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Introduction and Background

Chapter 1

1. Introduction and Background

Polyelectrolytes (PEs) are defined as “polymers masad of macromolecules in which a
substantial portion of the constitutional units t@ims ionic or ionizable groups or both”.

These materials can dissociate in agqueous solutiole leaving ions of one kind bound to
the polymer chain and their corresponding countersiin solution. Depending on the
positively or negatively charged backbone a distomc is made between anionic [e.g.
poly(sodium styrene sulfonate)] and cationic PEg.(guaternized polyvinylpiridine) as

shown in Scheme 1.1. Thus, there are also neufs| €ntaining both positive and negative

charges (e.g. as zwitterions), so-called amphafytes

In contrast to most neutral hydrocarbon polymetsicivare only soluble in less polar organic
solvents, PEs are often soluble in more polar si$/eas methanol or water. Regarding to
their dissociation behavior PEs are classified istmong and weak types. Strong ones
dissociate completely in water independent of tHevplue. In contrast, weak PEs dissociate
only partly with the pH value having a big influenon the dissociation equilibrium. This is

based on intra- or intermolecular Coulomb repulsammotic and conformational effects.

n n
7
\+I
N xo
R

SOy Na*
Scheme 1.1. Chemical structures of two PEs, anipalg(sodium styrene sulfonate) [right] and a

cationic, quaternized polyvinylpiridine [left].

The presence of ionic groups in PEs influences ghmer conformation drastically.
Generally, also PEs, even with a high charge dgns#nd to form random coils like
uncharged, linear polymers. But with decreasedstoength of the surrounding medium (e.g.
by changing the solvent) intramolecular Coulomigiiattions and osmotic effects come into
play. Accordingly, intermolecular electrostatic uégon and the Debye length increase. These
effects result in a more extended chain conformatihich is often called “ridgid-rod”

conformation as illustrated in Figure £:4Contrary, the addition of ions (salts) increases t

1



Chapter 1

ion strength and supporéscoiled conformation becausereducedelectrostatic interactior
within the PE chainlt is well known that tkse conformational changealso influence

viscosity, turbidity’ and conductivit’ of the solutiong:

°o % 2 ;
reduced ion salt
-] strength addition
> —_—
o solvent e.g. NatCl-
exchange
© o

water

Figure 1.1 Conformational chane of a cationic PE dissolved in watether decreasing the ion

strength from a coiled (left) to*arigid rod” conformation (middle); and aftesalt addition right).

With respect to the unique properties of PE they @in important role ibiological systems
as well as in industrial applications. For exar, biological PEs & nuclic acids (DNA,
RNA) act as carriers dhe genetic information in organis. Moreover, sever PEs are of
huge relevance for thenetabolisn of plants and animals. Watsoluble polyelectrolyte:
natural as well asynthetic PE, are widely used in mangdustrial application For instance,
PEs are usedh the textile industry as fation agentsin cosmetics for ereduction of
electrostatic effectsand in the water treatment as a flocking as*° Moreover,

biocompatiblePEs are added to many foods drugs*®*

1.1.All- Conjugated Polyelectrolytes (CPE

This thesis focusses anspecial class (PEs, PEs witlt-deloalized backbones. -called
conjugated polyelectrolytes (CPEs) are polymer et with electronically delocalize
backbones and defined pendant groups with ionictfomalities'*? Since the mid 198C
these materials have been avail.**** CPEs combine the characteristics of conjuc (or
semiconducting) polymetand the individual uniquenewof polyelectrolytes in which th
properties are stronglgtetermined by electrostatic forc'®® Neutral conjugateqolymers
are nowadays importamaterial’’ for use in optoelectronic devices, such as orgaaiar
cells (OSC)® andorganic light emitting diodes (LEDs)*?°. Primarily, the interest is base
on the possibility of implementing soluti-based deposition methods as part of the de

fabrication pocess. With the addition of ionic s groups the solubility in poleand/or protic

2



Introduction and Background

solvents like methanol and water increases allowiog an orthogonal processing of
multilayer stacks. In parallel, the manufacturingpgess may become environmentally

friendlier 1°

Much of the recent research into CPEs is focusedris applications in biological and
chemical sensors. Design and synthetic schemesrdewaPEs for biosensor applications
have been developed by different scienti§®.The integration of CPE layers into multilayer
optoelectronic devices has resulted in improvemaitsorganic field effect transistors
(OFETSs), photovoltaic devic&s OLEDS* and organic light-emitting electrochemical c&lls

Generally, there is a rising interest in novel CRitshe optimization of device performance
and processing. For instance, the strong intetfagomle from the ionic groups can support
charge injection and migration. The solubility oPEs in polar solvents allows for their

deposition atop of neutral organic semiconductprm¢iple of orthogonal solubility)®**2°

1.1.1. CPEs for Biomolecule Detection

The majority of publications on the application GPEs for biomolecule detection take
advantage of absorbance changes or fluorescencetlyng due to analyte-induced polymer
aggregatioff or electron/energy transfer procesSes.This will be discussed exemplary for

the following examples.

In the field of biosensing applications, a pionerCPE-based DNA detection was Leclerc
and his team. In 2002, they first reported the Isgsis of a cationic imidazolium-substituted
poly(thiophene) (PImiT), which was made by oxidaticoupling of the corresponding
thiophene monomers by FeGEcheme 1.2).

+/

ﬁ/Br' N Cr
by @

Br

O O o)
a b
ZI \; > 2/ \g > (A)
S S n

PImiT
Scheme 1.2. Synthesis of PImiT, aykCM, 1,2-dimethylimidazole, b) FeCBwNCI, ion exchange.

PImiT as water-soluble CPE is highly sensitive ke tpresence of oligonucleotides as
depicted in Figure 1.2 Upon addition of single-stranded DNA (ssDNA) tcs@lution of

3



Chapter 1

PImiT in water the color changes from yelloW,{x= 397 nm) to redAnax= 527 nm). This
indicates complex (“duplex”) formation between PTmand ssDNA due to electrostatic
interactions, as illustrated in Figure 1.3. Funthere, the complementary ssDNA strand was
added to the red mixture and the color of the sgmiuturned again to yellowhfax = 421 nm).
Leclerc et al. attributed this to a “triplex” formation, betweddmiT and the hybridized
double-stranded DNA (dsDNA)This color change from red to yellow is based on a
conformational transition of the polythiophene Hamke. Here, a highly conjugated and
planar conformation of the polymer is present fa ted colored “duplex”, the yellow color
of the “triplex” reflects a less conjugated, lessnar (probably helical) PImiT conformation,

respectively:162°

Absorbance (a.u.)

300 400 (0 600 700
Wavelength (nm)

Figure 1.2. UV-Vis spectra of solutions of a) PImid) PImiT/ssDNA complex (“duplex”), c)
PImiT/dsDNA “triplex”, d) PImiT/ssDNA “duplex” plusa complementary ssDNA strand with a two-
base mismatch, and e) PImiT/ssDNA “duplex” plusomplementary ssDNA strand with a one-base

mismatch after mixing the components, includinggesaof the corresponding solutiofis.

B8 2 8®
S & = d
p & € 5 B ® <9 Hybridization S J2®
B0 = & e
@ “+= e\ =% ge — gcl .o
& S 1= ] ) i
& e & = = B3O ¢ jge
Pasitively charged Single-stranded 2® & O
Polythiophana DMA probe
93| € SHCT:)
“Druplex” Triplex”

Figure 1.3. Schematic sketch of the formation gflamar PImiT/ssDNA “duplex’and a distorted,
helical PImiT/dsDNA “triplex”?*2°
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Introduction and Background

One year later Nilssoret al. published a zwitterionic amino acid substitutedy(®
alkylthiophene) which confirmed the Leclerc obséosas for another system, that showed

qualitatively similar changes of the optical spaatpon addition of oligonucleotidés®

Scheme 1.3 illustrates the straightforward synthedi poly(3-[R)-5-amino-5-carboxyl-3-
oxapentyl]-2,5-thiophenylene hydrochloride) (POWARjer Nilssonet al, starting from N&-
BOC-L-serine (with BOC #-butyloxycarbonyl) and thiophene-3-carboxylic acithe amino
acid-substituted monomer was polymerized as tniflaoetate salt by chemical oxidation with

FeCk in toluene®*

; b—NH COzH 9—0 H3N COzH CIH3N COzH

F,C

Foddd o d

POWT

Scheme 1.3. Synthesis of POWT, a) LiAéther, b) p-toluenesulfonyl chloride, pyriding Nzt-BOC-
L-serine, KCO;, DMF, d) trifluoroacetic acid, e) Fegl tetrabutylammonium

trifluoromethanesulfonate, CHEH

Further on, Nilssort al. reported the interaction and the resulting confidromal changes of
this zwitterionic CPE in the presence of a syntheligopeptide. The negatively charged
peptide (JR2E) was bounded to POWT via electrastdtraction and hydrogen bonding. A
red shift in the optical spectra indicates thatghlmer backbone becomes more planar upon
binding to the oligopeptide. Also, polymer aggrématwas observed and attributed to
interpeptide hydrogen bonding which brought sev€RBE and peptide chains into close
neighborhood. By adding a positively charged pepfitR2K), these polymer aggregates were
broken as seen in a reverse blue shift of the @éonissaximum and an increased emission
intensity. The authors attribute the deaggregatianterpeptide interactions thus leading to a

disaggregation of the polyelectrolyte aggregatés.

In 2002, Gaylord, Bazan and Heeger reported arhdurexample of CPE-based DNA
detection based on a fluorescence resonance emargjer (FRET) proce$$* also known
as Forster energy transfer, including a cationidy(flaoreneco-phenylene)s as CPE
component** The CPE was synthesized in two steps as showrtierSe 1.4. First, 2,7-
dibromo-9,9bis(6-bromohexyl)fluorene and a 1,4-phenylenebisbaronester were

polymerized in a Suzuki coupling. The second stepolved a polymer-analogous
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quaternization reaction with trimethylamine thus ngmting poly[9,9is(6-(N,N,N-
trimethylammonium)hexyl)-2,7-fluorenels-phenylene (PFP-Br). The sensing system
consists of three parts: the quaternized CPE (PffPEBIA of a specific sequence and a dye-
labeled peptide nucleic acid (PNX).Figure 1.4 depicts a schematic illustration ofs thi
sensing scheme using CPEs for direct visual DNAisgnbased on FRET. The electrostatic
attraction between the complementary ssDNA/PNA dem@nd the CPE chain brings
energy donor (CPE) and acceptor (dye-labeled PM#) tlose proximity thus enabling
efficient FRET (A). The use of non-complementaryDN#& does not allow complex
formation between donor (CPE) and acceptor (PNAJIteg in the absence of fluorescence
energy transfer (B). They found that for this césat the electrostatic complexation only
occurs between CPE and ssDNA while the CPE--- PN#adce remains too large for FRET.
Therefore, the extent of hybridization between P& ssDNA can be directly estimated by
the FRET efficiency or the intensity of dye emissit®’

LD - Fr 0L B Q00

R = (CH,)eBr R = (CH)sN"(CHz)3Br"
PFP-Br

Scheme 1.4. Synthesis of PFP-Br, a) Pd@pPh2 M NaCO0s, toluene, b) trimethylamine,
THF/methanof?

e] . ® © cr
2]
@ @ O
B ©

—

® ® e
©
@ @@
® ® ©
©

Figure 1.4. Schematic illustration of the dye-lagEPNA (red) / ssDNA-based sensing assay using a
cationic CPE (black) and a specifically labeled P&d with C for fluorescein) as probe strand; the
complementary ssDNA (blue) is shown in blue (A& nitn-complementary ssDNA in green{B).

Another class of CPE materials was introduced byaBat al. a few years later based on
CPE backbones composed of donor-acceptor-type iemieThey represent a further
advantage towards direct visual DNA detection. Aotac PFP derivative containing 5 mol%
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2,1,3-benzothiadiazole (BT) on-chain units was gatieel by a Suzuki copolymerization of
1,4phenylene bisboronic acid and a 955 mixture of -d2bfomo-9,9bis(6-

bromohexyl)fluorene and 4,7-dibromo-2,1,3-benzatisizole. The intermediate was
quaternized with trimethylamine in THF/water (Scleerh.5)*® The resulting PFP-BT is
soluble in polar and protic solvents as methanolwater and emits blue in solution.
Complexation between the CPE and oppositely chafjdd molecules induces polymer
aggregation, leading to enhanced interchain cantacid improved electronic coupling
between the components. Under these condensedestadéions, the energy transfer from
the fluorene segments (donor) to the lower emissinargy BT units (acceptor) is more
efficient than in isolated chains. Thus, green emis from BT units dominates in the
aggregated state. Such an aggregation-enhanced FR&Ws for an efficient dsDNA

detection in the concentration range from 0.6 nN.tispuM. 3

ﬂ O e i

= (CHy)eBr x+y=1 CHz)eBr

PFP-BT
(BT% = 5%)

Scheme 1.5. Synthesis of PFP-BT, a) 2./®, THF, Pd(PPh),, b) N(CH)s, THF/H,0.*®

Variations of the chemical structure lead to arthfeir extension of the dsDNA detection
range. For this purpose, BT-containing CPEs wiibagethylene oxide) pendant groups on
the fluorene or phenylene units were gener&télAs a matter of fact, CPEs are very

promising for future applications in biomoleculesieg devices.

1.1.2. CPEs for Optoelectronic Devices

There is an increasing number of publications am iticorporation of CPE interlayers as
components of optoelectronic devices especially dar optimization of charge carrier
injection/extraction. The use of CPE layers alstersf new fabrication opportunities for
multilayer stacks in organic light emitting diodd®LEDsf**? thin film transistors

(OFETsJ? as well as in organic solar cells (OS4}{* The solubility of the CPEs in polar
solvents allows, from a practical point of viewr tbhe integration of CPE layers in multilayer

devices using solution-casting methods (principleoghogonal solubilityf**® Thin CPE
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films with an optimized surface morphology and kimess can be precisely made using such
solution processing techniques.

Exemplarily, two optoelectronic device applicatiqnaultilayer OLEDs and OSCs) including
CPE layers are discussed in the following paragriplitilayer OLEDs including CPE-based
electron injection/transport layers (EIL) for imphog the device efficiency have been
described by several groups. The improvementsaelg variety of mechanismf§A study
published by Hovermt al. revealed considerable details on how ion moticth emergy level
alignment of the OLED layers involved improve devigerformance. Their research work is
based on poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phienevinylene] (MEH-PPV) as
emissive layer and CPE layers of varying thicknasselectron injection layers (EIL) of
ITO/PEDOT:PSS/MEH-PPV/CPE/Au or Al devices [in whi¢dTO stands for indium tin
oxide and PEDOT:PSS for poly(3,4-ethylenedioxythieme):poly(styrene-sulfonatef}*®
PFP-BPF* with tetrakis(imidazolyl) borate as counter {fh(PFP-BIm) was, hereby, used as
the EIL (electron injection/hole blocking) layerigbre 1.5). Because of the orthogonal
solubility of MEH-PPV (soluble in non-polar solveijtand PFP-Blm (soluble in polar
solvents) multilayer fabrication can be easily imad. Gold or aluminum was used as
cathode. The improved electron injection resultsnfthe combination of hole accumulation
at the emissive layer/EIL interface and electrtdiscreening within the EIL layers caused by
the mobile counter ions. The device response tim@dcbe improved by reducing the
thickness of the EIL layer and by using smaller, br® counter ions, an important

improvement when OLEDs are targeted for fast vigleplications'®

Au or Al
PFP-BImg4
N
/RN
QOO G
< X = k:/N—IIB'-N/\;!‘ MEH-PPV
R = (CHo)gN"(CHg)sX" E\N_,y
PFP-BIm, Blm, MEH-PPV PEDOT:PSS

ITO

Figure 1.5. Schematic structures. of MEH-PPV andfBtm,. (left). OLED device structure (right].

Bulk heterojunction (BHJ)-type organic solar cell® based on blends of electron-donating
and electron-accepting materials as active laykerd are promising photovoltaic devices as

they offer lightweight, shape-variable and low-castlutions***° Main targets of this
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technology are currently the optimization of thersleircuit current density §d), open circuit
voltage (\bc), and fill factor (FF), all influencing the resaly power conversion efficiency
(PCE). These characteristic indicators are condectgthin the equilibration PCE =

VoclscFF

= , where R is the incident light powet*

In 2009 Cacet al. showed that the 3 can be increased by up to 0.3 V in BHJ-type omani
solar cells by integrating a thin 5 nm CPE integlagf a quaternized PFP derivate, relative to
the situation in control devicés.FF and dc were also shown to increase slightly in
comparison to the control device. The increasett-bupotential across the device based on
the interfacial dipole from the CPE interlayer igrby, responsible for the enhanced device

performancé’*?

