed, waepaior to the addition only very
weak luminescence at 510-542 nm was detectable.

Semiconducting nanoparticles are interesting duéhéir size dependent optical and
optoelectronic properties. This special behavionafioscaled materials in general can
be explained by quantum mecharlié8. ZnO nanoparticles gained a lot of interest
within the scientific community since the late 1988 due to promising properties
interesting for various fields of research, inchglioptoelectronit®®, catalyti¢*?® and
imagind™*” applications. ZnO nanoparticles have a sharp alisaredge in the UV —
region centered at 325 nm. Especially their emisgpcoperties, consisting of two
emission peaks, one originating from band edge samsat 372 nm and the other from
trap states on the surface at 512 nm, offer promisnaterial combinations with
platinum excimers. Based on the high surface tomel ratio, nanoparticles in general

need a stabilizing sphere which prevents or attleagppresses agglomeration.

24 Lu, W.; Chan, C.W.; Zhu, N.; Che, C.-M.; Li, Glui, Z. J. Am. Chem. SoR004 126, 7639

125 williams, J.A.G.; Develay, S.; Rochester, D. Murphy, L.Coord. Chem. Re2008 252, 2596—
2611

126 \weller, H.Angew.Chem.Int.Ed.Endl993 32, 41

127 Koch, U.; Fojtic, A.; Weller, H.; Henglein, Zhem Phys Let985 122, 507

128 Krebs, F.C.; Thomann, Y.; Thomann, R.; Andreadaw. Nanotechnolog008 19, 424013

129 gchimpf, S.; Lucas, M.; Mohr, C.; Rodemerck, Briickner, A.; Radnik, J.; Hofmeister, H.; Claus,
P. Catalysis Todayp002 72, 63

130 Xiong, H.M.; Xu, Y.; Ren, Q.G.; Xia, Y.-YJ.Am.Chem.So2008 130, 7522
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Stabilizers used during the synthesis not onlyvalttefined particle size distributions
and shapes but also have a great influence congerthie electronic and optical
properties. Moreover, the ability of the nanopdetisurface to coordinate to various
molecules with polar headgroups gives rise to autht interesting material

combinations.
6.2 Results and Discussion

6.2.1 Synthesis of the platinum dye

The charged platinum compleéxwas synthesized at our institute and is described
detail elsewher??’ The mononuclear platinum(ll) precursbiwasfirst reacted with
silver trifluoroacetate to detach the chloride ard subsequently converted with 1,10-
phenanthroline to the corresponding cationic platicomplex. Generally, solubility of
cationic platinum complexes is very 18%? The introduction of the hexyloxy group in
the cyclometalating ligand was accomplished to owmprthe solubility of the charged

complex.

7\
\ N N / H ON\ /N
- EX\O PI\N
EtOH ~
©

®
Ag CF,COO

19 ¢cF,c00°

Figure 64.Synthesis of the charged platinum compl&x (

6.2.2 Synthesis of the Polyelectrolyte

The synthesis of the amphiphilic block copolymedéscribed in detail elsewhéet&

In short, the polymer was synthesized by ring opgmnetathesis polymerization using
the Grubbs catalyst of the third generation. Faftall, as hydrophobic part of the
polymer endo, exf2.2.1]bicyclo-hept-5-ene-2,3- dicarboxylic acidrdithylester was

converted, and after complete consumption, in arskstep, the hydrophilic building

131 Stubenrauch, K. Ph.OChesesGraz University of Technolog3007
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block of the polymerendo, exf2.2.1]bicyclo-hept-5-ene-2,3-dicarboxylic acid was
incorporated. Finally, the tert-butyl protectingogps, which ensure a controlled
polymerization, were cleaved using trifluoro-acetmd, yielding polymer poly-b. For

the following measurements building blocks of 40nmmer units were used.

/ poly-a
CF4COOH

o

O O HO OH

Scheme 1Synthesis of block copolymer poly-b.
6.2.3 Synthesis of ZnO nanopatrticles

Koch et al**? were the first that used a colloidal method fae fireparation of ZnO
nanoparticles. This was done by hydrolysis of uiainc salts in alcoholic solutions
by adding bases. The growth of the nanoparticles lat@r on studied by Spanhel with
Zn(OAc).2H,0O as zinc source and LiOH as base with ethanohgats solverit®®
With this basic method in hands, many variationseniavestigated™***** Different
alcohols were used for the synthesis, but MeOHrabably the best in terms of the
polarity. The methyl group is the smallest possibkganic rest on the alcoholic
functionality. Therefore, bulkier organic restsg.eethyl or isopropyl, reduce the
polarity and as a consequence the solubility ofitleeganic salts. However, ensuring
the solubility of the inorganic components is rfeg bnly task of the solvent. By using

different alcohols in some cases also the shapleegbarticles can be regulated because

132 Koch, U.; Fojtic, A.; Weller, H.; Henglein, hem.Phys.Letl.985 122, 507
133 Spanhel, L.; Anderson, M.A.Am.Chem.S0d991, 113, 2826

3¢ Meulenkamp, E.AJ.Phys. Chem. B998 102, 5566

135 sakohora, S.; Tickanen, L.D.; Anderson, MJ&hys.Cheml992 96, 11086
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the alcohol also acts as a ligand. For examplefatmeation of ZnO nanorods is favored
in ethanol, whereas in methanolic solutions paticre formeét>®!

In this work nanoparticles with a diameter of abdutm were synthesized according to
a modified literature protocol from Dazhi et al.ingg Zn(OAc).2H,0O, KOH, and
methanol as solveft” Meulenkamp was able to show that beside the de&in
nanoparticles also a second phase appears called fzydroxyl double salt,
Zns(OH)g(Ac),.2H,0 1134 According to Spanhel the formation of this bypradean be
suppressed by concentrating the reaction solutboi(% of the initial volume by

solvent evaporation at 409€® This was explained by the following reactions:

Zn,0,(Ac),, + 16 HO —> 2 Zn(OH),(Ac),(H,0), + 8 HAC 1)
Zn,O,(Ac),,+ 8 HO + 8 OH — 2 Zn(OH),(Ac),(H,0), + 8 Ac (2)

Zn1004(AC)12 is the precursor which leads to the ZnO nanopartiormation. The
solvent evaporation increases the concentratidihAaf and Ac¢ and therefore shifts the
equilibrium of reaction (1) and (2) to the sidetloé ZnO precursor.