One year later Het al. analyzed the dark currents of BHJ cells with défé donor materials
for a better understanding of the increase @a.¥ The general assembly of their devices was
ITO/PEDOT:PSS/active layer/CPE/Al, as illustratech iFigure 1.6. Quaternized
poly(alkylfluorene) PF-Br with several counter ioffe.g. PF-BIm) was used as CPE,
different conjugated polymers as poly(3-hexylthiepg) (P3HT), MEH-PPV, and poly[2,7-
(9,9-dioctylfluorene)eo-(4, 7-dithien-2-yl)-2,1,3-benzothiadiazole] (PFO-DE5)*? as donor
and phenyl @-butyric acid methyl ester (PCBM) as acceptor malgr Regarding Y, the
best results were achieved with PFO-DBT35 and PEYBe = 1.07 V) or PF-Bim (1.06 V).
Relatively to the control device apY rise of 140 to 150 mV occurred. These observations
support the application potential of thin CPE it&gers. Similar results were obtained for
P3HT and MEH-PPV as donor materials.

n

@.@ PF-X

R R

R = (CHgaN" (G active layer
X =Br orBimy
PF-X PEDOT:PSS

ITO
Figure 1.6. Molecular structures of PF-Br and PFaR! (left). OSC device structure (right).

Focussing on the dark current density-voltage (E&EMgracteristics OSC devices with PFO-
DBT35 as donor polymer display significantly sumsed dark current densities when
applying thin CPE interlayers. Dark currents redudrsy 1-2 orders of magnitude were
observed for the OSC devices containing CPE intera a reduction by ca. 1 order of

9
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magnitude was observed for P3HT:PCBM- or MEH-PP\BRIcbased devices. The authors
propose that the decrease of dark currents is rasponsible for the 3 enhancement.
Furthermore, Kimet al. published results on other polyfluorene-based qiebttrolyte

derivatives used as interlayers of OSC devices Bfgpasimilar behaviof*>*>°

In summary, thin CPE interlayers can significamtiyprove the performance of optoelectronic

devices. Multilayer devices can be easily obtaiogdrthogonal processing techniques.

1.2.All-Conjugated Block Copolyelectrolytes

All-conjugated block copolymers, comprising of twbfferent blocks, are well known
because of their spontaneous self organizatiorolation as well as in the solid stafe’
Emerging applications for conjugated (co)polymers drganic photovoltaicd>® and
biotechnology often require the patterning of materon the 10-100 nm length scale, and
block copolymers may provide an elegant route tatrob the self-assembly into such
nanostructured morphologies. However, the rod-lleure of most conjugated polymers
complicates the self-assembly of corresponding Kologpolymers through a competition
between crystalline and liquid crystalline intefass and the nanophase separatfdii.In
comparison to coil-coil and rod-coil diblock copwigrs, for all-conjugated rod-rod block
copolymers a preferred assembly into low curvawescular and lamellar structures has been
observed? This tendency should be mainly independent ofctiemical structure, size and

composition of the block copolymer.

One nice example describing self-assembling in camjugated, rod-rod diblock copolymers
was announced by Hayakawa and coworker in 2006usksng the formation of a lamellar
solid state morphology in oligo(ether sulphobejligo(ether ketone) diblock and triblock
molecule$® Energy-filtering transmission electron microscofeFTEM) images of these
diblock oligomers especially showed the formatidtamellar structures with a inter-lamellar
spacing of 9.hm in full agreement with a molecular length of 82 for the fully elongated

(“rigid rod”) conformation of the aromatic oligons¥*

A second example was reported in 2011 by ®{wal®® They investigated synthesis and
nanostructure formation of a polythiophdmpoly(y-benzyl L-glutamate) (P3HDB-PBLG)
diblock copolymer. The authors observed the foromatf spherical particles with a diameter

10
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of 200-300 nm as illustrated in transmission et@ctmicroscopy (TEM) images of Figure
1.7. Combined with the UV-Vis data, the researclpeoposed that aggregates containing a
P3HT core and a PBLG shell were formed.

Nowadays, conjugated polymers can be synthesizeugim purity, with low amounts of
structural defects, and high regioregularity bylging powerful transition metal-catalyzed or

-mediated aryl-aryl coupling methods, e.g. aftezuij Stille or Yamamot8®

P el
o ¥ L y il
e ) -
2 ‘4‘1-5* : f’f ¥ ]
w h
- ® o
T:r'. :‘-.- - & -I--i. 1
‘- ":-h.t.. i_ ‘.:' d

Figure 1.7. TEM image of nanoparticles formed fr&@HT-b-PBLG (stained with 1 wt% aqueous

solution of phosphotungstic acit¥).

Novel protocols for amn situ generation of such conjugated polymers with defimeactive
end groups and a rather low polydispersity have béen developed. This kind of protocols
is connected to the invention of chain-growth polygensation8’ Yokozawaet al. reported
that the drastically reduced amount of chain teatidm events in such chain-growth
polycondensations allows for a simple, step-by-gp@bycondensation of two (or more)
different AB-type monomers in the aryl-aryl crossipling sequence thus leading to the
formation of block copolymers. Since the chain-gitow (or catalyst-transfer)
polycondensation process allows for the generatiopolyphenylenes, polyfluorenes, or N-
substituted polypyrroles, Yokozawet al. e.g. succeeded in the synthesis of a poly(2,5-
dialkoxy-1,4-phenyleneb-poly(N-hexyl-2,5-pyrrole) (PP¥-PPP) diblock copolymer with a
very narrow polydispersity of 1.18.Based on the Yokozawa results also other research
groups generated polythiophene-based diblock copaly, for instance the rod-rod diblock
copolymer poly(3-hexylthiophendpoly[3-(2-ethylhexyl)thiophene] (P3HB-P3EHT) as
shown in Scheme 136:%°
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CeH13 H132Ce CeH13 H13Cs CeH13
C,H
1\ a R\ RIR\ 1\ {1 W] [\ 2
I—(_S—Br — Ni(dppe)Br —
S s” [ g” ] Nidpee) s e TN T

C4Ho

P3HT-b-P3EHT
I\ CaoHs
CiMg S Br

Scheme 1.6. Synthesis of a P3HT-b-P3EHT, aHE@gCl, THF, Ni(dppe)Gl with dppe = 1,2-
bis(diphenylphosphino)etharié.

Regarding to the self-assembly properties descrigedve, P3HT-P3EHT shows the
expected formation of a lamellar solid state molpyy driven by the immiscibility of the
two different poly(3-alkylthiophene) (P3AT) blocksainly as a result of the different
crystallization behavior of linear and branched/bstibstituted P3ATs (Figure 1.8)%°

Figure 1.8. AFM images of lamellar nanostructurenfied by P3HT-b-P3EHT; P3HT/P3EHT ratio:

83:17 (w/w, phase mode, image size: llunt, interlamellar distance: ca. 113m)>’

In conclusion, conjugated rod-rod block copolymams very promising candidates for future
applications, especially based on their uniquetandble self-assembly behavior.

1.3.Aim and Scope

Inspired by the unique properties of CPEs and omblblock copolymers, a combination of
both classes of materials seems very promising tleasling to all-conjugated block
copolyelectrolytes composed of one ionic polyetdgte (CPE) block and one non-polar
(CP) block. Such advanced materials based on etecally different conjugated polymer
backbones and different pendant groups (includimgciside groups) have been synthesized

within this project followed by studying their ogail and self-assembly properties as well as

12
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their complexation behavior with biomolecules aheiit incorporation into optoelectronic
devices.

In the second chapter the synthesis of cationicyflb@reneb-polythiophene diblock
copolymers with varying ionic groups is describékthe optical properties have been
investigated dependent on the aggregation statethaid application as electron extraction
layer of organic solar cells. In chapter 3, theenattion of these all-conjugated block
copolyelectrolytes with oppositely charged molesule.g. biomolecules, anionic surfactants,
organic acids) is reported. Chapter 4 introducesehdiblock copolymers containing both a
neutral and a charged (ionic) poly(alkylfluorene)odk. UV-Vis absorption and
photoluminescence (PL) of the diblock copolymerénéeen analyzed as well as their self-
assembling behavior and an incorporation as thinl&iter of OLEDs.

All three chapters are presented as independenitarsawith separate experimental and

references sections.
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Chapter 2

2. All-Conjugated, Cationic Polyfluorenet-Polythiophene Polyelectrolyte
Block Copolymers

All-conjugated polyelectrolyte (CPE) diblock copubrs containing two “rigid rod” blocks,

a non-ionic poly(alkylfluorene) block and a cationquaternary
poly(ammoniumhexylthiophene) block can be geneilatad'grafting from” scheme. They
show a preferred tendency to self-assemble intcclowature, nano-scaled architectures in
solution and the solid state. Their optical projpesthave been investigated by means of UV-
Vis and photoluminescence (PL) spectroscopy ieréifit solvents and solvent mixtures. By

addition of oppositely charged molecules, e.g.adnts, the aggregation leads to the

formation of ordered polyelectrolyte/surfactant giexes. CPEs, especially also block
copolymer-based CPEs, are promising candidatearoapplication in electronic devices or
in functional membranes (e.g. for bio-/sensor aggilons). For bulk heterojunction (BHJ)-
type organic solar cells (OSC) the power conversiffitiency (PCE) could be increased
from 5% to 6.5% by incorporating a thin CPE intgréat between the active layer and the

metal cathode.

2.1.Introduction

Block copolymers, which contain two chemically difént chains that are covalently bound to
each other, represent a fascinating field of sytithmacromolecular scienceHereby, all-

conjugated, rod-rod block copolymers are a novelywecent development within this
field.>* They offer the opportunity to accomplish a defimaéitrophase separation of the
different conjugated segments in order to realimaterials with unique properties and to

access new applicatiofis.
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These unique properties of all-conjugated blockotppers combine the electronic properties
of conjugated polymers with the individual charastecs of block copolymers like solvent-
dependent aggregation behaiéfhe fact that both blocks of all-conjugated, rod-iblock
copolymers are “rigid rods” mainly dictates theisambling behavidt The structure of the
conjugated blocks can be modified with differemdtional groups for tuning their electrical,
physical (e.g. crystallization) and chemical projgsr leading to a variety of different
nanostructure§®° Polymer blends of the two components (blocks) afitdock copolymer
tend to demix. However, the covalent linkage betwie blocks only allows for a nanoscale

phase separation; macroscopic demixing cannot dccur

Key to accessing the desired diblock copolymercsines is the development of suited
reaction schemes for generating them. In 2002tTal? described a first all-conjugated, rod-
rod diblock copolymer which contains one non-poldrydrophobic poly[9,%is(2-
ethylhexyl)fluorene] (PF2/6) and one polar, hydidph  poly[3-(6-
diethylphosphonatohexyl)thiophene] (P3PHT) blockhwilifferent electronic properties of
both blocks. The synthesis relies on a Suzuki-tgfEp-growth polycondensation (cross-
coupling)® as key step to vyield a poly[9t8s(2-ethylhexyl)fluorenep-poly[3-(6-
bromohexyl)thiophene] (PF246P3BrHT) diblock copolymer intermediate. Phosphatigin

of the bromohexyl side groups in a subsequent petyanalogue step provides the target
diblock  copolymer  poly[9,®is(2-ethylhexyl)fluorenel-poly[3-(6-diethylphosphonato-
hexyl)thiophene] (PF2/6-P3PHT). A very similar synthetic approach towafésb-PT
diblock copolymers was later on described by Dgrkn al'' Aggregated species of our
“rigid rod”-type, amphiphilic PH-PT block copolymers show that different arrangetsef
the hydrophilic and hydrophobic blocks can be ot#di by changing polarity and
composition of solvent mixtures. Vesicle formati@) hereby, accompanied by distinct

changes of the absorption and photoluminescencavimeh

The next, logical extension of our approach wasgéeeration and characterization of the
corresponding ionic analogues: amphiphilic, alljogated diblock copolymers incorporating
ionic (polyelectrolyte) and non-polar blocks. Susystems with a positive charge of the
conjugated polyelectrolyte block, i.e. cationic y8|9-dialkylfluorene]b-poly[3-(6-
trimethylammoniumhexyl)thiophene] (PF206P3TMAHT or PFOb-P3TMAHT, where
PF2/6 or PFO denote branched 2-(ethyl)hexyl anealinoctyl alkyl pendant groups),
respectively, and poly(9,9-dialkylfluorenbjpoly[3-(6-pyridylhexyl)thiophene] (PF2/6-
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P3PyHT and PF®-P3PyHT) polyelectrolytes, all containing nitrogleased cationic side
groups, have been the target of this sttfdy.

The synthesis of the ionic diblock copolyelectreltstarts from the diblock copolymer
PF2/6b-P3BrHT and PF-P3BrHT which was already uses for the generatioRR2/6b-
P3PHT and PF®-P3PHT Our approach in the generation of amphiphilictPPFT systems
is generally connected to three main advantagdkelyjeneration of the polyelectrolyte block
copolymers follows a well-established syntheticrapph; 1l) the well distinguishable optical
properties of both blocks (absorption, emissionpvalfor an independent spectroscopic
investigation of the self assembly process for tWwe blocks, and Ill) the amphiphilic
character, i.e. the combination of hydrophobic d&ydrophilic blocks additionally drives
phase separation and self assembly.

2.2.Results and Discussion

2.2.1. Synthesis

Our synthetic approach uses two different mononmenponents, a bifunctional AB-type
fluorene monomer (Scheme 2.1) and a polythiophased macromonomer Br-P3BrHT,
prepared in a synthetic protocol previously destitby McCulloughet al** (shown in
Scheme 2.1).

In order to synthesize the AB-type fluorene mongn#&7-dibromofluorene was prepared
from fluorené® and afterwards 9-alkylated with 2-ethylhexylbromiot 1-octylbromide into
2,7-dibromo-9,%his(2-ethylhexyl) or 2,7-dibromo-9,9-dioctylfluorenén a next step, 2,7-
dialkylfluorene is converted to the bifunctional A¥e monomers 2-bromo-9t8s(2-
ethylhexyl)fluorene-7-boronic ester (F2/6) or 2+@9,9-dioctylfluorene-7-boronic ester
(FO)1®

In order to synthesize the polythiophene-based omagnomer Br-P3BrHT 3-bromo-
thiophene and 1,6-dibromohexane are first reaate8-6-bromohexyl)thiophene (T6Bf)
After bromination of T6Br with NBS into 2-bromo-8-promohexyl)thiophene (BrT6Br)
BrT6Br was coupled to monobromo-endcapped HT-pe{@®Bromohexyl)thiophene] (Br-
P3BrHT) in a procedure after McCulloughal'®
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The next synthetic step involves a Suzuki-type swamupling® of 2-bromo-9,9-
dialkylfluorene-7-boronic ester using Pd(BRhas a catalyst and Br-P3BrHT as a
macromolecular end-capper to synthesize the noar-piithlock copolymers PF2/6-P3BrHT
and PFOb-P3BrHT. The final polymer-analogous conversionoines the quaternization of
the bromohexyl side groups with trimethylamine oyrigine to obtain the target
polyelectrolyte diblock copolymers PF206P3TMAHT / PFOb-P3TMAHT or PF2/6b-
P3PYyHT / PFB-P3PyHT.

Br CeH12Br CeH12Br CeH12Br
14 \§ a U \§ b [/ \g c I\
S —_— S —> H S Br —> s Br  Br-P3BrHT
n

FO

d e 9
() @ o ()
Hi7Cs Hq7Cq H17Cs  CgHiz
CeH1oBr CgH1oN*(CHs)3Br
R T & &
o PR PR

Br-P3BrHT
Hi7Cs  CgHiz Hi7Cs  CgHiz
PF2/6-b-P3BrHT h PF2/6-b-P3TMAHT

PFO-b-P3BrHT PFO-b-P3TMAHT

m

CeH12(CsHsN)"Br
P
s, . m

Hi7Cs  CgHiz

PF2/6-b-P3PyHT
PFO-b-P3PyHT

Scheme 2.1. Synthesis of the polyelectrolyte diblampolymers PF2/6-b-P3TMAHT / PFO-b-
P3TMAHT and PF2/6-b-P3PyHT / PFO-b-P3PyHTHG: n-octyl for PFO, 2-ethylhexyl for PF2/6
series), a) n-BuLi, 1,6-dibromohexane, b) NBS, ciClZ LDA, Ni(dppp)Cl, d) KOH, 2-
ethylhexylbromide/1-octylboromide, e) n-BulLi, pindooane, f) NaHCG@Q Pd(PPh)s, g) N(CH)s, h)
pyridine.