To get pure ZnO nanopatrticles several purificasteps are necessary. The first is the
so called precipitation-redispersion procedure Wwhiwas first introduced by
Meulenkamp™** The crude reaction product is diluted with hexari & volume ratio
of 5:1. Hexane is a non-polar solvent with a ptyaindex of 0.1, which is low
compared to the polar solvent methanol with a ptylandex of 5.1. But due to the low
miscibility of hexane and methanol the nanoparsiat® not precipitate. Therefore,
isopropanol was further added with a volume rafili@ane:methanol:isopropanol of
5:1:1 to ensure the miscibility of methanol and drex After the addition, white ZnO
nanoparticles precipitate immediately. To ensurellaprecipitation the particles are
allowed to settle down over night at 0°C. After ttdugation the supernatant is
decanted and the particles can be redispersed timarmed. Through this procedure the
main impurity, KAc, is removed with an efficiency 85%, as was shown by atomic

absorption spectroscopy (AABY"!

136 pacholski, C.; Kornowski, A.; Weller, Angew.Chem.Int.E®002 41, 1188

137 Dazhi, S.; Minhao, W.; Luyi, S.; Yuntao, L.; NalyuM.; Hung-Jue, S1.Sol-Gel Sci.Techna2007,
43, 237

138 Spanhel, LJ.Sol-Gel Sci.Techna?00§ 39, 7
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6.2.3.1Characterization of ZnO nanoparticles

A part of the precipitated ZnO nanoparticles wasdland the crystal modification was
identified by XRD measurements. The resulting patie depicted in Figure 65. The
observed crystal modification is Wurtzite. The esponding Miller indices for the
peaks were assigned and are also shown in Figuré&baverage primary crystallite

size according to the Scherrer equation is 5.5 nm.

e s ity [a.u.]

28[deqg]

Figure 65.XRD pattern of ZnO nanoparticles with correspogdimller indices.

volume fraction [%]

diameter [nm]

Figure 66. Dynamic light scattering results of ZnO nanop#tdn MeOH.
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The size estimated by the Scherrer equation matitteesesults from dynamic light
scattering (Figure 66), directly measured from ba&ction solution quite well with a
diameter of 6.5 nm. The optical properties willdiscussed in Chapter 5.2.4.2.

6.2.4 Photophysical characterization

6.2.4.1Combination of platinum dye and block copolymer

In Figure 67 the absorption spectrum of the chaqygatinum complex is depicted. In
methanol solution, the complex shows several ieaisorption bands ht< 400 nm
with high extinction coefficients ranging from akd@000 to 47000 cthM™, which are
assigned to intraligand transitions (IL) of the Gtdhenanthroline and 3-hexyloxy-2-
phenylpyridine ligand82? In addition, the complex exhibits a broad and stmetess
band ranging from 409 to 482 nm with extinctionftionts of 300 to 5100 cthM™.
This broad absorption is assigned to a transitiomfa 5d-orbital of the platinum to the
* orbital of the phenanthroline ligand.

50000

T 40000

-1

@ “1° ¢Fy,c00°©
Hex.q ON\Pt/\ @
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Figure 67. Absorption spectrum of a methanol solution of pteinum dye
(c = 1.375*1F mol/L).

In Figure 68 a comparison between the absorptiectsp of a pure platinum complex

solution in methanol and a solution where also pely was added is shown. The
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combination of both materials results in an addaicabsorption in the area from 475 to
575 nm.

—4A— abs.Pt-poly-b

1,0
—&— abs.Pt

0,8 4

0,6

0,44

norm. absorbance [a.u.]

0,04

350 ' 4(I)O ' 45130 ' 5(1)0 ' 5150 ' 6(I)O ' GEI')O
wavelength [nm]
Figure 68. Comparison of absorption of a methanol solutiothefpure platinum

complex and in a mixture with the block copolynoly-b.

The corresponding emission spectra of pure platiosamplex, compared to the one of
the platinum-poly-b-combination, are shown in Feg@9. Significant differences can
be observed. In the case of Pt-poly-b an intensevany broad luminescence signal
peaking around 644 nm can be observed, the putmyia complex solution is not
luminescent due to radiationless deexcitation Eees.

It is worth mentioning that such platinum complex&sd to form aggregates, stabilized
by platinum-platinum interactions, which resultsignificant red shifts relative to the
mononuclear emission specttd’ The square planarity of platinum chromophores
results in intermolecular stacking, aggregationd agxcimer/dimer formation in
concentrated solutions as well as in the soliceS&it****??This is the reason for the
differences between diluted solution, more conedett solution and solid-state

luminescence spectra of platinum compleX&s.

139 Farely, S. J.; Rochester, D. L.; Thompson, AHoward, J. A. K.; and Williams, J. A. Gorg.
Chem.2005 44, 9690.

190 'Ma, B.; Li, J.; Djurovich, P.l.; Yousufuddin, MBau, R.; Thompson, M.B. Am. Chem. So2005
127, 28.

11 lonkin, A. S.; Marshall, W. J.; Wang, Ydrganometallic2005 24, 619.
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A schematic illustration which describes the origiof these differences is given in

Scheme 2. The blue-green line represents the polgneethe green symbols represent
the acid-groups. After adding the complex to thper the platinum-dyes coordinate

to the acid groups and, if they are in close prainexhibit a fluorescence signal due

to the aforementioned excimer formation. Those ragcs are represented by yellow
squares. The molecules which have no neighbor nvithcertain space limit, are, like

the dyes in solution, not fluorescent (turquoisgasgs).
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Figure 69. Comparison of emission spectra of a methanol isolwf the pure platinum
complex and in a mixture with the block copolyntek= 366 nm.
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Scheme 2Schematic illustration of the platinum complex atination to the polymer.
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In Figure 70 a typical titration experiment is dgpd, where platinum complex was
added step-by-step to 500 pL of the polymer. Thatatxon wavelength in each case
was 535 nm. This addition leads to the formatiorexdimers and therefore results in

the rising peak at 650 nm.

—~— 500L poly-b
124 Il =5350m W poy

added Pt [uL]

norm.fluorescence intensity [a.u.]

600 ' 6%0 ' 7(IJO ' 750 ' 800
wavelength [nm]
Figure 70. Comparison of emission spectra of a methanol isolutf the block-

copolymer with increasing amounts of platinusg;= 535 nm.

In Figure 71 the same results are shown but indhse the fluorescence intensity at a
wavelength of 650 nm is plotted against the volwh@latinum on the lower x-axis.
The intensity reaches a certain maximum at aboQt |46 which corresponds to 13
platinum molecules per polymer, as shown on theeuggaxis. This implies that only a
small fraction of the theoretically available 8Gdagroups per polymer chain coordinate

to the complex.
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Figure 71.Increase of emission intensity at 650 nm withe@asing amount of

platinum.