Standard characterization of the polymeric prodweés accomplished by gel permeation
chromatography (GPC) analysis, nuclear magnetionasce (NMR) spectroscopy and
optical spectroscopy as well as atomic force mmwpyg (AFM) as imaging technique (see

next chapter).

The results of the NMR analysis are in accordandth the proposed structure (see

experimental section) and as confirmed by Daréihgl in 2011
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The GPC analysis of the diblock copolymers usedipt@ldetection channels (RI, UV-Vis
detection at the different absorption maxima ohlabcks) to confirm the formation of block
copolymers, preferably done at the stage of thepwar diblock intermediates PF2i6-
P3BrHT / PFOb-P3BrHT? The resulting average molecular weights df the non-polar
diblock copolymer precursors PF263BrHT and PFM-P3BrHT were determined
between 12,000 and 35,000 g/mol when starting frommo-endcapped Br-P3BrHT
macromonomers with a Mbetween 6,000 and 17,500 g/mol (Table 2.1). Wedcowt
exactly measure the molecular weight of the catidmhdck copolymers by conventional GPC

due to the strong interaction of the copolymer wii# columns.

Table 2.1 lists the characterization data for foutifferent batches. The
polythiophene/polyfluorene mass ratio n of sample® remained relatively constant
between 1.0 and 1.25 (as shown in Table 2.1). Tdigdspersity M/M, of the diblock

copolymers A-D varies between 1.38 and 2.0.

Table 2.1. Molecular weight data for four investigg diblock copolymers A-D.

sample structure M M MuW/M M, M M /M, M,
(Br-P3BrHT)  (Br-P3BrHT) (Br-P3BrHT) (PF) calc.
A PF2/6b-P3BrHT 12,000 24,000 2.0 6,000 9,000 15 10,000
B PF2/6b-P3BrHT 13,000 18,000 1.38 6,500 9,100 1.4 6,500
C PFOb-P3BrHT 18,000 25,000 1.39 10,000 18,000 1.8 8,000
D PF2/6b-P3BrHT 35,000 65,000 1.86 17,500 24,500 1.41 7,50

The solubility of the diblock copolymers changeadtically after quaternization. PF266-
P3BrHT and PFM-P3BrHT are soluble in typical organic solventsglswas chloroform,
tetrachloroethane, or chlorobenzene. The catioibtock copolymers are only soluble in
polar solvents and solvent mixtures, including raeti, THF/water, or acetone/water.
Dissolving PF2/&-P3TMAHT, PFOb-P3TMAHT, PF2/6b-P3PyHT or PF(-P3PyHT in
pure water, turbid solutions are obtained thataawi formation of larger aggregates. The

aggregation behavior is examined in the followiagagraphs.
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2.2.2. Optical Properties

Following, we studied the optical properties of tleationic, all-conjugated diblock
copolymers PF2/&-P3TMAHT and PFMh-P3TMAHT, as well as PF2/6-P3PyHT and
PFOb-P3PyHT in THF, methanol, water and THF/water Joluton by UV-Vis absorption
and photoluminescence (PL) spectroscopy. For soiyliwe will mainly concentrate on the
trialkylammoniumhexyl-substituted derivative PFR3TMAHT. The resulting spectra are

depicted in Figure 2.1 and summarized in Table 2.2.
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Figure 2.1. a) UV-Vis absorption and b) photolunsicence spectra of PF2/6-b-P3MAHT (made from
precursor B) in methanol (dash-dotted line), THBEged line), water (solid line) and THF/water 1:1
(dotted line), at a polymer concentration of ~0r&§/mL (a) and ~0.002 mg/mL (B = 380 nm.

The absorption spectra show two characteristic $apehking at 379-387 and 439-487 nm.
Each of the two absorption bands is the spectgmasiire of one block. The higher energy
maximum is attributed to the PF2/6 bld@khe PF2/6 absorption band, is on contrast to the
behavior of PFO, more or less insensitive to thgregation state of the PF2/6 blockThe
second band originates from the polar P3TMAHT b$ockhe absorption band of the ionic
P3TMAHT block in methanol, water and THF/water adpears at similar wavelengths as for
the non-polar P3HT homopolym& Nevertheless, the absorption spectrum in water is
slightly broadened with a red-shifted long-wavekbngail, most likely due to ongoing
aggregation of the polar P3STMAHT blocks in pure @vatntensity changes in the ratio of the
absorption maxima of the PF2/6 and P3TMAHT blocktueen methanol (absorption PF2/6
< absorption P3TMAHT) and water (absorption PF2/@bsorption P3TMAHT) are, at least
in part, also a consequence of the band broademingater. Contrary, the absorption
spectrum in THF, as a less polar, non-protic sdlvehows a distinct red-shift of the

P3TMAHT absorption feature to &w.xat 487 nm, thus indicating aggregation of the ionic
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P3TMAHT blocks in THF** The solvatochromatic effect on the PT absorptiandbis

visually detected as a color change from deeprréitHiF to pale orange in watér.

Figure 2.1 (and Table 2.2) also depicts the phatolescence spectra (PL) of sample B
obtained on selective excitation into the PF blati880 nm. The occurrence of characteristic
emissions of both blocks is observed, a blue Plufeaat 400-500 nm for the PF2/6 block
and a red PL feature at 500-700 nm for the P3TMAHDICK. Here the P3STMAHT emission
is (partially) sensitized by excitation energy star from the PF2/6 blocks. Further excitation
experiments (not shown here) on detection at thEVZ3HT emission at 600 nm exhibit the
characteristic PF absorption band thus further sty the occurrence of PMPT excitation
energy transfer (FRETY. The emission features are again similar for methamater and
THF/water 1:1. However, the PL of the P3STMAHT bloskows an 18 nm red-shift when
going from methanol to water while no correspondshgft in PL is observed for the PF2/6
block. The PL red-shift may indicate the formatiohaggregates of the ionic PSTMAHT
blocks in water. In THF we observed a dominant BR&hission accompanied by a very
weak and much red-shifted PSTMAHT PL componeépt.{ = 630 nm). Higher intensity PL
of the P3TMAHT blocks is observed with direct eatibn into the P3TMAHT absorption
band at 430 nm (not shown here), compare alsodar&i2.2). This finding indicates the
formation of solid state-like P3TMAHT aggregatesTiHF with a distinct phase segregation
thus strongly diminishing the excitation energynsfer. The overall photoluminescence
quantum yields (PLQY) are 23% (THF), 16% (THF/watel) and 3% (watef:

Table 2.2. Absorption and photoluminescence maxifrthe PF2/6-b-P3TMAHT diblock copolymer

(made from precursor B) in different solvents (RL.= 380 nm).

solvent absorptionimay ans(NM) photoluminescencé.may p (NM)
methanol 387 (PF2/6), 442 (P3TMAHT) 416/438 (PF2%6)2 (P3TMAHT)
water 384, 439 416/438, 590
THF 379, 487 412/435, ca. 630 (very weak)
THF/water 1:1 383, 448 412/435, 576

Compared to the non-polar P3HT homopolymer the rpiism and emission features of the

P3TMAHT block display a somewhat larger Stokes ,lqe®bably that resulting from a
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distinctly more coiled, disordered confirmation tble individual, ionic P3TMAHT chains

driven by electrostatic Coulombic repulsion betwdencharged, cationic side groups.

Very similar trends are seen for the pyridiniumedative PF2/6b-P3PyHT. In comparison
with PF2/6b-P3TMAHT, PF2/6b-P3PyHT shows a slightly increased solubility o fholar
P3PyHT block in non-polar and a decreased solwyhititpolar solvents thus indicating a
somewhat reduced hydrophilic (or increased hydrbm)aharacter of the P3PyHT block, as
expected. The analysis of the optical spectra ef ¢brresponding diblock copolymers
containing PFO blocks (with linear octyl side cl®imstead of PF2/6 is complicated [y
phase formation leading to the occurrence of aolthii red-shifted absorption and emission

features for the polyfluorene block. The details mot discussed heté?:%
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Figure 2.2 a/b). PL spectra of PF2/6-b-P3MAHT (mddem precursor B; polymer concentration:
1.2x10°mg/mL) in THF/water mixturesi{, = 430 nm).
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Figure 2.3. Photoluminescence intensity at 590 rniPi62/6-b-P3TMAHT in THF/water mixtures
(precursor B, polymer concentration: R0° mg/mL, e = 430 nm) as a function of composition
(VIv).

PL spectra of PF2/6-P3TMAHT (excitation at 430 nm, thus leading to lesovze emission

from the P3TMAHT block) in THF/water mixtures of rying composition are shown in
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Figure 2.2. Starting from pure water to 10 and Z0%-, the PL band becomes more intense,
and is accompanied by a blue shift of the emisaieimum. This indicates an ongoing de-
aggregation of the ionic polythiophene block. FartifHF addition (to 30, 40, 50 and 60%)
leads to a subsequent de-aggregation which is gmaed by a 50 nm blue shift of the
P3TMAHT emission maximum. THF contents of 70, 8@ 80% again result in a decrease of
the PL intensity and a red-shifted P3TMAHT PL batds reflecting the re-aggregation of
the PSTMAHT blocks. For 50% THF the maximum PL gty band is observed. The plot
shown in Figure 2.3 visualizes this trend for tledative PL intensity at 590 nm of the
P3TMAHT emission band after excitation of PFR/&3TMAHT at 430 nm as function of
the composition indicating PL quenching by aggregatith increasing water contents. On
excitation into the PF2/6 absorption band (at 380 the intensity of the blue PF2/6 emission

band is progressively reduced with decreasing Totfent (not shown here).

A nearly identical trend in the PL spectra is okedrfor PF2/@-P3PyHT in THF/water
mixtures, with the maximum PL intensity for the BBH block observed for ca. 40% THF.
The difference in the THF contents should reflée slightly reduced hydrophilicity of the
cationic P3PyHT block.

2.2.3. Aggregation Behavior in Methanol

Now we studied the aggregation of the diblock cgel@ctrolytes PF2/®&-P3TMAHT and
PF2/6b-P3PyHT by two different imaging techniques (AFMdanonfocal fluorescence

microscopy). Here, we focus on the aggregation\aeha pure methanol.

2.2.3.1. Atomic Force Microscopy of Thin Films

AFM images of spin and drop cast layers of PH2EB3TMAHT or PF2/6b-P3PyHT from
dilute methanolic solution (0.03-0.08 mg/manto mica substrates show the formation of
spherical vesicles. The diameter of these vesi(descalled polymersomes) ranges from
several hundreds of nanometers up to several nidaz 0.2-4um). The results impressively
demonstrate the tendency of rod-rod all-conjugapetlelectrolyte diblock copolymers

towards formation of nanoaggregates with low cumsa{vesicles or lamellae). This behavior
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should be widely independent from the nature ofgdite chains at the polyfluorene block
(PFO or PF2/6), the molecular weight of the dibledpolymer, the polydispersity, and the
block length ratid?
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0.000%Y
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Figure 2.4. Tapping mode AFM images of PF2/6-b-REPYmade from precursor B) deposited from
methanolic solution onto a mica substrate (0.08mg/left: topography 5.0x5,0n?, right: phase

image 5.0x5.Qa).

Figure 2.4 illustrates the formation of vesiculd2/-b-P3PyHT (precursor B) aggregates
from a methanolic solution of low diblock copolymesncentration. The layers were drop
casted onto mica substrates and investigated ipmigmode AFM (left: topography; right:

phase image). The occurrence of isolated, collapssicles with a partially damaged
vesicular shell, most likely a bilayer, is cleavigible in the AFM images (tapping mode).
During collapse of the vesicles some diblock copwy material was re-distributed on the

surface as a very thin layer with a fractal shape.

Also contact mode AFM images show large vesicutauctures from methanolic solution
onto mica substrates (Figure 2.5). The polymerstmmaation seems similar if compared to
the tapping mode AFM images from methanol. Compardiut smaller vesicular structures
have been observed for the uncharged amphiphillg[%6-bis(2-ethylhexyl)fluorenelk-
poly[3-(6-diethylphosphonatohexyl)thiophene] by &tal in 20072

Remarkably, drop casting of PF26P3TMAHT from water (polymer concentration

0.1 mg/mL, Figure 2.6) followed by slow solvent pweation leads to the formation of

fractal-like, poorly structured aggregates as bakso observed for triblock polyaniline-

polyfluorene-polyaniline copolymets and non-conjugated amphiphilic block copolymers
(PSh-PEOY>.
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Figure 2.5. Contact mode AFM images of PF2/6-b-PBHW (made from precursdB) deposited

from methanolic solution onto a mica substrate §0y/mL; topography images, left: 50.0x5Me,

right: 10.0x10.0um).
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Figure 2.6. Contact mode AFM image of PF2/6-b-P3'HMAmade from precursor C) deposited from
aqueous solution onto a mica substrate (0.1 mghopggraphy image, 100.0x10Q.a7).

Figure 2.7 depicts a structure model of the diblockolymer vesicles (polymersomes) that
are formed in methanol. The core region of the apiplc bilayers (vesicle walls) is
generated in the aggregation of the non-ionic, ¢yydobic PFO or PF2/6 segments (in red)
while the outer shells of the vesicle walls arenfed by the ionic, hydrophilic P3PyHT or
P3TMAHT segments (in blue). Our structure modetiteto the occurrence of an interfacial
dipole within the vesicle wall® The degree of interdigitation of the PF2/6 segmémtthe
inner region of the vesicle walls cannot be derifreth our data. However, the thickness of
the collapsed vesicles (ca. 35-45 nm, see nexgpph) points to an interdigitation of the

hydrophobic PF2/6 segments.

Further AFM experiments have been collected atdrigioncentrations of the polyelectrolyte
diblock copolymer PF2/6-P3PyHT (precursor A, Figure 2.8) and PFB/B3TMAHT
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(precursor D, Figure 2.9) in methanol. A denserecage of the substrate accompanied by a
transition to solid state-like films is obtained klyop-casting from methanol onto silica

substrates.

Figure 2.7. Graphical illustration of the vesicleuscture formed by PF2/6-b-P3TMAHT and PF2/6-b-
P3PyHT from methanolic solution (red: PF2/6 bloolkje: P3TMAHT or P3PyHT block).

In Figure 2.8 vesicular and lamellar (fibrillar)grggates with an inter-lamellar distance of ca.
20 nm coexist. The interlamellar distance well esponds to the lateral dimension of

extended copolymer chains (Figure 2.8).

BO77Y

0000

Figure 2.8. Tapping mode AFM images of PF2/6-b-RB8Py¥made from precursor A) drop-casted

from methanolic solution onto a silica substrated@mg/mL, phase images, left: 5.0xBtd, right:

1.0x1.0z).

Further experiments (Figure 2.9) at higher polycwrcentration illustrate the transition from
vesicular (region 1) to terrace-like morphologiesg{on 3) with a terrace height of ca. 35-
45 nm. This step height should approximately cqoas to the double lateral dimension of
the copolymer bilayers which are formed in the ajudle/fusion of the vesicles after
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deposition. The layered assemblies should showall@eorientation with respect to the silica

surface’!

160.50 nm

Figure 2.9. Tapping mode AFM images of PF2/6-b-PBMIAmade from precursor D) deposited
from methanolic solution onto a silica substratem(mL, topography image, 4.0x40r). (1)

vesicular, (2) mixed, and (3) terrace-like morplgyo

2.2.3.2. Confocal Microscopy

Figure 2.10. Confocal fluorescence microscopy insa@é three PF2/6-b-P3PyHT (made from

precursorA) vesicles in methanolic solution (10 mg/mL) onlasg substrate (vesicle size: 3#),

left: single vesicle, middle and right: fused vissic

Next, in addition to the AFM investigations, we kaanalyzed the vesicle (polymersome)
formation of PF2/@&-P3PyHT in solution directly by confocal fluorescenmicroscopy.

Three confocal images of luminescent PRH2B3PyHT vesicles (precursor A) in methanol
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with a diameter of 3-im are depicted in Figure 2.10. The use of coltersl showed that the

photoluminescence of the vesicles is dominatedheyréd emission of the P3PyHT blocks
that are located in the outer shell of the polymerss. The left picture depicts a single
vesicle, the middle and right images show fusedciessthat have been formed in the fusion

of two or more initially formed single polymersonfés

2.2.4. Complexation with Anionic Surfactants

In further experiments, the complexation of thecklagopolyelectrolyte PF2/6-P3TMAHT
with the oppositely charged surfactant sodium dgldsalfate in water (SDS) has been
studied. The PL spectra of PFH&R3TMAHT after addition of SDS to an aqueous soluti
of the diblock copolymer are depicted in Figurel2.1
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Figure 2.11. Photoluminescence spectra of PF2/GBNPAHT with the addition of sodium dodecyl
sulfate (SDS) to an aqueous solution of the dibloogolymer (polymer concentration: X20°
mg/mL = 2.3x10° M charged repeat units; the SDS concentrationsgiven in the inset, at a SDS

concentration of 2.410° M (dotted line) charge compensation should ocdug;= 430 nm).

Excitation at 430 nm into the P3TMAHT absorptionlyorcauses emission of the polar
P3TMAHT blocks. In contrast to the PF2/6 emissi@ndy the P3STMAHT blocks show a
distinct spectral response during surfactant adlditincorporation of a charge equivalent of
SDS leads to a significant PL enhancement withpattsal changes after direct excitation at
430 nm. Starting at a 5-fold SDS excess a distetishift of the PL spectral signature of the
P3TMAHT blocks is observed that is accompanied bypectral narrowing and the
occurrence of well-resolved vibronic side bandsisT$pectral behavior is typical for an
ongoing formation of highly ordered polyelectrokggrfactant (P3TMAHT/SDS) complexes
of the diblock copolymer with SDS. At a 40-fold S[@8cess, which still corresponds to an
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SDS concentration considerably below its criticatetie concentration (cmc: 8.2 mM)the
re-organization process is mainly finished. Thisvg that not simply an incorporation of the
diblock copolymer into micelles occurs. The finditltat surfactant interactions with the
diblock copolymers are observed at concentratioedi elow the surfactant cmc is in
agreement with observations for other polyelectedgurfactant systems as described by

Jonssonet al?®

The concept of “critical association concentratioftac) describes the
interaction of surfactants with oppositely chargeayelectrolytes at concentrations below
their cmc, largely through electrostatic interactio and under formulation of
polymer/surfactant aggregatés.A quite similar behavior, but at higher surfactant
concentrations, is observed upon addition of sodiatyl sulfate (SOS). As has previously
been seen with oppositely charged surfactants kaahating conjugated polyelectrolytes’
this strongly suggests that charge neutralizatiead$ to self-assembly into ordered
P3TMAHT/SDS complexes. In the case of our dibloockalymers this leads to a more rigid,
planarized conformation of the ionic polythiophemains. However, it should be pointed out,
that the spectral changes only reflect the sel&oization of the ionic P3STMAHT blocks
upon formation of highly ordered P3TMAHT/SDS conyads. The consequences of SDS (or
SOS) addition on the organization of the polyflumdlocks cannot be derived from the PL
spectra of Figure 2.11. Recently, similar obseoretiwere obtained by Yaet al for the
interaction of a cationic homopolythiophene poly{thyl-3-[3-(N,N,N-

trimethylammonium)-1-propyloxy]-2,5-thiophene} wigtmionic surfactants.

2.2.5. Incorporation into Organic Electronic Devices

The solubility of conjugated polyelectrolyte (CR#dck copolymers in highly polar solvents
generally allows for a simple and reliable fabii@atof multilayer-based organic devices,
which may avoid one serious problem in the fabrcabf multilayer devices by solution
processing — the mixing of different componentsirduthe subsequent processing st&fis.
Recently, polyfluorene-based and related CPE’s lmeen inserted between the active layer
and the electron collecting electrode in bulk hgterction (BHJ) devices for a more efficient

charge carrier extractiohi.

Consequently, we have used our novel CPE blocklgomy PF2/6b-P3TMAHT as well as
the corresponding homopolymer P3TMAHT as chargeaetibn interlayer of BHJ-type
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organic solar cells. Figure 2.12 shows the chensitakctures of the used materials as well as
the device structure with the CPE layer betweeivadayer and metal electrode for charge

extraction improvement.

BHJ-type organic solar cells were fabricated withaative PCDTBT/P&BM blend onto a
40 nm thick poly(3,4-ethylenedioxythiophene):poty(enesulfonate) (PEDOT:PSS) layer on
patterned ITO coated glass substrates. The bldnts fof poly[N-9’-heptadecanyl-2,7-
carbazole-ail-5,5-(4’,7’-di-2-thenyl-2’,1’,3’-ben#madiazole)] (PCDTBT) and [6,6]-phenyl
C70-butyric acid methyl ester (PBM) were deposited by spin-coating (procedure desdr

in the experimental section). The CPE layers weaittssquently deposited by spin-coating
0.01% (w/v) PSTMAHT or 0.02% (w/v) PF2i6P3TMAHT methanolic solutions. The low
CPE concentrations were chosen to calibrate a riegxk of only several nanometers thus
minimizing possible complications due to ion motf8rtWe also fabricated a control device

without CPE layer for comparison.

CeH12N+(CH3)3Br

(B

s n

PC;,BM CP E

P3TMAHT

PCDTBT:PC7:1BM

Colir~y Coftrr PEDOT:PSS
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PF2/6-b-P3TMAHT PCDTBT

Figure 2.12. Chemical structure of the materialedifor OSC device fabrication (left). Device

configuration of an organic solar cell includingtlain CPE layer (right).

Current density-voltage (J-V) characteristics ok tdevices measured under AM 1.5
illumination are shown in Figure 2.13. The obtairstrt circuit current g¢), open circuit
voltage (\bo), fill factor (FF) and power conversion efficien@CE), as determined from the
J-V curves are summarized in Table 2.3. It is notghy that all devices with CPE layers
show improved performances in comparison to comtesices. The introduction of the CPE
layer leads to increases ofcJfrom 9.7 to 10.8 mA/cm? (P3STMAHT) and 10.6 mA/cm?2
(PF2/6b-P3TMAHT). Similarly, an improvement in 3¢ from 0.82 to 0.86 V (P3TMAHT)
and 0.89 V (PF2/®&P3TMAHT) and FF from 63 to 66% (P3TMAHT) and 67®F/6b-
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P3TMAHT) was observed. Therefore, the PCE increfses 5.3% for the control device to
6.3% (P3TMAHT) and 6.5% (PF2I6P3TMAHT). *°
r = w/ methanol

[ — w P3TMAHT

r — w PF2/6-b-P3TMAHT
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Figure 2.13. Current density-voltage (J-V) charaisiics of PCDTBT:P&BM devices without CPE
layer (black), with a thin P3STMAHT (blue) or PF206P3TMAHT interlayers (red) under illumination
with an AM 1.5G solar simulator, 100 mW/&n\lso pure methanol (green) was spin-cast on top o

the active blend layer for comparison.

As a control experiment a possible influence ofgblrent methanol used for CPE deposition
was tested. These experiments involved spin-coatinmure methanol atop the active layer,
followed by a sequence of steps similar to thoseCiBE layer deposition. Interestingly, the
devices obtained after methanol treatment showedesbat increased 3¢ values and a
somewhat higher PCE (Figure 2.13 and Table 2.3ydver, the d- values are smaller in
comparison to the devices containing CPE layers. &sume that the performance
improvement for the devices with CPE layers maydoe to a combination of several

effects®®

In summary, we demonstrated the simple fabricatiomgh efficiency BHJ solar cells with a

thin CPE interlayer between active layer and cathdthe introduction of P3TMAHT and

PF2/6b-P3TMAHT interlayers leads to a CPE increase fran%3 to 6.5%. Typically, the

polythiophene backbones of the CPE are considesechade transport/hole extraction
materials. Cationic polythiophenes as well as bloggolymers with cationic polythiophene-
based CPE segments have been shown to be usefubelextracting interlayers. The reason
for this effect may be due to the formation of ifaeial dipoles and/or to the interfacial
accumulation of ions. The main outcome is thatrapt deposition of thin CPE layers
simultaneously increasesoy, k¢, FF and PCE. However, further experiments are exbéal

a full understanding of the impact of CPEs inteztsyon solar cell performante.The

available literature concerning this point is unbw not consistent.
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Table 2.3. Device performance of the PCDTBT#B®M-based BHJ-type organic solar cells with and
without CPE interlayers g& short circuit current density, 3 open circuit voltage, FF: fill factor,

PCE: power conversion efficiency).

PCDTBT:PC71BM Jsc Voc FF PCE PCE

(mA/cm?) V) (%) (%) (%)
Average Best

wio CPE layer 97+03 082004 61+1 5.0 5.3
w/methanol 97403 088+001 62+1 5.3 5.4
wiP3TMAHT 108+03 0.86+001 661 6.1 6.3
wiPF2/6b-P3TMAHT  10.6+0.3 0.89+001 67+1 6.2 6.5

2.3.Conclusion and Outlook

In summary, we have developed a straightforwardhggit protocol towards novel all-
conjugated, cationic diblock copolymers consistifig non-ionic poly(dialkylfluorene) and a
cationic poly(3-alkylthiophene) block. Pure PF2&@3TMAHT, PFOb-P3TMAHT, PF2/6-
b-P3PyHT and PF®-P3PyHT polyelectrolyte block copolymers were isetaby careful
separation from homopolymeric products includingeated solvent extraction steps. Further
on, we have studied the photophysical propertigsaggregation behavior of them in solution

and in the solid state.

Absorption and PL spectra of PF2ZIR3TMAHT, PFOb-P3TMAHT, PF2/6b-P3PyHT, and
PFO-b-P3PyHT show spectral signatures of PF and bREks. Absorption and PL
experiments in aqueous solution indicate the prsenf strongly aggregated species.
Addition of 30-70% THF leads to a subsequent deceggagion which is accompanied by a
blue shift of the emission maximum for the ionidypleiophene block. The all-conjugated,
cationic block copolymers show the formation of moresized vesicular aggregates
(polymersomes) mostly independent of the moleauksight of the ionic diblock copolymers.
Vesicle formation was observed by imaging techrnsgeigch as contact/tapping mode atomic

force microscopy (AFM) and confocal fluorescencenuscopy.
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Our CPEs have been tested as electron extractieriayers of organic BHJ-type solar cells.
The introduction of P3TMAHT or PF2/6-P3TMAHT as thin interlayers lead to an increase
of the PCE from ca. 5.3 to ca. 6.5%.

Inspired by our preliminary results, future workllvarovide a more detailed studies of the
self-organization properties. Concerning the palgifene)b-poly(thiophene) diblock
copolyelectrolytes, a further improvement of thecélonic properties seems possible by
modification of the side groups (alkyl length, polaead groups). For this, ionic block
copolymers with different quaternary ammonium gup.g. derived from quinoline or

methylimidazole, as well as zwitterionic CPEs maygenerated.

Hereby, the introduction of zwitterionic side greugeems especially interesting (exemplary
shown for the PB-PT block copolymer in Scheme 2.2). An advantageuah zwitterionic
CPE block copolymers is the absence of mobile @umns due to the pinning of the
sulfonate counter ions to the CPE side chain. firtag also help to clarify the function of the
thin CPE interlayers in OSCs. Such zwitterionic GRterlayers may cause a further device

improvement and are promising candidates for oreleictronics device$:’

0,8

:
FEIAN

H17C¢" CgHiz

SO5” SO5”

Scheme 2.2. Chemical structures of possible aljugmted, zwitterionic diblock copolymers.

CPE-based sensors have already been developed ef@mrak kinds of analytes, as
anions/cations, proteins or DN&* In this context, block polyelectrolytes should tested

for an application in sensors/biosensors.
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2.4.Experimental Section

Materials

Unless otherwise indicated, all reagents were nbthirom commercial suppliers and were
used without further purification. All reactions rgecarried out using standard and Schlenk
techniques under an argon atmosphere. The solwenéesused as commercial p.a. and HPLC

quality.

3-(6-Bromohexyl)thiophene (T6BF)

3-Bromothiophene (10.0 g, 61.3 mmol) was dissoliredry n-hexane (85 mL) and cooled
down to -50 °C. Then, 1.6 M-butyllithium (38.3 mL, 61.3 mmol) was added drofs&v
After stirring for 10 min dry THF (8 mL) was intraded yielding a white precipitate. The
mixture was stirred for 1 h and allowed to warmtaproom temperature. Additional THF
(3 mL) was added along with an excess of 1,6-dilotoemane (38 mL, 81.7 mmol). The
yellow mixture was stirred for 2 h followed by exttion with diethyl ether for three times.
The organic phase was isolated, washed with water,dried over magnesium sulfate. After
removing the organic solvents, the excess of atkyfiide was removed under reduced
pressure. Further purification by vacuum distibatafforded 3-(6-bromohexyl)thiophene as a
colorless oil (10.26 g, 68%).

'H-NMR (400 MHz, CDCly): & (ppm): 7.17 (ddJ = 5.1 Hz and 3.0 HZLH, Ar-H), 6.87 (dd,
J=5.1Hz and 1.2 HZAH, Ar-H), 6.86 (dd,J = 3.0 Hz and 1.2 HZLH, Ar-H), 3.35 (tJ =

6.6 Hz 2H, Br-CH), 2.56 (t,J = 7.6 Hz 2H, Ar-CHp), 1.78 (quintJ = 7.1 Hz 2H, Br-CH-

CHy), 1.56 (quintJ = 7.6 and 7.1 Hz2H, Ar-CH-CHy), 1.38 (quintJ = 8.1 and7.1 Hz 2H,

Ar-(CHy)2-CHy), 1.28 (quintJ = 7.1 and 8.1 Hz2H, Br-(CH)>-CH,). *C-NMR (100 MHz,
CD.Clp): 8 (ppm): 143.3, 128.6, 125.5, 120.2, 34.7, 33.06,380.4, 28.7, 28.3. GC-MS: %

7.5 min, 100% M: 246. Bp: 96 °C (+ 1 °C) at 0.04 mbar.

2-Bromo-3-(6-bromohexyl)thiophene (BrT6Br)

3-(6-Bromohexyl)thiophene (4.9 20.0mmol) was dissolved in DMF (50 mL) in the dark
at -20 °C. A solution of NBS (3.62, 20.5mmol) in DMF (50 mL) was added drop-wise and
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the resulting mixture stirred for 30 min at -20 88d subsequently warmed up overnight to
room temperature. Then, the reaction mixture wasrgm into ice (50 g). The resulting
solution was extracted with dichloromethane foreéhtimes. The combined organic layers
were dried over magnesium sulfate followed by thmaval of volatile solvents at reduced
pressure. The residue was purified by silica gklroa chromatography (eluent:heptane) to
afford 2-bromo-3-(6-bromohexyl)thiophene as a deks oil (25.58 g, 73%).

DC: R = 0.50 (silica gelp-heptane)’H-NMR (400 MHz, CDCly): & (ppm): 7.13 (dJ =
5.6 Hz 1H, Ar-H), 6.73 (dJ = 5.6 Hz 1H, Ar-H), 3.34 (tJ = 7.1 Hz 2H, Br-CH,), 2.45 (t,J
= 7.6 Hz 2H, Ar-CH,), 1.78 (quintJ = 7.1 Hz 2H, Br-CH-CH,), 1.56 (quint,J = 7.6 and
7.1 Hz 2H, Ar-CH-CHy), 1.38 (quintJ = 7.6 and 7.1 HZ2H, Ar-(CH,),-CH,), 1.27 (quint,J]
= 7.1 and 7.6 Hz2H, Br-(CH,),-CH,). *C-NMR (100 MHz, CBCL,): § (ppm): 142.0, 128.6,
125.7, 109.1, 34.7, 33.0, 29.7, 29.5, 28.6, 28l@mEntal analysis: {gH14Br»S, calculated
(%): C 36.83, S 9.83, H 4.33, measured (%): C 369.72, H 4.59. GC-MS; £ 6.8 min,
100% M'": 326.