Dynamic light scattering (DLS) measurements in Me@H0.12 mg/mL) showed that
the polymer exhibits an average size diameter 6friv (see Table 12). The theoretical
size of a polymer chain is 52.1 nm. This meansdlggtegates are present so that it can
be assumed that not all of the acid groups areladlai for the coordination of the
platinum dye. Besides, considering the size ofctiraplex also steric arguments can be

used to explain the rather poor coordination yield.

Table 12.Dynamic light scattering measurements of poly-MgOH; ¢=0.12 mg/mL.

measurement diameter PD
number [nm] DLS
1 133 0.237
2 146 0.251
3 141 0.243

6.2.4.2Zn0O nanoparticles and polyelectrolyte

In Figure 72 the absorption (black line) and enoiss(red line) spectra of ZnO
nanoparticles in methanol are shown. The absorpiiget is at 350 nm with a first
maximum at 325 nm. The black curve shows that Hréighe emission consists of two
parts. First, the nanoparticles exhibit a smallssion signal centered around 372 nm,
corresponding to an energy of 3.33 eV. It was asglgo the near band edge emission
of the particles by Kahn et &*? The high intensity region in the visible range esatl
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around 512 nm, corresponding to an energy of 242vas attributed to single ionized
oxygen vacancies. It arises from the recombinatiodeep trapped holes and electrons

from an energy level which is slightly below thendaction band.

124 —— absorption ZnO B
—=— emission ZnO
=325 nm

|
ex

norm. fluorescence int. [a.u.]

0,94

0,6 4

0,34

norm. absorbance [a.u.]

0,0 -

360 I 3%0 I 460 I 4%0 I 560 I 5%0 I 660 I 6%0
wavelength [nm]
Figure 72. Absorption and emission from a ZnO nanoparticlatgm in MeOH,;
¢ = 0.03 mg/mL.

It is a known fact that molecules with polar headugs are able to coordinate to
nanoparticle surfaces. Typical examples are alkyina$'*?, alkyl thiold'*®! or
carboxylic acid$"*¥ In the present work the affinity of ZnO nanopdetc to the
carboxylic acid groups of the block copolymer (pblywas used for coordination.

This process was investigated by recording emissioectra upon the addition of
increasing amounts of the polymer to the nanogarsiclution. To 500 pL ZnO solution
with a concentration of 0.03 mg/mL the polymer $olu with a concentration of 0.1
mg/mL was added in 100 pL steps. The corresponelinigsion spectra were recorded
using an excitation wavelength of 332 nm and apgatied in Figure 73. The response
of the two afore mentioned emission signals to gb&/mer is different. While the
defect peak decreases in intensity the band edgegbightly rises.

142 Kahn, M.L.; Monge, M.; Colliere, V.; Senocq, Maisonnat, A.; Chaudret, B\dv.Funct.Mater
2005 15, 458

143 pesika, N.S.; Hu, Z.; Stebe, K.J.; Searson, PRhys.Chem.B002 106, 6985

144 sakohara, S.; Ishida, M.; Anderson, MJPhys.Chem.B998 102, 10169
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Figure 73.Changes in nanoparticle emission behavior upomadiion of poly-b;
$ex= 332 nm; c(poly-b): 0.1 mg/mL; c(ZnO) = 0.03 mg/mL

These observations are summarized and explaine8cireme 3. The addition of
polyacids, or in general substances able to coatelito the particle surface, lead to an
occupation of defect sites. The probability of siéions is proportional to the number of
available energy states. As a consequence, redticengpumber of states makes the
transition A (near band edge emission) more prahawhich means that a rise in
intensity can be observed, whereas the transitigenidssion from trap states) decreases
in intensity. So these findings indicate a coortioraof the polymer to the nanopatrticle

surface.

Conduction Band

v Shallow trapped
electrons

Ae.‘v((:

Deep trapped
holes

Valence Band

Scheme 3Possible emission mechanisms of ZnO nanopatrticles.
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6.2.4.3Zn0O nanoparticles and Pt-dye with copolymer

So far, the experiments show that the platinum @yekthe ZnO nanoparticles are able
to coordinate to the polymer. Therefore, in thetrstgp the attention was focused on
the question, what happens if both types of mdtarea offered to the polymer. This is
of particular interest because, as shown in Figide the emission of the ZnO
nanoparticles overlaps with the absorption of tlaium excimers which were formed
during the coordination to the polymer. Due to tbierlap the used system is a

candidate for an energy transfer from the ZnO nartages to the platinum dyes.

14 14
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Figure 74.Comparison of absorption and emission spectran@f &.x= 325 nm) and
Pt-poly-b $ex= 366 nm).

To investigate if an energy transfer occurs, Zn@oparticles were added to the block
copolymer, which previously has been saturated widttinum complex. The sample
was excited at 325 nm, which corresponds to theorpbien maximum of the
nanoparticles. The results are shown in FigureCémparison of emission spectra of a
methanol solution of Pt-poly-b with increasing amtsuof ZnO;$ex = 325 nm; see
inset for concentrations. (the emission intensify tike platinum dye - polymer
combination was set to 1). As can be seen, thesemnisntensity corresponding to the
platinum excimer initially increases reaches a mmaxn at about 40 pL and decreases
again after that. Furthermore, it is worth mentngnthat no or only a weak signal from
the particle emission can be seen, even at a éagess of 400 pL of nanoparticles.
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Figure 76 again shows the fluorescence intensiB8&tnm plotted against the volume
of nanoparticles. In this type of plot it is clgaghown that the excimer emission
intensity is increased over 300%.
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Figure 75. Comparison of emission spectra of a methanotisolwf Pt-poly-b with

increasing amounts of Zn@;x= 325 nm; see inset for concentrations.
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Figure 76.Increase of emission intensity at 636 nm withe@asing amount of ZnO.