General procedure for the synthesis of 2,7-dialikgiene

2,7-Dibromofluorene (15.8 g, 48.8 mmol), alkylbrol®i (488 mmol) and
tetrabutylammonium bromide (1.57 g, 4.88 mmol) wadtled to an aqueous potassium
hydroxide solution (300 mL, 45% w/w). The mixturesvstirred for 1 h at 80 °C and then
diluted with water (50 mL). The aqueous solutionsvextracted with dichloromethane for
three times and the combined organic layers weshea with water, 1 M HCI, brine, and
dried over magnesium sulfate. After removal of tbeganic solvent, the excess of
alkyloromide was removed under reduced pressure. ¢fhide product, a yellow oil, was
purified by silica gel column chromatography tooadf 2,7-dialkylfluorene as a colorless oil,

which was recrystallized from ethanol yielding atdss crystals.

2,7-Dibromo-9,9-dioctylfluorene (BrFO)

According to the general procedure, 2,7-dibromatne (3.84 g, 14.76 mmol) was reacted
with 1-bromooctane (28.50 g, 147.6 mmol) to Vyieldfter purification by column

chromatography (eluemt-hexane), about 5.84 g (approx. 72%) of the targetpound.
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'H-NMR (500 MHz, CDCL): & (ppm): 7.50 (dJ = 8.0 Hz 2H, Ar-H), 7.49-7.46 (m, 4H, Ar-
H), 1.95 (m, 4H, CH), 1.24-1.06 (m, 24H, C§, 0.59 (m, 6H, Ch). *C-NMR (125 MHz,
CD.Clp): 6 (ppm): 153.46, 139.9, 130.7, 126.9, 122.0, 12584, 40.7, 32.4, 30.5, 29.8,
24.3, 23.2, 22,5, 14.5. Elemental analysiggHaoBr,, calculated (%): C 63.51, H 9.79,
measured (%): C 63.41, H 9.61. GC-MS= 8.5 min, 100% M 548. Mp 50 °C (+ 1 °C).

2,7-Dibromo-9,9-bis(2-ethylhexyl)fluorene (BrF2/6)

According to the general procedure, 2,7-dibromatne (3.20 g, 12.30 mmol) was reacted
with 3-(bromomethyl)heptane (23.60 g, 123 mmol)yield, after purification by column
chromatography (eluent-hexane), about 5.02 g (approx. 74%) of the tacgetpound.

DC: R = 0.80 (silica gel, hexaneH-NMR (400 MHz, CDCJ): & (ppm): 7.53 (dJ = 7.6 Hz
2H, Ar-H), 7.46 (dJ = 1.5 Hz, 2H, Ar-H), 7.44 (d,= 1.5 Hz 2H, Ar-H), 1.98-1.89 (m, 4H,
Ar-CHy), 0.95-0.45 (m, 30H, alkyl-H)"*C-NMR (100 MHz, CDGJ): & (ppm): 152.4, 139.2,
130.1, 127.1, 121.0, 120.8, 55.5, 44.4, 34.7, 338(1, 27.1, 22.7, 14.0, 10.3. Elemental
analysis: GgH4oBr,, calculated (%): C 63.51, H 9.79, measured (%83C15, H 9.85. GC-
MS: t, = 8.5 min, 100% M 548. Mp 46 °C (+ 1 °C).

General procedure for the synthesis of 2-(4’,455tetramethyl-1’,3’,2’-dioxaborolane-2’-
yl)-7-bromo-9,9-dialkylfluorene

2,7-Dibromo-9,9-dialkylfluorene (15.4 mmol) was sbéved in dry, degassed diethylether
(300 mL) and placed in a 500 mL round bottle flaBke solution was cooled down to -78 °C
and 0.98 equivalents of alkyl lithium (eitherbutyllithium or t-butyllithium) were added
drop-wise. The resulting solution was allowed io fer one hour followed by addition of 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolg@&.6 mL, 61.5 mmol) in one shot. The
reaction mixture was then stirred one more hou7&t’C. The mixture was then allowed to
warm up to room temperature overnight followed bgrching with water (50 mL). The two-
phase solution was then extracted with dichloromrethfor three times and the combined
organic layers were washed with water and brin€, @med over magnesium sulfate. The
solvent was removed under reduced pressure andesindting yellow oil was purified by
silica gel column chromatography to afford 2-(445'-tetramethyl-1’,3’,2’-dioxaborolane-

2’-yl)-7-bromo-9,9-dioctylfluorene as a colorless o
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2-(4",4',5',5'-Tetramethyl-1’,3’,2’-dioxaborolane-21)-7-bromo-9,9-dioctylfluorene (FO)

According to the general procedure, 2,7-dibromaedicgtylfluorene (6.0 g, 10.9 mmol) was
reacted 1.6 Mn-butyllithium (6.2 mL, 10.7 mmol) to yield, afterupfication by column
chromatography (eluent: ethyl acetate/hexane =)5&%out 3.20 g (approx. 49%) of the

target compound.

'H-NMR (500 MHz, CDC}): & (ppm): 7.81 (d, 1H, Ar-H), 7.72 (s, 1H, Ar-H), B.6d, 1H,
Ar-H), 7.57 (d, 1H, Ar-H), 7.46 (s, 1H, Ar-H), 7.40n, 1H, Ar-H), 2.04-1.90 (m, 4H, Ar-
CHy), 1.39 (bs, 12H, OC(CHLC(CHg)0), 1.29-1.00 (m, 20H, alkyl-H), 0.82 (t, 6H, gH
CHs), 0.64-0.47 (m, 4H, alkyl-H)}*C-NMR (125 MHz, CDGJ): & (ppm): 153.6, 149.5,
143.0, 140.0, 133.9, 129.9, 128.9, 126.2, 121.9,01 B3.8, 55.5, 40.1, 31.8, 29.9, 29.1, 24.9,
23.6, 22.6, 14.0. Elemental analysis3sts.BBrO,, calculated (%): C 70.59, H 8.80,
measured (%): C 70.42, H 8.39. GC-MS= 8.8 min, 100% M 596.

2-(4,45",5'-Tetramethyl-1",3",2’-dioxaborolane-21)-7-bromo-9,9-bis(2-
ethylhexyl)fluorene (F2/6)

According to the general procedure, 2,7-dibromeis®-ethylhexyl)fluorene (4.94 g,
9.00 mmol) was reacted with 1.6 M-butyllithium (6.2 mL, 10.7 mmol) to yield, after
purification by column chromatography (eluent: éthgetate/hexane = 2:98), about 2.90 g
(approx. 53%) of the target compound.

DC: R = 0.32 (silica gel, ethyl acetate/hexane = 2:88)NMR (400 MHz, CDC}): & (ppm):
7.82 (s, 1H, Ar-H), 7.78 (dl = 7.6 Hz 1H, Ar-H), 7.64 (dJ = 7.6 Hz 1H, Ar-H), 7.56 (dJ

= 8.1 Hz 1H, Ar-H), 7.51 (s, 1H, Ar-H), 7.44 (d,= 8.1 Hz 1H, Ar-H), 2.05-2.00 (m, 2H,
Ar-CHy), 1.95-1.87 (m, 2H, Ar-C}}, 1.36 (s, 12H, OC(CHLC(CH;)20), 0.92-0.43 (m, 30H,
alkyl-H). *C-NMR (100 MHz, CDGJ): & (ppm): 153.4, 149.2, 143.0, 140.1, 133.8, 130.4,
129.8, 127.5, 121.3, 118.9, 83.6, 55.2, 44.3, 3B71, 27.3, 27.0, 24.8, 22.7, 14.0. Elemental
analysis: GsHs:BBrO,, calculated (%): C 70.59, H 8.80, measured (%3&1H 8.89. GC-
MS: t, = 9.8 min, 100% M 596.

Monobromo-endcapped poly[3-(6-bromohexyl)-2,5-thenpe] (Br-P3BrHT)

Fresh lithium diisopropylamide (LDA) was preparedni freshly distilled diisopropylamine
(1.6 mL) and 1.6 Mn-buthyllithium (6.25 mL inn-hexane). The product was added to dry
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THF (50 mL) under Ar atmosphere at -78 °C via aingy@. The resulting solution was
allowed to warm up to room temperature. The sofutwas stirred for 5 min at room
temperature and again cooled down to -78 °C foltbvy addition of 2-bromo-3-(6-
bromohexyl)thiophene (3.26 10.0mmol). After stirring for 2 h the reaction mixture was
added to a cooled solution (-78 °C) of dry zinc@hloride (1.40y, 10.3mmo) in dry THF

(3 mL) via a syringe followed by additional stirgirior 1 h at -78 °C. After warming up the
mixture to room temperature the catalyst Ni(dppp)@B mg, 0.0065mmol) was added in
the dark and the resulting reaction solution dirfer 30 min. The reaction product was
poured into cold methanol (500 mL) and the preatpitisolated by filtration. The crude
polymer was re-dissolved in CHCAnd washed with water, brine, and saturated NaldHCO
Then, the solution was concentrated and the polye@recipitated by pouring the viscous
solution into cold methanol (500 mL). The polymeaisapurified by Soxhlet extraction with
methanol, acetone, and-hexane. The residue was re-dissolved in chlorofamd the
polymer isolated by removing the chloroform undestuced pressure. The resulting polymer
was dried in vacuum to yield Br-P3BrHT as a darxkselid (1.82 g, 56%).

'H-NMR (400 MHz, CDCL): § (ppm): 6.94 (s, 1H, Ar-H), 3.37 (t, 2H,= 6.6 Hz -CH),
2.87-2.74 (t, 2H, Ar-Ch), 1.91-1.73 (m, 2H, alkyl-H), 1.72-1.55 (m, 2HkgH), 1.54-1.11
(m, 4H, alkyl-H).**C-NMR (100 MHz, CRCLy): & (ppm): 140.0, 133.9, 130.8, 128.9, 34.7,
33.0, 30.5, 29.6, 28.9, 28.3. Elemental analysissH13BrS), calculated (%): C 48.92, S
13.08, H 5.34, measured (%):C 48.68, S 12.97, 18.38/-Vis (CHCBE): Amax, abs= 435 nm.
PL (CHCE, Aexc = 380 NM)Amax, en= 570 nm.

General procedure for the synthesis of poly(9,9kgia2,7-fluorene)-b-poly[3-(6-
bromohexyl)-2,5-thiophene]
2-(4,4',5,5'-Tetramethyl-1’,3",2’-dioxaborolane-2/)-7-bromo-9,9-dialkylfluorene

(1.80 mmol), and tetrakis(triphenylphosphine)patiac{0) (34 mg, 0.030 mmol) were
dissolved in toluene (5 mL) followed by addition M aqueous sodium carbonate solution
(5 mL). The resulting mixture was allowed to reantler inert atmosphere for 8 h at 80 °C.
After that, Br-P3BrHT (200 mg) in toluene (5 mL) svadded. The reaction mixture was
further reacted for 40 h at 80 °C. Upon completbthe reaction the mixture was poured into
methanol (500 mL) resulting in polymer precipitatioThe solid was collected and
washed/fractionated by Soxhlet extraction with raathi and hexane for 24 h each, followed

by Soxhlet extraction with chloroform. The chlorofofraction was characterized and used.
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Poly(9,94dioctyl-2,7-fluorene)-b-poly[3-(6-bromohexyl)-2,5-thiope¢iPFO-b-P3BrHT)

According to the general procedure, 2-(4’,4’,5'tétramethyl-1’,3’,2’-dioxaborolane-2’-yl)-
7-bromo-9,9-dioctylfluorene (FO) (0.56 mg, 0.90 nmand poly[3-(6-bromohexyl)-2,5-
thiophene] (Br-P3BrHT) (51 mg) as macromoleculadaapper were reacted to yield, after
Soxhlet extraction, about 178 mg (approx. 31%,teeldo the amount of fluorene monomer)

of the target compound as a dark red solid.

IH-NMR (400 MHz, CDCY): & (ppm): 7.88-7.56 (m, PF-block), 7.00-6.97 (m, Rdek),
3.43-3.37 (m, alkyl-H), 2.89-2.77 (m, alkyl-H), .63 (m, alkyl-H). UV-Vis (CHG):
}\zmaxl abs: 385, 435 nm. PL (CH@'}Lexc: 380 nm)}bmax’ ern: 415, 572 nm.

Poly[9,9-bis(2-ethylhexyl)-2,7-fluorene]-b-poly[8-promohexyl)-2,5-thiophene] (PF2/6-b-
P3BrHT)

According to the general procedure, 2-(4',4’,5'tétramethyl-1’,3’,2’-dioxaborolane-2’-yl)-
7-bromo-9,9is(2-ethylhexyl)fluorene (F2/6) (3.096 mg, 5.20 mmobBnd poly[3-(6-
bromohexyl)-2,5-thiophene] (Br-P3BrHT) (716 mg) asacromolecular endcapper were
reacted to yield, after Soxhlet extraction, abdd® &g (approx. 26%, related to the amount

of fluorene monomer) of the target compound asrk =l solid.

'H-NMR (400 MHz, CDCY): § (ppm): 7.89-7.56 (m, PF-block), 7.00-6.96 (m, Rdek),
3.75-3.70 (m, alkyl-H), 2.89-2.78 (m, alkyl-H), 3:0.50 (m, alkyl-H). UV-Vis (CHG):
}Lmax’ absz 390, 439 nm. PL (CHgl}Lexc: 380 nm)}\,max’ em: 424, 571 nm.

General procedure for the quaternization reaction

A large excess of the amine (10 mmol) was added sblution of the neutral polymer
(50 mg) in dry THF (5 mL). After stirring for 1 dagt 80 °C the formation of a precipitate
was observed, which was re-dissolved by additiomethanol (10 mL). After filtration to
remove some insoluble material the solvents weneoved under reduced pressure. The
residue was purified by dialysis against water/raeth 1:1 using a dialysis membrane with a
cut-off of 3,500 g/mol.
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Poly(9,9-dioctyl-2,7-fluorene)-b-poly[3-(6-trimetlynmoniumhexyl)-2,5-thiophene] (PFO-b-
P3TMAHT)

According to the general procedure, PB®3BrHT (50 mg) was reacted with 45 wt%
aqueous trimethylamine solution (2mL) to vyield,teaf purification by dialysis

(water/methanol 1:1), about 41 mg (approx. 80%heftarget compound as a dark red solid.

'H-NMR (400 MHz, MeOD):$ (ppm): 7.31-7.15 (m, PF-block), 7.14-7.01 (m, Rdek and
pyridine), 3.14 (m, alkyl-H), 2.93-2.74 (m, alky}H1.91-0.73 (m, alkyl-H). UV-Vis
(MeOH): Amax, abs= 388 (PF-block), 422 nm (PT-block). PL (MeOHy. = 380 NM)Amax, em=

417 (PF-block), 572 nm (PT-block).

Poly[9,9-bis(2-ethylhexyl)-2,7-fluorene]-b-poly[8-frimethylammoniumhexyl)-2,5-
thiophene] (PF2/6-b-P3TMAHT)

According to the general procedure, PFB/B3BrHT (43 mg) was reacted with 45 wt%
aqueous trimethylamine solution (2mL) to vyield,teaf purification by dialysis
(water/methanol 1:1), about 41 mg (approx. 85%heftarget compound as a dark red solid.

'H-NMR (400 MHz, MeOD):8 (ppm): 7.30-7.17 (m, PF-block), 7.16-7.00 (m, Raek),
3.52-3.26 (m, ChtN), 3.15 (m, alkyl-H), 2.96-2.77 (m, alkyl-H), 29.76 (m, alkyl-H). UV-
Vis (MeOH): Amax, abs= 387 (PF-block), 422 nm (PT-block). PL (MeOKy: = 380 nm):
Amax, em= 416, 438 (PF-block), 572 nm (PT-block).

Poly[9,9-bis(2-ethylhexyl)-2,7-fluorene]-b-poly{8{pyridylhexyl]-2,5-thiophene} (PF2/6-b-
P3PyHT)

According to the general procedure, PFB/B3BrHT (200 mg) was reacted with pyridine
(5 mL) to yield, after purification by dialysis (t&a/methanol 1:1), about 120 mg (approx.

51%) of the target compound as a dark red solid.

'H-NMR (400 MHz, BO): & (ppm): 8.95-8.66 (m, pyridine-H), 8.57-8.40 (mrigine-H),
8.10-7.80 (m, pyridine-H), 7.30-6.66 (m, PF- and-#dck), 4.64-4.33 (m, alkyl-H), 2.79-
2.26 (m, alkyl-H), 2.05-1.75 (m, alkyl-H), 1.64-@.9m, alkyl-H). DSC: | = 75.5 °C. UV-
Vis (MeOH): Amax, abs= 389 (PF-block), 423 nm (PT-block). PL (MeOKy. = 380 nm):
Amax, em= 419 (PF-block), 570 nm (PT-block).
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Poly{3-[6-(N,N,N-trimethylammonium)hexyl]-2,5-thizgne} (P3TMAHT)

According to the general procedure, Br-P3BrHT (frff) was reacted with aqueous 45 wt%
trimethylamine solution (2 mL) to yield, after plication by dialysis (water), about 142 mg

(approx. 76%) of the target compound as a darlsodid.

'H-NMR (400 MHz, BO). 8 (ppm): 7.56-6.57 (m, 1H, Ar-H), 3.64-2.33 (m, 114 CH; and
alkyl-H), 2.04-0.57 (m, 10H, alkyl-H). Elementalaysis: (G3H2:BrNS),, calculated (%): C
51.31, S 10.54, H 7.29, measured (%): C 51.42,.8510 7.00. UV-Vis (MeOH)Amax, abs=
429 nm. PL (MeOHjexc = 390 NnMPmax, ene 562 NM.

Device Part

Organic bulk heterojunction-type solar cells wesbricated by spin-coating the active
PCDTBT/PG:BM blends onto a 40 nm layer of PEDOT:PSS on pakriTO glass
substrates. The PCDTBT:RPBM (1:4 ratio) blends were, hereby, spin castesl0@0 rpm for
40 sec from solution in a chlorobenzene/1,2- didbenzene (1:3) mixture onto the
PEDOT:PSS layer. The films were annealed on a late pt 70°C for 10 min in a glove box.
The CPE layers were subsequently deposited bycgating a 0.01% (w/v) PSTMAHT or
0.02% (w/v) PF2/6-P3TMAHT methanolic CPE solution. Finally, 100 nrhick Al
electrodes were deposited by thermal evaporatiovaguum. Thel-V characteristics of all
devices were measured using a Keithley 236 Soueashte Unit.The solar cell performance
was determined with an Air Mass 1.5 Global (AM G solar simulator with an irradiation
intensity of 100 mW/cth An aperture (9.84 mfhwas used on top of the cell to eliminate
extrinsic effects such as crosstalk, wave guiding shadow effects. The spectral mismatch
factor was calculated by comparison of the spectofithe solar simulator and the AM 1.5

spectrum at RT.

I nstrumentation
NMR

The 'H and **C NMR spectra were recorded on Bruker ARX 400 ancnge Il 600
spectrometers with use of solvent proton or cadignals as internal standards.
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Elemental analyses

Elemental analyses were performed on a Vario ECHNS) instrument.

GC-MS

GC-MS measurements were obtained on a Shimadzu@aGwvith a Shimadzu GCMS-QP
5050 mass spectrometer (column: FS-OV1-CB-0.25)eurelium. Injection temperature:
280 °C, starting temperature: 250 °C, heating ratdC, end temperature: 280 °C, end time:
30 min.

DSC

Differential Scanning Calorimetry (DSC) measurersentre collected with a Perkin EImer
DSC 7 (heating/cooling rate 10 K/,min).

GPC

Gel permeation chromatography (GPC) measurements eagried out using Jasco PU 1580
equipped with Column “MZ plus linearband 300 mm” columns, RI (Jasco RI-2031) and
UV (Jasco UV-2031) detectors, toluene or THF asolemt using polystyrene (PSS)
calibration. The measurements were obtained aC30 °

UV-Vis absorption spectroscopy

UV-Vis absorption spectra were recorded on a Jasceb0 spectrophotometer at room

temperature.

Photoluminescence spectroscopy

Fluorescence measurements were carried out oniarvV@ary Eclipse instrument at room

temperature.
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Confocal flourescence microscope

Confocal fluorescence images were collected usihgiea TCS SP high resolution spectral
confocal microscope equipped with a Millennseries argon laser S-10 excitation source.
The polymer samples were prepared by depositingolgmer solution onto glas slide

followed by placement of a cover slip. The slideswaverted and placed onto the microscope

stage (cover slip down) and the sample imagedaregi-fluorescence mode.

AFM

Atomic force microscopy measurements were recouséay two instruments. 1) A dilnnova
microscope from Bruker in the tapping mode at rdemperature under ambient conditions.
The silicon cantilevers used were between 215t285in length and had a resonance
frequency of approximate 84 kHz; the tip height wasveen 15-2@m. The polymer films
are prepared by drop-casting of polymer solutiont anica and dried in the exsiccator at
room temperature. The solutions were filtered thhowD.25um PTFE-filters. 2) AFM
measurements were recorded using a under nitrogeivoement using a commercial
scanning probe microscope (MultiMode and Nanoscopetroller llla, Veeco Inc.). Surface
potential measurements were collected using a VeliDomension Icon atomic force

microscope instrument.
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Chapter 3

3. All-Conjugated, “Rod-Rod” Diblock Copolyelectrolytes and their
Complexes with Charged Molecules

All-conjugated block copolymers of the “rod-rod”gty have gained an enormous interest
because of their unique and attractive combinatbnanostructure formation and electronic
activity. Potential applications for this classldbck copolymer materials for (bio)sensors or

photovoltaic devices have been demonstrated. Cangpihe active optical and electronic

function of conjugated polymers with (cat)ionicyméctrolytes in all-conjugated block
copolyelectrolytes is, therefore, a very challemgggoal of synthetic polymer chemistry. First
examples of such all-conjugated block copolymemnfa couple of research groups
demonstrate possible synthetic approaches andi¢heapplication potential in biosensors

and electronic devices.

3.1.Introduction

The majority of research on block copolymers hasi$ed on coil-cotland rod-coft® block
copolymers. Much less studied are rod-rod blockobopers, which can be attributed to the
challenges in synthesizing these types of materialiven by the increasing interest in all-
conjugated, rod-type block copolymers as componehtirget structures with biological
[copolymers with polypeptide or deoxyribonucleicidadDNA) blocks] or electronic
(conjugated polymer blocks) functijninvestigations into rod-rod block copolymers have
strongly intensified during the last five years. awor more, different “rigid rod” blocks
covalently bound to each other, will allow for antwlled spatial arrangement of these
blocks. As a result, functional nanostructuresigigrom aggregation and phase separation
of the different blocks have much application ptiggf
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Conjugated polyelectrolytes (CPEs) are often sysitleel by polycondensation reactions of
dihalides and a second, correspondingly substitutkflinctional monomer (e.g. with
B(ORY>, SnR®, ZnX’, and phosphonatéss functional groups). Within the class of metal-
catalyzed or -mediated aryl-aryl coupling methousyel synthetic routes for a preparation of
conjugated polymers with defined and appropriateictive end groups have been developed
by McCulloughet al® They synthesized several end-functionalized regjolar poly(3-
alkylthiophene) via a so-called Grignard metathgsiymerization reaction in one step.
Furthermore, the method of chain-growth polycondéons, which lead to conjugated
polyarylenes with rather low polydispersity? allows for novel synthetic schemes towards
all-conjugated block copolymers. Yokozawt al. are one of the pioneering groups in the
development of such catalyst transfer (or chaiwtjnp polycondensations, and applied this
method for polyphenylene and polyfluorene synthesispectively! They recently adapted
their procedure for the step-wise generation ofcafljugated diblock copolymet$.The
drastically reduced amount of chain termination nése in such catalyst-transfer
polycondensations allows for a simple, step-by-gtelycondensation of two, or more, AB-
type monomers in the step-wise aryl-aryl cross-tingmsequence. Utilizing this, the authors
successfully synthesized a poly(2,5-dialkoxy-1,£&1mpHene)b-poly(N-hexyl-2,5-pyrrole)
diblock copolymer (PP-PPP) with a rather narrow molecular weight disttitn of 1.16

We have now studied synthesis and nanostructuneatoon of ionic, all-conjugated, rod-rod
diblock copolymers containing two conjugated bloaksdifferent polarity. Thereby, one
rational was to introduce an additional driving cer for self-organization by using
conjugated, amphiphilic block copolymers. So, werehaynthesized and characterized a
cationic, all-conjugated, rod-rod diblock copolyn&f2/6b-P3TMAHT which is composed
of a non-polar poly[9,®is(2-ethylhexyl)fluorene] (PF2/6) and a polar, cattopoly[3-(6-
trimethylammoniumhexyl)-2,5-thiophene] (P3TMAHT) obk. The resulting PF2/6-
P3TMAHT block copolyelectrolyte is expected to dxhisolubility in polar protic solvents
including methanol and water. Solubility in water a crucial prerequisite for potential
application in biosensors.

One advantage of conjugated polyelectrolytes aspooent of biosensors over small
molecule-based systems stems from the amplificatfdsoth fluorescence quenchiig®and

Forster resonance energy transfer to appropriaés!dyThis can lead to extremely high
sensitivity. For example, genetic material (DNApdze detected up to the zeptomole 1¥el.

So, cationic, conjugated polyelectrolytes are oftipalar importance for a use as DNA
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sensors! However, although CPE-based fluorescent probel miore than one emission
feature have been develop&dt would appear desirable to develop a CPE-baatdnnetric
fluorescence sensor which output signal can beecbleo an internal standard (and follows

changes of the nucleic acid concentration).

All-conjugated, diblock copolymers consisting oflyflmorene (PF) and polythiophene (PT)
are valuable advanced materi&lé® The chain conformation of both blocks, especiétig
polythiophene block can be modulated by its envirent. The introduction of cationic side
chains at the PT-segment introduces water solybdiid the possibility of tuning the
electronic and optical properties by changing suive by addition of appropriate additives
such as anionic surfactaritsFollowing the well-established effects of nucleicids on the
spectral and photophysical properties of catiomitytpiophene$? we report the use of the
cationic diblock copolyelectrolyte PF2BBP3TMAHT in an assay for anionic surfactants like

sodium dodecylsulfate (SDS), DNA as well as orgaaids.

3.2.Results and Discussion

3.2.1. Synthesis and GPC Characterization

For synthesizing the cationic, all-conjugated disl@opolymer PF2/®-P3TMAHT we used

a “grafting-from” approach starting from a monobwendcapped, regioregular poly[3-(6-
bromohexyl)-2,5-thiophene] Br-P3BrHT precursor wahmean average molecular weight
(Mp) of 10,000 (weight average molecular weight # 18,000, polydispersity MM,, = 1.8)
that was generated in a coupling protocol by Magligh and coworkers. In the next step,
the non-polar diblock copolymer PF266P3BrHT was synthesized under Suzuki cross-
coupling conditions with 2-bromo-98is(2-ethylhexyl)fluorene-7-boronic ester (F2/6) as
bifunctional AB-type monomer and the monobromo-tieated Br-P3BrHT macromonomer
as end-capper (Scheme 3.1). After subsequent gatidn (removal of homopolymeric by-
products which was accomplished by several soleaiitaction steps based on the rather
different solubility behavior of the componentsg thromoalkyl side groups of the diblock
copolymer intermediate were converted into the g@bdr target copolymer with
trimethylamine leading to the NRtype cationic side groups of PF26?3TMAHT.**?* (See

also chapter 2 for more synthetic details.)
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Scheme 3.1. Synthesis of the polyelectrolyte diblmpolymer PF2/6-b-P3TMAHT {d.7. 2-
ethylhexyl for PF2/6), a) NaHGOPd(PPh),4, b) N(CH)a.

The M, of the non-polar diblock copolymer PF266”3BrHT was determined to be 18,000
(M = 25,000, M/M,, = 1.4), corresponding to a Mf the PF2/6 block of about 8,000.
During GPC characterization of P3BrHifPF2/6, the detection of the GPC elugrams was
carried out both at 380 and 450 nm, respectivetyresponding to the long wavelength
absorption maxima of the related homopolymers P& P3BrHT in dilute solution. The
GPC profiles of PF2/®&P3BrHT display a very similar shape and very samiW,/M,, values

at both detection wavelengths supporting that tesulting block copolymer is not a

mixture/blend with one or both homopolymers.

3.2.2. Complexation with DNA

CPE-based biosensors are sensitive to variationshén environment and instrumental
conditions, therefore, they need appropriate stalsdafor quantitative applications.
Fluorescence sensors can use ratiometric methatie€dimpare the luminescence from more
than one emitting specié3.For example, CPE-based systems with two emissiatufes
have been developed for DNA quantification usingoraetric fluorescence methods.
Furthermore, selective fluorescence quenching isténactive option. Here, we report the

potential use of cationic diblock CPEs for ratiorizehucleic acid sensing.

The ionic nature of the copolymer PF2&R3TMAHT leads to an increased solubility in
polar solvents as methanol and water comparedaméutral precursor PF2BP3BrHT.
Although PF2/@3-P3TMAHT aggregates in water, which may influentseimteractions with
other macromolecules/analytes, these aggregatdsechroken up by addition of 20 - 80% of
a cosolvent, such as THF (compare chapter 222®)e used PF2/6-P3TMAHT solutions
of 20% THF / 80% water mixtures to study the intdcn between the cationic diblock
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copolymer and DNA. This olution mixture was found to provida balance betwee

photophysical properties and aggrega
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Figure 3.1. UV-Vis bsorption spectra of PF2-b-P3TMAHT duringaddition ofssDNA to a polymer
solution (9.86<.0° M) in 20%/ THF 80% water, the ssDN@oncentrations are given in the in,
together with a photograph dhe solutions before and duringe addition o increasing ssDNA

amounts.

Spectral signatures of both blocwere seen in the UV-Viabsorption spectrum of PF-b-
P3TMAHT solutions Figure 3.1) and are attributed to PR fx 138z nm) and PT Xmax
(0445 nn) blocks. Upon addition of DNA, slight decrease in absorptiand an ongoing red
shift of the polythiophene band is observed. Thi shift is more pronounced wiissDNA
(46 nn) than with double strandedsDNA (27 nm, spectraot shown in hel), possibly due
to anincreased conformational flexibility of sSSDNA allowg astronger interaction with tr
diblock copolymer. Similar effects have previoubBen reported for the interaction of DI
with  the  cationic poly{9,9-big6-N,N,Ntrimethylammonium)hexyl]fluorer-co-1,4-
phenylene} (PFP-Br) systefi.The colorimetric effects ay be attributin to conformational
changes of the polythiophene blocks in the preseh@NA, thusincreaing the conjugation
length. In pureaqueous solutions of PF-b-P3TMAHT the red shift of the polythiophe!
band upon addition of SSDNA is even ler (60 nm), whiclopens up more opportunit for

imaging applications.

The photoluminescence spectra ( (Figure 3.2 following excitation of the polyfluoren
absorption band at 385 nshow the occurrence of cracteristic emission features of b
blocks, a blue PL feature at <500 nmfor the PF block and a red PL feature at-700 nm
for the PT block. Under these conditions, the pobthene emission is sensitized
excitation energy transfer from the pfluorene block'® Strong and selective quenching
the polythiophene block PL is observed upon addaitbDNA, while the polyfluorene PL |
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almost not influenced. In addition, the quenchihghe polythiophene PL is accompanied by
a red shift of the emission maximum. As observetth Wie absorption spectra, the red shift of
fluorescence with ssDNA (36 nm) is larger than wdttuble stranded dsDNA (18 nm).

——6.66E-7M
= = 197E5M
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—-=5.78E-5M
=--=7.69E-5M

30x10' - ) =385nm
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Figure 3.2. Photoluminescence spectra of PF2/6-BN?BHT during addition of SSDNA to a polymer
solution (9.86<10°M) in 20% / THF 80% water, the sSDNA concentratiang given in the inset,
together with a photograph of the solutions befarel during the addition of increasing ssDNA

amounts. fex=385 nm).
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Figure 3.3. a) Stern-Volmer plots for the photolnescence quenching of the polyfluoredg, €
413 nm, open symbols) and polythiopheAg, € 578 nm, solid symbols) related PL with ssDNA
(circles) and dsDNA (squares) and b) PL intensiyia of PF/PT block as a function of the
[DNA]/[PF2/6-b-P3TMAHT] ratio for ssDNA (circles)rad dsDNA (squares).