The increase of emission intensity is a strongewe of the occurring energy transfer.
The overall process is illustrated in Scheme 4his scheme the expected processes are
shown together with the characteristic points @f ithtensity - volume plot. Point A, as

described previously, shows the polymer, saturatgd platinum complexes. In the
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next step the nanoparticles were added, which giigrisubstitute platinum from the
polymer. This leads to a close proximity of ZnO oparticles and platinum excimers,
allowing an energy transfer to occur, as can ba bgéehe rise of the emission intensity.
At some point the optimal amount of nanoparticlégeent to the platinum dye on the
polymer is reached, which corresponds to point ldotigh further addition of particles
to the system, no more free coordination locationsthe polymer are left and these
particles are therefore in solution, like the sitb&d platinum dyes. Of course, these
particles in solution also absorb light and therefiess energy is left for the particles on
the polymer to transfer energy to the dyes on tbhlynper. As a consequence, the
emission intensity decreases. Because the pariicleslution also absorb light, one
would assume that these particles also emit liglthe typical emission region of the
particles. The observations showed that this de¢shappen, or more precisely, only
with a very low intensity. This could mean, thaerh is also an energy transfer in
solution, with the difference that the dyes in $solu do not emit light because they
cannot form excimers, but loose this energy in a-raaliative way. To confirm this
theory some points of the argumentation have tovesefied. At first, another

experiment showing the coordination of the partictethe polymer was performed.
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Scheme 4Schematic illustration of the processes involvethe energy transfer.
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In this experiment the platinum complex was adaed solution consisting of polymer
and nanoparticles (Figure 77). The resulting solutvas excited with a wavelength of
325 nm, the absorption maximum of the particleslependent of the amount of
platinum, no excimer emission is visible in theioegof 636 nm. The only observable
effect is the decrease of emission intensity from nanoparticles. Due to the irregular
decrease of the intensity, one can get first hiotgards an energy transfer from the
particles to the dyes. So, this experiment alldvesdeduction that there are no free sites
left on the polymer due to the coordination of gaaticles to the acid-groups because

otherwise the platinum complexes would have foreedmers.
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Figure 77.Comparison of emission spectra of a methanol molutf block copolymer
and ZnO with increasing amounts of platinug;= 325 nm; c(Pt): 0.22 mg/mL;

c(poly-b): 0.1 mg/mL; c¢(ZnO) = 0.03 mg/mL.

Finally the quenching of the ZnO nanoparticle emisdy the platinum dye has to be
discussed. In general, different cases in whickxaited molecule Mcan be de-excited
by a quenching molecule Q can be identified.

If there is no large excess of Q and the approddii*oand Q is possible during the
excited state lifetime, the principles of dynamieeqching are valid. This process is

often called collisional quenching, because it as=i that the de-excitation occurs
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through collisions between emitter and quencheis Tase is described within the
kinetic model introduced by Stern and Volrffér!

=14+ Ko [ ©)
lo...emission intensity of the luminescent materialtlie absence of the quenching
molecule
I... emission intensity of the luminescent materialthe presence of the quenching
molecule
Ksv...Stern-Volmer constant

[Q]...concentration of quencher

The ratio of /1 is plotted against the quencher concentratibtihd variation is found to
be linear, the slope gives the Stern-Volmer coristan
If there is a large excess of Q, the probabiligt thi* and Q meet within the lifetime of
the excited state of Q is significant. This caseelevant for static quenching. The
model of static quenching is appropriate to usMifand Q form a non-fluorescent
complex. Considering that the platinum dye is pesly charged with trifluoroacetate
as counterion a certain tendency to stick to theparticle surface due to interactions
with either defect sites or the surface coordinadedtate ions cannot be excluded.
According to a model, introduced by Pefifl the luminescence signal is quenched
completely if Q is located inside a certain sphefevolume 4 surrounding the
fluorophore M. This sphere is also called the spludreffective quenching. A quencher
molecule Q outside this sphere has no effect affalk is the reason why the intensity
of fluorescence is decreasing through the adduio@, but the fluorescence decay after
pulse excitation is unaffected, in contrast to dgitaquenching. The model leads to the
following equation:

1o _ gwniiol 10)

I

Contradictory to dynamic quenching a plot of inigngatio against the concentration of

Q in this case leads to an upwards curvature. Hewet low concentrations the right

195 Turro, N.JModern Molecular Photochemistrgenjamin, W.A., New York1978
146 Birks, J.B.Photophysics of aromatic molecul&¥iley-Interscience, New York,970
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side of equation 10 can be approximated throughViN[Q] and therefore also leads
to a linear dependence.

To proof the quenching of the nanoparticle emissithe platinum dye (c = 0.22
mg/mL) was added successively to 500 pL of ZnO partecle solution (¢ = 0.03
mg/mL). The normalized luminescence signal at 5&b after excitation of 325 nm
upon the addition is depicted in Figure 78 (blaole). The curve shows a steep
decrease in intensity at small volumes which fregteut at higher volumes. It should be
noted that the volume is proportional to the cot@ion of the quencher. According to
this result one would assume that static quencbeauyrs in this case. However, up to
now a second effect was neglected: the dilutiothefinitial solution. The red curve in
Figure 78 shows the response of the luminescenoe tige addition of the solvent

methanol. In this case the intensity decreasesaldeution.

14
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Figure 78. Emission intensity decrease of ZnO nanoparticiedilnition and quenching.

As a consequence curve (2) has to be interpretedcasnbination of both effects. To
assess the region that is dominated by quenchaditiition effect has to be subtracted
from the quenching curve. Since both, dilution apenching are pointing towards
lower intensities a simple mathematical proceduas \applied to better visualize this
subtraction. The blue curve shows the emissiomsite loss at a certain volume of
added solvent. Addition of this curve to the blaxkve leads to the green curve in
Figure 78, which passes through a minimum at amelof 300 pL. This means that
from this point the effect of dilution dominatesethilecrease in emission intensity.
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Consequently, the models of dynamic or static ghiergcmust not be applied over the

whole region but only to the region on the leftnfrthe minimum.
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Figure 79.Plot of intensity ratio versus concentration @& filatinum-dye.

The plot of intensity ratio against the concentnatof the platinum-dye is depicted in
Figure 79. The obtained relation is linear withav@lue of 0.999. Up to this point it is

clear that the emission of the nanoparticles isngoed by the platinum-dye, but the
exact nature of this process remains unclear. Bithamic and static quenching are
possible. Through lifetime measurements after pelsgtation the process could be
assigned to one of them.

Additionally, it could be that the emission decesashrough an energy transfer. As
depicted in Figure 80 the emission of the nanoglagialso has a small region of
overlap with the absorption of the platinum complegtween 400 and 480 nm.
However, to sum up, it was clearly demonstrated tha emission of the particles
decreases upon the addition of the platinum dysoalation, although the involved

processes cannot be clarified by simple emissicaisorements.
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Figure 80. Comparison of absorption and emission spectran@f &e.x = 325 nm) and

Pt-complex.

6.2.4.4Influence of polymer concentration

As was shown in Figure 73he presence of the polymer leads to a decreaskeof
nanoparticle emission through the coordination @fl agroups to trap states on the
nanoparticle surface. Therefore it can be expedted the ratio of polymer to
nanoparticle has a dramatic effect on the effigresfcthe energy transfer.