The quenching behavior was analyzed by using Stetmer plot$®?%f the emission
intensity at the PL maxima of the PT and PF blockhe presence (I) and absencg ¢f the
analyte as a function of the [DNA]J/[PF2BP3TMAHT] ratio for ssSDNA and dsDNA
(Figure 3.3). The corresponding Stern-Volmer pldts the PL quenching of the
polythiophene blocks show a sigmoidal behavior,ingsoent of a titration curve, where the
steep slope occurs for a [DNAJ/[PF26P3TMAHT] ratio corresponding to charge
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neutralization (molar concentrations in terms o tespective monomeric repeat units). In
contrast, no significant quenching is seen forRheof the polyfluorene block. Fluorescence
titrations using this system permit DNA quantificat at the submicromolar level. From
Figure 3.3, it can also be seen that the polytreophPL quenching upon addition of SSDNA
is twice that with the double-stranded one thuwipling a potential ratiometric fluorescence

detection route for distinguishing between singld double stranded DNA.

3.2.3. Complexation with Anionic Surfactants

The addition of an oppositely charged anionic sudiat like sodium dodecyl sulfate (SDS) to
an aqueous solution of PF2P3TMAHT leads to an ongoing compensation of thergés
and the formation of highly ordered polyelectrolgtegfactant complexes as shown by a
distinct red shift of the PL maximum (polythiophecemponent) with the occurrence of a
well-resolved vibronic structure in the PL bandkaswn from aggregated PT (Figure 3%2).
Almost the same results were observed with the tiaddiof sodium octyl sulfate, but
significant changes in the spectrum were only ssehigher surfactant concentrations (for

more details compare chapter 2.2.4.
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Figure 3.4. Photoluminescence spectra of PF2/6-BNMAHT with the addition of sodium dodecyl
sulfate (SDS) to an aqueous solution of the dibladpolymer (polymer concentration:
1.2x10° mg/mL=2.3x10°M charged repeat units; the SDS concentrationsgiven in the inset, at a

SDS concentration of 2240°M (dotted line) charge compensation should ocdyg;= 430 nm).

Recently, similar observations were obtained by ®tal for a cationic homopolythiophene
poly{2-methyl-3-[3-(N,N,N-trimethylammonium)-1-prgjoxy]-2,5-thiophene} and anionic
surfactants and supported the validity of our rssdl
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3.2.4. Interaction with Organic Acids

To study the interaction of the cationic diblockpotymer PF2/@3-P3TMAHT with organic
acids (like p-toluenesulfonic acid and acetic a@tyorption spectra were recorded in the
presence of different amounts of the organic afigure 3.5). Increasing the amounts of p-
toluenesulfonic acid caused a red-shift of the Biidbin the absorption spectra from 440 nm
to 510 nm. These spectral changes are due to d@insition from random-coil PT chains
(without acid) to well-ordered aggregates iestacked complexes (addition of actdy? In
contrast, the effect of acetic acid on the polyetdygte absorption maxima is very small. This
leads us to the consideration that p-toluenesuf@uid as a “soft” base has a stronger
aggregation-tendency with the “soft” acid of thetgrmary ammonium head group in the side
chains of the PT block than acetic acid as a “hdale. The so-called hard-soft acid-base
(HSAB) principle by Pearsdh predicts that hard-hard or soft-soft combinatians better
stabilized and helps us to understand why the relgettic interaction between a quaternary
ammonium group and a sulfonate group is strongen th carboxylate group with a
quaternary ammonium grodp.Furthermore, the type of electrostatic interactioffuences
the formation ofrt-stacked PT complexes. For comparison, similaraaténs of a cationic

homopolymer with organic acids have been obseryeal ®hinese group in 20£0.
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a ——100mM b ——100mM
0,012 —10mM —10mM
—1mM 0,008 - —1mM
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Figure 3.5. UV-Vis absorption spectra of PF2/6-bTRBAHT with the addition of p-toluenesulfonic
acid (a) and acetic acid (b), (polymer concentrati®.1 mg/mL; the acid concentrations are given in

the inset).
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3.3. Conclusion and Outlook

In conclusion, the all-conjugated, rod-rod diblamkpolyelectrolyte PF2/6-P3TMAHT has
been successfully synthesized. Selective quenchimdjor a red shift of the PT-related
photoluminescence band of the cationic polythioghklock is seen upon addition of either
surfactants or DNA. Binding of nucleic acids to F&-B-P3TMAHT leads to red shifts in the
absorption and emission maxima due to conformatticmanges. Fluorescence titration of the
diblock conjugated polyelectrolyte with DNA can bsed for nucleic acid quantification at
the submicromolar level. In addition, differenceghe fluorescence quenching response can
be used to distinguish between single and doubda&tDNA. As for DNA interactions with
other cationic conjugated polyelectrolytésat high nucleic acid concentrations the

complexation is accompanied by the formation ofasémuctured networks.

Additionally, we have shown the interaction of tileck copolyelectrolyte with organic acids.
The interaction can be realized with the HSAB ppte “Soft-soft” combinations with
sulfonic acids favor the electrostatic interactibetween PF2/6-P3TMAHT and p-

toluenesulfonic acid under formationektacked PT complexes.

However, a lot of further research is necessargptimize all-conjugated block copolymers
for a use in biosensors e.g. for DNA. Future work e directed towards characterization of
the solid state structures of conjugated block gelstrolytes at high nucleic acid
concentrations. Moreover, the complexation behawvioPF2/6b-P3TMAHT with anionic
polyelectrolytes as polystyrene sulfonic acid (PPS#eems interesting and will be
investigated in further studies.

3.4.Experimental Section

Materials

Unless otherwise indicated, all reagents were nbthfrom commercial suppliers and were
used without further purification. All reactions rgecarried out using standard and Schlenk
technigues under an argon atmosphere. The solwenéesused as commercial p.a. and HPLC

quality.
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2-(4',4',5",5'-Tetramethyl-1",3",2’-dioxaborolane-21)-7-bromo-9,9-bis(2-
ethylhexyl)fluorene (F2/6)

2,7-Dibromo-9,9%is(2-ethylhexyl)fluorene (4.94 g, 9.00 mmol) was dissd in dry,
degassed diethylether (250 mL) and placed in an®0@ound bottle flask. The solution was
cooled down to -78 °C and 0.98 equivalents of 1.@&gutyllithium (6.2 mL, 10.7 mmol)
were added drop-wise via a syringe. The resultoigt®n was stirred for one hour followed
by addition of 2-isopropoxy-4,4,5,5-tetramethyl-2;8ioxaborolane (12.6 mL, 61.5 mmol) in
one shot. The reaction mixture was stirred for om@e hour at -78 °C. The mixture was
allowed to warm up to room temperature overnightofeed by quenching with water
(50 mL). The two-phase solution was then extrauetit dichloromethane for three times and
the combined organic layers were washed with waer brine, and dried over magnesium
sulfate. The solvent was removed under reducedspresand the resulting yellow oil was
purified by silica gel column chromatography (eluerthyl acetate/hexane = 98:2), to afford
2.90 g (approx. 53%) of 2-(4’,4’,5’,5'-tetramethy/;3’,2’-dioxaborolane-2’-yl)-7-bromo-9,9-

dioctylfluorene as a colorless oil.

DC: R = 0.32 (silica gel, ethyl acetate/hexane = 982)NMR (400 MHz, CDC}): & (ppm):
7.82 (s, 1H, Ar-H), 7.78 (dl = 7.6 Hz 1H, Ar-H), 7.64 (dJ = 7.6 Hz 1H, Ar-H), 7.56 (d,J

= 8.1 Hz 1H, Ar-H), 7.51 (s, 1H, Ar-H), 7.44 (d, = 8.1 Hz 1H, Ar-H), 2.05-2.00 (m, 2H,
Ar-CHy), 1.95-1.87 (m, 2H, Ar-C}}, 1.36 (s, 12H, OC(C§LC(CH;),0), 0.92-0.43 (m, 30H,
alkyl-H). *C-NMR (100 MHz, CDGCJ): & (ppm): 153.4, 149.2, 143.0, 140.1, 133.8, 130.4,
129.8, 127.5, 121.3, 118.9, 83.6, 55.2, 44.3, 3871, 27.3, 27.0, 24.8, 22.7, 14.0. Elemental
analysis: GsHs,BBrO,, calculated (%): C 70.59, H 8.80, measured (%j124, H 8.89. GC-
MS: t = 9.8 min, 100% Nt 596.

Poly[3-(6-bromohexyl)-2,5-thiophene] (Br-P3BrH{)

Fresh lithium diisopropylamide (LDA) was preparednh freshly distilled diisopropylamine
(1.6 mL) and 1.6 Mn-buthyllithium (6.25 mL inn-hexane). The product was added to dry
THF (50 mL) under Ar atmosphere at -78 °C via airgyg. The resulting solution was
allowed to warm up to room temperature. The sofutwas stirred for 5 min at room
temperature and again cooled down to -78 °C foltbviyy addition of 2-bromo-3-(6-

bromohexyl)thiophene (3.26 10.0mmol). After stirring for 2 h the reaction mixture was
added to a cooled solution (-78 °C) of dry zinc@hloride (1.40g, 10.3mmo) in dry THF
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(3 mL) via a syringe followed by additional stirgifor 1 h at -78 °C. After warming up the
mixture to room temperature the Ni(dppp)Chtalyst (43ng, 0.0065mmol) was added in
the dark and the resulting reaction solution dirfer 30 min. The reaction product was
poured into cold methanol (500 mL) and the preatpitisolated by filtration. The crude
polymer was re-dissolved in CHCAnd washed with water, brine, and saturated NaldCO
Then, the solution was concentrated and the polyewarecipitated by pouring the viscous
solution into cold methanol (500 mL). The polymeaisapurified by Soxhlet extraction with
methanol, acetone, and-hexane. The residue was re-dissolved in chlorofamd the
polymer isolated by removing the chloroform undestuced pressure. The resulting polymer
was dried in vacuum to yield Br-P3BrHT as a darxkselid (1.82 g, 56%).

'H-NMR (400 MHz, CRCL): & (ppm): 6.94 (s, 1H, Ar-H), 3.37 (t, 2H, -GH 2.87-2.74 (t,
2H, Ar-CH), 1.91-1.73 (m, 2H, alkyl-H), 1.72-1.55 (m, 2HkytH), 1.54-1.11 (m, 4H,
alkyl-H). *C-NMR (100 MHz, CRQCl,): & (ppm): 140.0, 133.9, 130.8, 128.9, 34.7, 33.05,30.
29.6, 28.9, 28.3. Elemental analysis;f€;3BrS), calculated (%): C 48.92, S 13.08, H 5.34,
measured (%).C 48.68, S 12.97, H 5.38. GPC An#dFT254 nm): M = 10 000 g/mol, M

= 18 000 g/mol, MM, = 1.8. UV-Vis (CHC}): Amax, abs= 435 nm. PL (CHG| Aexc =
385 NM):Amax, em= 570 Nm.

Poly[9,9-bis(2-ethylhexyl)-2,7-fluorene]-b-poly[B-promohexyl)-2,5-thiophene] (PF2/6-b-
P3BrHT)

2-(4',4' 5 ,5'-Tetramethyl-1',3",2’-dioxaborolane-2/1)-7-bromo-9,9bis(2-ethylhexyl)-
fluorene (F2/6) (3.096 mg, 5.20 mmol), and tetr@kghenylphosphino)-palladium(0)
(95 mg, 0.084 mmol) were dissolved in toluene (15 followed by addition of 2 M aqueous
sodium carbonate solution (15 mL). The resultingtaore was allowed to react under inert
atmosphere for 8 h at 80 °C. After that Br-P3BrHL& mg) in toluene (15 mL) was added.
The reaction mixture was allowed to react for 44t BO °C. Upon completion of the reaction
the mixture was poured into methanol (1000 mL) ltesyin polymer precipitation. The solid
was collected and washed/fractionated by Soxhlaaetxon with methanol and hexane for
24 h each, followed by Soxhlet extraction with ¢bform to yield about 805 mg (approx.
26%, related to the fluorene monomer) of the tag@hpound as a dark red solid. The

chloroform fraction was characterized and furthezdu
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'H-NMR (400 MHz, CDC¥): & (ppm): 7.89-7.56 (m, PF-block), 7.00-6.96 (m, Rdeh),
3.75-3.70 (m, alkyl-H), 2.89-2.78 (m, alkyl-H), 3-2.50 (m, alkyl-H).GPC Anal. (THF, 254,
380 and 450 nm): M= 18,000 g/mol, M = 25,000 g/molm/M, = 1.4. UV-Vis (CHC}):
Amax, abs= 390, 439 nm. PL (CHGl exc = 254, 385 and 430 NMYimax, en= 424, 571nm.

Poly[9,9-bis(2-ethylhexyl)-2,7-fluorene]-b-poly[B-(rimethylammoniumhexyl)-2,5-
thiophene] (PF2/6-b-P3TMAHT)

A large excess of aqueous 45 wt% trimethylaminenl2 was added to a solution of the
neutral polymer PF2/6-P3BrHT [43mg, M = 18,000 g/mol, M (Br-P3BrHT) =
10,000 g/mol] in dry THF (5 mL). After stirring fot day at 80 °C the formation of a
precipitate was observed, which was re-dissolvedadlgition of methanol (10 mL). After
filtration to remove some insoluble material, tlbvent was removed under reduced pressure.
The residue was purified by dialysis against watethanol 1:1 using a dialysis membrane
with a cut-off of 3,500 g/mol to yield, after evapting the solvent, about 41 mg (approx.

85%) of the target compound as a dark red solid.

'H-NMR (400 MHz, MeOD):8 (ppm): 7.30-7.17 (m, PF-block), 7.16-7.00 (m, Raek),
3.52-3.26 (m, CEtN), 3.15 (m, alkyl-H), 2.96-2.77 (m, alkyl-H), 29.76 (m, alkyl-H). UV-
Vis (20% THF/80% HO): Amax, aps= 382 (PF-block), 445 nm (PT-block). PL (20% TH®8
H20, hexc = 385 NM)Amax, en= 412, 437 (PF-block), 576 nm (PT-block).

I nstrumentation
NMR

TheH and**C NMR spectra were recorded on a Bruker ARX 40@spmeter with use of

the solvent proton or carbon signals as interraaddsrd.

Elemental analyses

Elemental analyses were performed on a Vario ECHNS) instrument.
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GC-MS

GC-MS measurements were obtained on a Shimadzu @aCe@upled with a Shimadzu
GCMS-QP 5050 mass spectrometer (column: FS-OV1-@B)Qunder helium gas, injection
temperature: 280 °C, starting temperature: 2501€ating rate: 6 °C, end temperature:
280 °C, end time: 30 min.

GPC

Gel permeation chromatography (GPC) measurements eegried out using Jasco PU 1580,
Column “MZ plus linear Ju and 300 mm”, Rl (Jasco RI-2031) and UV (Jasco W31)
detectors, toluene or THF as solvents using palgat/ (PSS) calibration. The measurements

were obtained at 30 °C.

UV-Vis absorption spectroscopy

UV-Vis absorption spectra were recorded on a J&660 and on a Shimadzu UV-2401 PC

spectrophotometer at room temperature.