For this reason 500 pL of polymer solutions witeentrations between 0.1 and 1.0
mg/mL were saturated with platinum dyes. The maximia excimer emission intensity
was reached after the addition of 60 pL for theypar solution with a concentration of
0.1 mg/mL, 110 pL for 0.5 mg/mL and finally 160 fidr 1 mg/mL. In the next step
ZnO nanoparticles with a concentration of 0.03 nigiwere successively added until
the maximum in the emission intensity was passée. Jossible intensity increase of
these experiments is depicted in Figure 81. From #imple experiments it was
observed that a relative low concentration of Ogimi is superior compared to 0.5 and
1 mg/mL. No significant difference can be observeetween the two higher

concentrations.
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Figure 81.Influence of the increase of excimer emissionristiy at 635 nm on the

polymer concentratiorfiex= 325 nm, c(Pt) = 0.15 mg/mL, ¢(ZnO) = 0.06 mg/mL.

In Figure 82 the average of the absolute emissignsities at 635 nm as well as the
corresponding standard deviations after the addibioZnO nanopatrticles, determined
by three measurements, are plotted against thengolgoncentration. It was observed,
that the intensity is proportional to the polymencentration, which is evident due to
higher excimer concentration in solution. Howevke values are more reproducible by
using polymer solutions of higher concentration.

To sum up, the energy transfer will be more effitié the low concentration regime is
approached, although the absolute intensity vahressignificantly lower due to a
decreased excimer concentration. The efficiencheftransfer can be explained by the
ratio of polymer to particle concentration. Highmalymer concentrations decrease the
nanoparticle emission as was explained in chapgd.@. For this reason less energy is
left to be transferred to the platinum-complex,uitisg in a less pronounced energy
transfer. On the other hand, if the low concertrategime is approached, the standard
deviation of the measurements will increase.
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Figure 82. Absolute emission intensity (black curve) and d&ad deviation (red curve)
as a function of the polymer concentratiég;= 325 nm, c(Pt) = 0.15 mg/mL,
¢(ZnO) = 0.06 mg/mL.

6.2.4.5Influence of KOH

ZnO nanoparticles, used for the experiments wekentadirectly from the reaction
solution. Due to the fact that the yield of theatean is lower than 100% also minor
concentration of the base KOH are still presenthim reaction solution. Because it is
expected that the polymer poly-b is sensible towardriations in the pH-value the
influence of KOH was investigated. Differencestie taggregation properties of poly-b
by the addition of nanoparticle solution and a solu of KOH, dissolved with a
concentration of 0.056 mg/mL in methanol were itgaded by DLS and
photoluminescence measurements. The concentrdtithe &KOH is the same as in the
nanoparticle solution by assuming a yield of 50%e Tesults of the DLS measurements

are depicted in Figure 83.
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Figure 83.DLS experiments of the titration of poly-b with kKCand ZnO

nanoparticles.

As previously described (chapter 1.2.4.1) poly-bagglomerated with an average
agglomeration size of around 140 nm. The final sizéhe polymer, after the addition
of 400 puL of KOH with a concentration of 0.05 resipeely 400 pL of ZnO
nanoparticles with a concentration of 0.03 mg/ns_aiound 45 nm. This corresponds
quite well with the theoretical size of 52 nm, edéted by the addition of the length of
80 monomer units. Therefore in both cases the auglates are cracked. In the case of
KOH this is probably achieved through the repulsalectrostatic interaction of the
deprotonated acid groups. The addition of ZnO nartages yields bigger structures
compared to KOH up to a volume of 200 pL. This miga due to the coordination of
the polymer to the particles resulting in linkedustures. Further addition leads to the
fully deprotonated polymer form and reduces therti®y coordination ability of the
polymer. To investigate the influence of KOH on thketinum excimer emission
intensity, the KOH solution with a concentrationGo®5 mg/mL was added step by step
to 500 pL of the polymer solution (c = 1.2 mg/mbat was saturated with 100 pL of
the platinum dye solution (c = 0.15 mg/mL). Theigt®on wavelength was, as in the
case of the ZnO nanoparticles, 325 nm, and the semnisntensity at 635 nm was

measured. The results are depicted in Figure 84.



Chapter 6 - Energy Transfer 135

Figure 84.Signal increase of excimer emission upon the snfddf KOH.

In this case as well, the excimer emission intgnaitreases upon the addition of KOH.
But the maximum obtainable signal increase is &ohito around 16%, which is
compared to >300% rather low. This increase mightatiributed to the breaking of
polymer aggregates, ensuring more coordinatioratfqum dyes on the polymer.
However, to sum up this point, also the KOH whigslpresent in the used nanoparticle
solutions increases the excimer emission intenBity.the increase is rather low (16%)
and may be attributed to improved excimer formatarthe polymer. The rise of 300%
in the signal intensity can only be explained by #@mergy transfer occurring between
the defect emission of the particles overlappinghwhe excimer absorption of the

platinum dyes.
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6.3 ZnO nanoparticle based sensing of Cu(ll)-ions

The interesting optical properties of ZnO nanopted, like the strong fluorescence
signal, the large Stokes shift and their resporseesternal stimuli make their
application as fluorescent reporters possible. &8ab the combination of the block
copolymer, poly-b, and the platinum-dye is exped®edvork as a sensing material
combination, useful in the detection of known flescence quenchers like Cuons.
CU?" is a significant environmental pollutant and asessial trace element in biological
systems. Therefore the selective and sensitivetieteof Ctf* is of high interest:*”! In
this chapter both systems and combinations aredesgarding their response to’Cu
ions.

Therefore, in the first experiment the luminescplatinum excimers situated on the
polymer chain, obtained through the addition of {0@f the platinum complex with a
concentration of 0.165 mg/mL to 500 pL of the pofymvith a concentration of 0.11
mg/mL, were mixed with a Cu(OAg)solution in methanol with a concentration of
0.535 mg/mL which was successively added. The exsmvere excited at 366 nm
which corresponds to the absorption maximum andrésponse of the emission was
detected. As depicted in Figure 85 already after 10 of copper solution the
luminescence signal decreased to around 18% dhitial value. After 20 pL it is
completely quenched.

In Scheme 5 the two possible reasons for this ghtien are shown. On the one hand it
is possible that the platinum dyes (yellow squéoe€xcimers and turquoise for single
dyes) are simply substituted by the copper ions.ti@nother hand Gtiis a well -
known and efficient fluorescence quencher duestpéramagnetic propertie4” Most
probable, the observed decrease of the intensity bwaaattributed to a combination of
both mechanisms. Especially the involved substituthechanism makes the potential
sensor application not selective because also dtres are able to substitute the

platinum dyes on the polymer. Therefore an altéveaitrategy was followed.

147 Shang, L.; Dong, S.Mater.Chem2008 18, 4636
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Figure 85. Comparison of emission spectra of a methanol isolwf the Pt-poly-b with
increasing amounts of €U(0.535mg/mL)$ex = 366nm, c(poly-b) = 0.11mg/mL,
c(Pt) = 0.165mg/mL.
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Scheme 5Schematic mechanisms of the quenching process.

As shown in Figure 86 the copper ions also quehehetnission of ZnO nanoparticles.
In the case of Cii - addition both emission signals, described inptr6.2.4.2,

decrease. This indicates an energy or electrorsfeafrom the particles to the copper
ions.
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Figure 86. Comparison of emission spectra of a methanol molutf ZnO with

increasing amounts of %= 325nm, ¢(ZnO) = 0.03 mg/mL.

As shown in Figure 87, addition of 100 pL of polynsslution prior to copper ions
leads to a more pronounced emission signal decr&ase improved response is valid
mainly in the low concentration regime of copparso

For better visibility the intensity of the trap ession at a wavelength of 512 nm for both
experiments is plotted against the volume of cogodution in Figure 88(left). As can
be seen the slope in the case of the combinatioamdparticles and block — copolymer
is much steeper in the low concentration regimeprdaching higher copper contents
the response of both systems assimilates. Thisnadigan is confirmed in the two
corresponding Stern-Volmer plots on the right sideFigure 88. The Stern-Volmer
constant is with 103200 L/mol in the case of theaparticle polymer combination

significant bigger compared to 59200 L/mol, obtditg using only ZnO.
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Figure 87.Comparison of emission spectra of a methanol molutf ZnO with poly-b
and increasing amounts of €u$e,= 325nm; ¢(ZnO) = 0.03 mg/mL;
c(poly-b) = 0.11mg/mL.

This observation may be explained by the followiaggumentation. The block
copolymer coordinates to the particle surface,dmme acid groups are free and able to
coordinate to the added copper ions. It is alrdadyvn from previous reports that €u
ions tend to coordinate to free carboxylic groliff. This situation ensures a close
contact of the emitting particles and the quencheagent. As is known for a long time
from the theory of luminescence quenching the iefficy of the process is distance

dependeft*®, making the setup of the experiment 2 advantageous

198 Shang, L.; Dong, S.Mater.Chem2008 18, 4636
149 Rice, S.A. Diffusion-Limited Reactions, Comprekie Chemical Kinetics, Vol. 25, edited by C. H.
Bamford, C. F. H. Tipper, and R. G. Compton, ElsevAmsterdam] 985
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Figure 88. Comparison of the decrease in emission intensil2 nm with increasing
amount of C&'".

This assumption was supported by the following expents. After the addition of 50
uL  of Cu? solution (c=0.535 mg/mL) to both solutions, TMEDA
(tetramethylethylenediamine) was added. TMEDA iweadl-known complexing agent,
suitable for coordination to Cliions. Figure 89 shows that the solution contaiin®
nanoparticles and the polymer poly-b responses witbteep decrease in emission
intensity, as discussed previously. The additionTBMEDA results in only a minor
signal increase, whereas the solution without thigrper significantly recovers a part
of its initial value, by increasing from 16.3% dfetinitial signal after the addition of
copper to 57.5% after 10 pL of TMEDA. A possibleasen for the different
reversibility of the two systems is that in the easf the solution containing
nanoparticles and polymer the copper ions coorditatthe free acid groups on the
polymer. So in this case the formation of a TMED#nplex makes a decomplexation
from the acid groups necessary. The equilibriumtto$ reaction depends on the
different complex stabilities. On the other handhptexation of copper ions in solution
is a process which happens easily and fast, makirngcovery of the signal within a
small period of time possible.
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Figure 89. Comparison of emission spectra of a methanol ismutf ZnO with and
without poly-b and increasing amounts o0&, = 325nm; ¢(ZnO) = 0.03 mg/mL;
c(poly-b) = 0.11mg/mL.

To get a feeling of the systems sensitivity, inUregy 90 the normalized fluorescence
intensity of the ZnO nanopatrticles (left y-axis)again plotted against the volume of
copper ions. On the right y-axis the volume of aappns is correlated with the
volume. As can be seen a low content of copper®ppm leads to a reduction of 50%
of emission intensity. 10% of the emission intensite lost if 0.5 ppm of copper ions
are present in the measuring system. The U.S. &@mwiental Agency (EPA) has set the
limit of copper concentration in drinking watertie 1.3 ppm!**® Even this rather low
concentration regime is accessible due to the segisitivity of the investigated system.

130 jung, H.S.; Kwon, P.S.; Lee, J.W.; Kim, J.I.; lgp&.S.; Kim, J.W.; Yan, S.; Lee, J.Y.; Lee, J.H.;
Joo, T.; Kim, J.SJ.Am.Chem.So2009 131 2008
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Figure 90. Comparison of the decrease in emission intensila nm with increasing
amount of C&"; $ox= 325 nm.

6.4 Experimental

All chemicals were purchased from Sigma Aldriclthie purest form available and used
for syntheses without further purification.
The charged Pt-complex and the block copolymerytpdlwere prepared according to

the literaturd!?%*3!

6.4.1 Synthesis of ZnO nanopatrticles

Colloidal ZnO nanoparticles were prepared by a finedliliterature protocol by
hydrolyzing zinc acetate dehydrate in basic methaatution*” In a typical reaction
procedure 224.1 mg of KOH (4 mmol; 0.5 eq) werssaliged in 37.5 mL MeOH with
stirring at refluxing at 60°C. Meanwhile 438.8 migZm(OAc).2 HO (2 mmol; 1 eq)
were dissolved by stirring in 12.5 mL MeOH. Subsagly, the zinc solution was
added into the basic methanol solution. This stgrgol was aged for 60 minutes at
60°C. The resulting solution was concentrated Hyest evaporation to about 10% of
the initial volume. Through the addition of 25 mkexXane and 5 mL isopropanol the
nanoparticles were precipitated. The mixture was lke¢ 0°C over night to allow full
precipitation and settling down of the particlefeTsupernatant was decantéd.The
resulting particles readily redisperse in MeOH. Kbe XRD characterization the

precipitation redispersion procedure was repeatedet times. The dynamic light
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scattering and optical measurements were made sothtions directly from the

reaction mixture after appropriate dilution.
6.4.2 Characterization techniques

Powder-X-ray diffraction (XRD) measurements werefgrened on a Siemens D-5005
powder-diffractometer (theta-theta geometry, Cur&diation). The sample was placed
on a silicon substrate and applied to a scan 6086 ° & to record the patterns in
the 2 range between 10 and 80°. The diameters of thstallijes were estimated
according to the broadening of the diffraction peaising the Scherrer relationship
(equation 5).

Particle sizes were determined by dynamic lighttedag (DLS) using the Malvern
ZetaSizer NanoZS equipped with a 633 nm laser. Measents were performed at
ZOOC.[122]

UV-Visible absorption spectra were recorded on aryC&0 Bio UV-Visible
Spectrophotometer, fluorescence spectra on a HiE&aZb00 fluorescence spectrometer
(www.inula.at) equipped with a red-sensitive photttiplier R 928 from Hamamatsu
(www.hamamatsu.com). The emission spectra wereomwéected for the sensitivity of
the PMT!#
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7/  Summary

Chapter 2, 3 and 4 of this work were concerned wighsynthesis and characterization
of polymers for the use in solar cells. The aintloépter 2 was the synthesis of block
copolymers which enable a better contact of inaaanoparticles and conjugated
polymers, which is an important issue in hybridasotells. Two main strategies,

depicted in Figure 91, were followed to achieve thim. The first made use of the fact
that polythiophenes, synthesized by following theIK& polymerization, can easily be

end group modified. Two different end groups, viayld allyl, were introduced at the
chain end. The idea was to connect the thiopheaoekbVia these end groups to a
polynorbornene-block, synthesized by ROMP. Unfaatety, both end groups did not
yield the desired end products. The use of an thligphene with an allyl end group,

made an exact analysis of the formed products W& M-TOF MS possible.

Figure 91. Main strategies for the synthesis of block copaysrfor the use in solar

cells

By these measurements it was shown that the usedbb&rcatalyst of the third

generation primary modified the end group of thigathiophene. Instead of the allyl
group an aldehyde functionality or a hydrogen ateas found at the chain end. The
aldehyde was probably introduced by an isomerinatiothe double bond, followed by

an oxidation in the presence of oxygen (see Fi§@je
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Figure 92.Possible formation mechanism of the aldehyde fanatity.

The isomerization probably took place through titeraction of the allylic double bond
with a ruthenium-hydride complex, which was formiegl a reaction of the Grubbs
catalyst with methanol, present in small amountmfrthe precipitation of the
oligothiophene. In the next step an unchanged Gregbkalyst, located at the chain end
of the poly(norbornene) can coordinate to this yefekrmed double bond. This can
happen in two possible orientations, shown in Fege? as path A and path B. For a
successive block copolymer formation the two polycigains have to follow path A,
meaning that they rearrange in a way which gives to high steric demands, making
this orientation unfavorable. Following path B, {h@ymers are oriented in a way that
the chains are pointing towards other directionsis Tavored orientation leads to a
binding of the ruthenium initiator to the end groafpthe polythiophene. The final step
of the reaction is the addition of oxygen to théhemium-carbon double bond which
leads to the final product with aldehyde end grodpss final step was also observed
for several occasions in literature reports. Howggarrently an explanation about the
reaction mechanisms resulting in the cleavageegtid group cannot be provided.

As strategy 1 was not able to produce the desiredugts, strategy 2 was followed
consecutively. The synthesis was done by a hydetioor of the allylic end group on an
oligothiophene, resulting in an alcohol functiohalat the chain-end. The following
esterification withendo, ex[2.2.1]bicyclo-hept-5-ene-2,3, dicarboxylic acidmidle
introduces a polymerizable group, suitable for rapgning metathesis polymerization

(ROMP). In the final polymerization step, thrmonomer was used to build up a
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homopolymer, and through the polymerization vatido, exf2.2.1]bicyclo-hept-5-ene-

2,3-di-tert-butyl-dicarboxylate as comonomer, ackloopolymer was synthesized.

The idea behind chapter 3 was to reduce the cligstidn tendency of F8T2, an often
used conjugated polymer in the fabrication of saklts. The motivation of this work
was based on a literature report by Lim et al. whscribed the sensitivity of solar cells
with F8T2 as the donor phase and PCBM as the amcedterial regarding thermal
treatments. They were able to show that anneadimgpératures, higher than 70°C favor
the formation of quite bulky polymer clusters. A tcurrent density of solar cells is
highly dependent on the interface area betweerdtim®r and the acceptor material,
cells annealed at higher temperatures resulteceuices with comparably low power
output. However, for systems where the acceptorsghia formed in-situ, by the
decomposition of precursor materials in an anngaktep, the reduction of the
temperature would result in devices with poor penfance. Therefore, the side-chain of
the polymer was modified in a way, which reducestdndency of crystallization. Two

strategies were followed, which are depicted schieally in Figure 93.

Figure 93. Chemical structures and schematic depiction oktraegies to increase the

inerplanar distance.

The first makes use of the fact that the introductf branched alkyl chains leads to an
increase of the interplanar distance of neighbopalymer chains, which should result
in a more amorphous polymer. The second strategy micreases the interplanar
distance, but in this case the regularity of tltke gihains was disturbed. This was done

by using different fluorene units with octyl sideains in one case and the branched 2-
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ethylhexyl side-chains in the other. The statisteorporation of these two in the main
chain should result in a polymer with reduced aliziation tendency. The synthesized
polymers were analyzed byl - NMR and GPC measurements. To get informations
about the thermal properties DSC measurements wmdormed. By these
measurements it was shown that F8T2 exhibits, aora@ance with the literature, liquid
crystalline behavior. The polymer undergoes a glasssition at a temperature of
110°C, which is followed by a cold crystallizatian a temperature of 159°C. In the
higher temperature range two transitions, typiocalliquid crystalline polymers can be
observed. The first occurs at a temperature of @48fd can be attributed to a transition
from the solid state to the mesophase. The transit the isotropic phase occurs at a
temperature of 323°C.

In contrast, the polymer with the branched siderchanly showed a glass transition
temperature at 113°C, indicating a highly amorphgaigmer. The third polymer, with
octyl and 2-ethylhexyl side-chains which were ipmyated in a statistic manner in the
main chain shows, in addition to the glass tramsitvhich occurs at a temperature of
111°C, complex melting behavior in the temperatarege between 300°C and 350°C.
Two exothermic peaks can be observed. The firstomecars at a temperature of 303°C
and the second one, more pronounced than the dicsuyrs at 347°C. Currently, an
explanation concerning this difference cannot bevided. However, the main aim of
reducing the crystallization behavior was achievathwn by the non-existing liquid-
crystalline transitions. In addition the tendenc§ aystallization of conjugated
polymers can be investigated by absorption measmn In general, polymer
molecules which tend to agglomerate exhibit absampspectra which do not differ
significantly in solution and in film form. This nabe explained by intermolecular
stacking that already occurs in solution. Thisni€ontrast to polymers with bulky side
chains P2) or irregular ordered substituent®3]. The absorption spectra of the
polymersP1-P3 are depicted in Figure 94. As expected, the onkd¢he absorption
spectra of the films from polymeR2 andP3 is red-shifted compared to their solution
spectra, which indicates thestacking which only occurs in the films. Compated

these polymers, the onset of polyn®drremains unchanged.
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Figure 94. Summary of absorption spectra in chloroform soluijc= 0.008 mg/mL;

black lines) and of films cast from chloroform duba (c = 7 mg/mL; red lines) d?1

(A), P2 (B) andP3 (C); D: emission spectra of the polymers in chionm solutions
(c =0.004 mg/mL$ex = 450 nm).

So both methods confirm the success of the tweemfft strategies to decrease the

crystallization tendency.

In chapter 4 another important topic concerningypmars for organic solar cells was
discussed, namely the purity of the materials. ISz#ls with F8T2/PCBM as the active
layer were fabricated as schematically shown irufeg5. The polymer, F8T2, was
synthesized by Suzuki-polycondensation using Pd{BJP as the catalyst. It was
already known from literature that palladium ressluare present in the resulting
polymers. The amounts differ greatly, dependingtioe used work-up procedures.
Following the standard procedure from literaturel Z8vith a palladium content of
1200 ppm P4) was synthesized. A certain fraction of this polymes treated with

N,N,N’-trimethylethane-1,2-diamine, immobilized polystyrene. This compound is a

commercial available metal scavenger which redulcegalladium content to 400 ppm
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(P5). These two polymers, together with a commercrad &om Sigma Aldrich, with
5600 ppm palladiumRB), were used for the fabrication of solar cellshvttte intention
to study the influence of the palladium contentlos performance of the cells.

Figure 95.Scheme of the prepared hybrid solar cells.

It was already known from literature that the preseof impurities leads to a reduction
of the Voc in solar cells, because these can act as tragsstakaning that energy levels
below the LUMO level of the acceptor are formedjahhreduce the effective band gap.
Moreover, also the current density is negativelfjuenced by these traps, because
competing recombination processes get more probably

For the three investigated polymers the trend déiced \b¢c with increasing palladium
content was confirmed. However, regarding the curdensity a serious comparison
can only be made betwe®d andP5 due to the fact that this parameter is also styong
influenced by the molecular weight of the polymevkich gives rise to different
morphology of the films. A4 and P5 have the same molecular weight with about
56.000 g/mol and6 is with 20.000 g/mol significant shorter, it has lde discussed
separately. It was shown thia6, on average, was the polymer with the highestecirr
densities, probably owing to a different morphology the film. However, the
comparison betweeP4 and P5 confirmed the expected trend of decreasing current
densities with increasing palladium content. Inigdd, measurements of thepy, at
different illumination intensity, were performedn principle, by plotting the open
circuit voltage on the y-axis and the light intépgin the x-axis, information about the
trap density in the investigated solar cells isvited by the slope of the lines. In
accordance with the theory it was shown that irgirgathe palladium content leads to

more trap states.
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Chapter 5 deals with the synthesis and charactenzaf Culn$ nanoparticles, which
are a promising material for the use in hybrid scklls. Strong emphasis was placed
on a comparison of the classical oilbath heatinghow with microwave assisted
heating of the reaction solution. Based on the atdity, the oleylamine route was
chosen for the synthesis with Cul, I@hd elemental sulfur as the sulfur source.

The formation of Culngnanopatrticles using the oleylamine route alreddstsat quite
low temperatures of 115 to 120 °C. This temperataregge is far below commonly
applied reaction temperatures. Both a microwaveandil bath heating method lead at
a temperature of 120 °C to small particles (appfoto 3 nm) with irregular shape and
broad size distribution. By applying higher temperes, these quality criterions can be
improved. Using microwave irradiation it is possilib obtain nanoparticles of 3 to 4
nm with a reaction time of only 90 s. Although jmehary comparison experiments
between microwave and conventional heating undeargmtly "similar” conditions
performed at 120 °C and 220 °C have provided dyigtifferent results in the obtained
CulnS nanoparticles, carefully executed control expenta@nsuring identical heating
and cooling profiles, stirring rates and reactoorgetries clearly demonstrate that for
the preparation of CulnSnanoparticles described herein no differences detw
conventional and microwave heating could be obskrvae nanoparticles obtained by
the three control experiments have the same crydtake, primary crystallite size,

shape and size distribution and show no signifid#iférences in absorption behavior.

In chapter 6 the interaction of ZnO nanoparticlétha platinum dye (Figure 96 (left))
mediated by the presence of an amphiphilic bloghoboner (Figure 96 (right)), poly-
[endo,exf?.2.1]bicyclo-hept-5-ene-2,3-dicarboxylic acid aithylester)-b-
(endo,exf2.2.1]bicyclo-hept-5-ene-2,3-dicarboxylic acid was/estigated. The acid
block is able to coordinate to the nanoparticles/al as to the Pt complex. The Pt-dye
shows an intense luminescence peaking at 650 rthreisolid state due to aggregation
and the formation of Pt-Pt interactions, whereassatution it is not luminescent.
However, adding the block copolymer to the dye wmiugives rise to the typical Pt
luminescence. This is due to the coordination efdationic complex to the acid groups
on the polymer resulting in close proximity of tiges. The absorption peak of this
dye/polymer mixture fits the emission of ZnO nantipkes, so that an energy transfer
would be possible. Indeed, an increase of abou%30the emission intensity of the

Pt-complex can be seen after nanoparticle addition.
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Figure 96. Chemical structures of the platinum dye (left) &melamphiphilic block
copolymer (right)

A complete model, describing the overall process warked out and confirmed by
different experiments, including optical measuretsemnd DLS investigations.
Moreover, factors which determine the efficiencytlod process were evaluated. In the
second part of chapter 6 this material combinatvas used as sensing system for the
detection of Ct ions. Although the sensitivity of the system woblel sufficient, the
selectivity is quite poor based on the competinglagement of platinum dyes,
coordinated to the acid block, by the analyte ibt®wever, the superior performance in
the sensing of Cii ions of an alternative system, consisting of Zn&haparticles,
coordinated to the block copolymer (poly-b), wamdastrated.

Even a rather low copper content of 0.5 ppm caddtected by the investigated system.
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