Photoluminescence spectroscopy

Fluorescence measurements were carried out onianv@ary Eclipse and on a Shimadzu

UV-2401 instrument room temperature.
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Chapter 4

4. All-Conjugated, Cationic Polyfluorene--Polyfluorene “Rod-Rod”
Diblock Copolymers

Abstract

All-conjugated diblock copolymers are currentlycohsiderable interest, also for potential
applications as components of biological sensorsgioelectronic devices. We report on a
novel cationic diblock copolymer containing a naiifwoly(alkylfluorene) block covalently
bound to a ionic polyfluorene block, namely pol9[8js(6-trimethylammoniumhexyl)-2,7-
fluorene]-b-poly(9,9-dioctyl-2,7-fluorene) (PF6NBFPFO), which was synthesized via a
step-wise chain-growth Suzuki-Miyaura-type poly@sdtion in the first step followed by
quaternization with trimethylamine as the secomghsThe optical properties were
investigated by UV-Vis and photoluminescence spgabpy in three different solvents:
methanol, THF and THF/methanol 1:1. First indicaisoof nanoaggregation have been
obtained from imaging techniques such as confdeatdéscence microscopy in solution and
atomic force microscopy (AFM) of thin films. Thenfiation of vesicles/spherical particles
was observed in THF, methanol, and in the solitestéhe use of PF6NBr-b-PFO as electron
injection layer of organic light-emitting diodesl(@Ds) indicated that these block
copolymers can effectively reduce electron injecbarriers and, therefore, serve as a

promising candidate for improving charge electrafection into optoelectronic devices.
4.1.Introduction

All-conjugated block copolymers, consisting of guyfluorene (PF) and one polythiophene
(PT) block have been discussed in detail in chaptend 3, especially their unique tendency
to self-assemblé. Similar self-assembling behavior has been obserf@d poly(3-

alkylthiophene)b-poly(3-alkylthiophene) (P3ADB-P3AT) diblock copolymers. An all-

conjugated P3ADB-P3AT diblock copolymer poly(3-hexylthiophenieypoly[3-(2-

67



Chapter 4

ethylhexyl)thiophene] (P3HB-P3EHT) has been first synthesized by Zhagal® The
P3HTh-P3EHT was generated in a quasi-living chain-gropdtycondensation as developed
by McCulloughet al® and Yokozawat al* to afford well-defined diblock copolymers with
narrow molecular weight distribution. This effoeiquires the use of catalysts that selectively
transfer reactivity to the terminus of the polyroskain upon addition of each monomer unit to
the chain end.Subsequent reports have focused on the micropesation in (P3HDB-
P3EHT)s into crystalline P3HT and amorphous P3Eldmains® The observed worm-like
patterns, obtained after a thermal annealing oyrpet films, are also seen in conjugated
poly(3-hexylthiophenep-poly(3-phenoxymethylthiophene) (P3HFP3PT) systems (for the
structures see Scheme 4.Becent work by Wet al® and Geet al® has yielded new types
of diblock copoly(3-alkylthiophene)s like poly(3-yithiophene)b-poly(3-octylthiophene)
(P3BTH-P30T) and poly(3-butylthiophen&}poly(3-hexylthiophene) (P3BB-P3HT) with
high degrees of internal order within both blocks.

CsHg

CeH1a CeH13 o
TN\ Cs A
s7 s SR

Zhang et al. Ohshimizu et al.
P3HT-b-P3EHT P3HT-b-P3PT
CaHo CsH17 CaHo

1\ S 1\ S K\ S

S \ / s \ / m s ] \ /, I
Cy4Hg CgHy7 CeH13

Wu et al. Ge et al.

P3BT-b-P30T P3BT-b-P3HT

Scheme 4.1: Structures of different poly(3-alkgithiene)-b-poly(3-alkylthiophene) diblock
copolymers: P3HT-b-P3EHT after Zhang ef &#3HT-b-P3PT after Ohshimizu et alP3BT-b-P30T
after Wu et af, P3BT-b-P3HT after Ge et &l.

Motivated by these studies, we report here synghegtical characteristics, self assembly
properties and device application of diblock copodys that include a neutral
poly(alkylfluorene) (PF) bound to a cationic poly@rene) block. Due to their strong blue
fluorescence and their rigid, conjugated structiies are very attractive as components of
optoelectronic device¥. In particular, solid state phase formation and-sejanization
represent central facets in the physics of BRur block copolymers are macromolecular
systems which have two rigid segments with ideh#&tactronic structure of the conjugated
backbone and are expected to exhibit morphologi@sare highly sensitive to the polarity of

the surrounding medium.
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Our interest in synthesis and applications of ghlgfene)-based block copolymers prompted
us to look at recent developments in the field wfiii-Miyaura polymerizations. Yokozawa
et al'? reported the polymerization of a 7-bromo-9,9-dj#llkorene-2-yl boronic ester using
Hartwig's ¢-BusP)Pd(GHs)Br*® arylpalladium(ll) catalyst. Unlike to typical SuztMiyaura
coupling reaction’$ using aromatic dihalides and the correspondinteaeydiboronic esters,
the polymeric products exhibited narrow moleculagight distributions. Under suitable
reaction conditions it is possible to obtain pobg#rsity indexes (MM,) for the products
lower as 1.3. As for polythiophenes, the reactionditions applied by Yokozawet al lead

to a chain-growth mechanism of polycondensation.

4.2 Results and Discussion

4.2.1. Synthesis

Towards the poly(fluorene)-based diblock copolymesar initial target structure were
poly(fluorene)b-poly(fluorene) diblock copolymers in which one die poly(fluorene)
segments contains alkylbromide substituents at 3kmosition of the repeat unit. The
bromoalkyl functions can subsequently be used mtaquization reactions to form charged
poly(fluorene) segments. The overall synthetictetm is illustrated in Scheme 4.2, details
are outlined in the Experimental Section. In atfs&ep, the two monomers 2-(4',4’,5’,5'-
tetramethyl-1’,3’,2’-dioxaborolane-2’-yl)-7-broma®dioctylfluorene  (FO) and  2-
(4,45’ ,5'-tetramethyl-1’,3’,2’-dioxaborolane-2)-7-bromo-9,9bis(6-bromohexyl)-
fluorene (F6Br) were synthesized (see Figure 4y2)rwono-lithiation of the well-known
dibromoderivatives under conditions that promotetainéalogen exchange followed by
reaction with 2-isopropoxy-4,4,5,5-tetramethyl-2;8joxaborolané®> The non-ionic
poly[9,9-bis(6-bromohexyl)-2,7-fluorenep-poly(9,9-dioctyl-2,7-fluorene) (PF6BI-PFO) is
subsequently generated in a step-wise chain-grgetycondensatior? by addition of first
FO, followed by F6Br, as the two AB-type monome@ptimization of the reaction
conditions was carried out by varying reaction tifieom 0.5 to 60 minutes), catalyst
concentration (2.5-10 mol%), and the order of moeoaddition between FO and F6Br. We
found optimum conditions by firstly polymerizing F@ith 10 mol% of {-BusP)Pd(GHs)Br

catalyst in a sodium carbonate solution IROHTHF (5:12) for 10 minutes at room
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temperature. After addition of the second monont#rFas a solution in THF the mixture
was stirred for an additional 30 minutes. The paymsolution was poured into acidified
methanol and the residue was subsequently putije8oxhlet extraction with methanol for
24 hours. The polymer PF6BFPFO was obtained in 82% vyield as a light yellowdsand is

soluble in typical organic solvents, such as clitmro, tetrachloroethane, or chlorobenzene.

The resulting non-ionic PF6BHPFO was reacted with trimethylamine in a quatextion
reaction to obtain our target, an all-conjugateatjonic diblock copolymer PF6NBy-PFO
(92% vyield). The cationic diblock copolymer PF6NBRFO is soluble in polar solvents and
solvent mixtures, including methanol and THF/wasrwell as in organic solvents such as

chloroform and THF.

Standard characterization of the polymeric prodweés accomplished by gel permeation
chromatography (GPC) analysis, nuclear magneticnase (NMR) spectroscopyH and

13C) and optical spectroscopy. Atomic Force MicroscGaFM) as imaging technique (see
next paragraphs) was used to characterize the assémbly properties of the block

copolymers.

The results of the NMR analysis are in accordancth the proposed structure (see
Experimental Section).
O a
Br g Ph @ O PdL=-Br

Hi7Cs  CgHi7 P'Bu H17(C|_8 P?BsH)W
=PBu

FO
P @.@ m @.@ ] )
Br(HC) (CHBr  HirC ety Br @.@ B:o:t

PF6Br-b-PFO
Br(HzC)s (CHz)eBr

b l F6Br

Ph @.@ m @.@ )

R=(CH2)N"(CHz)3Br
PF6NBr-b-PFO

Scheme 4.2. Synthesis of the cationic diblock gapmi PF6NBr-b-PFO. a) N&EO;, b) N(CH)a.

The molecular weights afforded for the differerddis after extraction are listed in Table 4.1.
PF6Brb-PFO was obtained with a mean number average mateaeight (M, of 18,100

and a M/M, of ~1.27. To calculate the mean number averagescutdr weights of both
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blocks a GPC sample was taken before the secondmenF6Br was added to give asM
8,100, corresponding to ca. 20 repeat units forRR® block. The difference between the
observed M of the PFO aliquot and the PF6B#PFO sample reflects the \of the PF6Br
block (M, = 10,000, m = ~20). We could not measure the mtdeameight of the cationic
block copolymers by conventional GPC due to thengrinteraction of the charged

copolymer with the stationary phase of the GPCrooladsorption).

Table 4.1. Molecular weight data of PFO, PF6Br, d&tebBr-b-PFO.

structure M, M. M /M,

PFO 8,100 10,200 1.26

calculated PF6Br 10,000 12,700 1.27

PF6Brb-PFO 18,100 22,900 1.27

a. Calculation of MPF6Br) = M\(PF6Brb-PFO) — M(PFO). Calculation of M done in an analogous way.

4.2.2. Optical Properties

Figure 4.1(a) shows the normalized absorption spexft PF6NBrb-PFO in three solvents:
methanol, THF/methanol 1:1, and THF. One major gii&m band is observed in THF, with
an absorption maximum at about 390 nm which iscalpdf polyfluorene material® In
methanol, one observes the emergence of a sharpndseeak of lower energy at about
430 nm in addition to the broad band previouslyeobsd in THF. The absorption in the
THF/methanol (1:1) mixture is similar to that obsat in methanol. The sharp peak at
430 nm has been previously assigned to the betsepbfiPFG!*® Nothofer reported the
formation of the PFO beta-phase when dissolvingpiblgmer in good solvent/poor solvent
mixtures of increasing “poor solvent” content. PBBows a rich and unique packing
behavior’ The so called3-phase is characterized by a distinct red shifafs$orption and
emission with remarkable well-resolved vibroniasture caused by a planar confirmation of
the PFO backbone we found as the polarity of theesb increases aggregation occurs and

formation of the PF@-phase is observed.
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The photoluminescence (PL) spectra obtained bytagiam at 380 nm are shown in Figure
4.1(b). The PL spectra in THF shows the charadtenmlyfluorene emission bands at 414,
437 and 464 nm (414 nm: OeBphase, 437 nm: 0-®-phase)? In methanol stronger peaks at
437 and 464 nm emerge in relation to the emissamdlat 414 nm due to an increaged
phase conteri. The photoluminescence of the mixture of THF/methdf:1) is similar to
that in methanol. Protic and polar solvents faver tormation of theg-phase in our block

copolymers as described for other PFO-based systems

104 a e MeOH 104 b
e THF/MeOH 1:1

= THF

0,84 0,8

——MeOH
—— THF/MeOH1:1
——THF

0,64 0,6
A . =380nm

0,44 0,44

Absorption (a.u.)
PL Intensity (a.u.)

0,2+ 0,24

0'0 B T T T O’O T T T T
300 350 400 450 500 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 4.1. a) UV-Vis and b) photoluminescence speaf the diblock copolymer PF6NBr-b-PFO in
methanol, THF/methanol (1:1), and THR{= 380 nm).

4.2.3. Atomic Force Microscopy of Thin Films

Having first indications of aggregation from thesaiption and photoluminescence spectra
we also investigated the aggregation behavior @& #ti-conjugated, cationic diblock
copolymer PF6NBB-PFO by tapping mode Atomic Force Microscopy (AFM)aging
technique. Here, the aggregation behavior in aBeéesolvent (methanol) for the polar block
and a non-selective solvent (THF) will be discussedletail. Figure 4.2(a+b) gives an
exemplary illustration of the formation of vesiaulaggregates from methanolic solution.
Films spin-coated onto mica from methanolic solut{0.1% of PF6NBB-PFO) show the
occurrence of clearly visible vesicular particleshma diameter of several 10 nanometers as

well as larger aggregates.

Further AFM experiments have been carried out ifr Tét the same concentration (0.1%) of
the polyelectrolyte diblock copolymer PF6NB#FO [Figure 4.2(c+d)]. Spin-coated a THF
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(0.1%) solution(after aging for 10 daysleads to a dense coverage of the substrate

probably due to a praggregation processes during ac

The preferred formation of low curvatutvesicular aggregates forgid rod-rod-type, all-
conjugated diblock copolyme was recently rationalized. The selfassembl into such low
curvature aggregates should be, herby, w independent from theolecula weight of the

diblock copolymers and the block length reé*#2

40.0 nm 20.0°
20.0 nm 10.0°
0.0 nm 0.0°
50.0 nm 30.0°
25.0 nm 15.0°
0.0 nm 0.0°

Figure 4.2. Tapping mod&FM morphology (a and c) and phase (b and d) imagesF@NBI-b-PFO,
0.1% in methanol (a and b) and 0.1% THF (c andsg);-coated (image size: 2.0x2 um).

Furthermore, AFM alsallows for differentiatingbetween charged and neutral blocks bz
upon differences in thelectrostaticsurface potentiabf the blocks. Films sp-coated onto
indium tin oxide (ITO)from adilute methanolic solution (0.1% &F6NB-b-PFO by weight)
show the occurrercof isolated spherical aggregates with a dianof about 50 nanomete

The topography image éfigure4.3(a) illustrateshe formation of spherical aggregates fr
methanol. For comparisoAFM experiments ha\ been carried out on films cast from TI

solutionsat the same concentration (%) of the polyelectrolyte diblock copolymPFENBr-
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b-PFO [Figure 4.3(c)]in contras to the spheres observed in films cast from ianol, films
cast from THF contain cylindrical, wo-like aggregates.

Topography Surface potential

80.0nm 50 mv
40.0nm 25mv
0.0nm o0mv
15.0nm 40mV
7.5nm 20mv
0.0nm o0mv

Figure 4.3.AFM topography (andc) and surface potential (b and d) imagesT&d/PF6NBK-b-PFO,
0.1% in methanol (a and) and 0.1% THF (c and d), spin-coated, (image size€x2.0 um).

A comparison of topography and surface potential AiRMdges provides information abc
the position of the cationic blocFigure 4.3(b and d)]Since the surfacpotential of the
aggregates froomethanol is low in comparison to the high surfaoeptial of the particle
from THF we conclude that the ionic blcs arelocated inside (THF) or outside (MeOH)
the particlesThe phenomenc of reverse block morphologg as a function of solvent polar
has been previously discus$éd

4.2.4. Confocal Microscopy

In addition to our AFM investigations we have sadlithe aggregate formation proces:
PF6NBrb-PFO by confocal fluorescence imaging technigPF6NBrb-PFC was dissolved
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in THF (1mg/mL) and drop cast onto a glass substrate (ditnaal microscope slide). Tt
same solution was prepared in methanol in ordeaty the solvent polarity, analogous to
UV-Vis analysis. The results of these experimentslaogvnin Figure 4.4 In THF vesicles o
polymersomes (polymer liposomes) with a diametel2-16um are formed, in methan
paticles with a diameter of -10um. Therefore, seléssembly of the dibloc
copolyelectrolyte PF6NBb-PFC is observed for both solvents. Because methamalgsod
solvent for polar PF6NBr blocks it is reasonabletdicipate that the cationic blocks sho
be directed to the externialternal solvent phase and PFO to the interiohefgolymesome
walls for methanolic solutions. In contrast, be@lUsiF is a good solvent for the PFO blo
and a poor solvent foPF6NBr we expect an inversion of the block copolymeentation

within the polymersomes in THF solution as compadcethe behavioin methano

13 pm

—

Figure 4.4 Confocal fluorescence microscopy images of twdSNHE-b-PFO polymersomes
(concentration: Img/mL) on glass substrate in THF (left) and methéright).

By the way, the dramatica increased size of the particles (vesicles) in tbafacal
fluorescence microscopy images, compared to the ARByes, should result from a fusi

of the primarily formed smaller vesicl

4.2.5. Incorporation into Organic Light-Emitting Diodes (OLEDS)

One ofthe primary applications of conjugated polyelegtieswas a usas charge injection
layers of organic lighemitting diodes ((LEDs) leading to an improvedevice efficienc.?*
Here, theconjugated polyelectrolytes offer functions and idevprocessing oions not
attainable by using their neutral counterpeThe conjugategbolyelectrolyte(CPE) materials
from layers withstrong interfacial dipoleare based on theionic functionalitie. Moreover,
mobile counter ions camigrate under an applieexternal electric fieldTheir solubility in
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polar solvents opens the option for quenching haykr systems in a very simple way via
solution depositio>

PF6NBr-b-PFO

Current Density (mAIcmZ)

MEH-PPV
- PEDOT:PSS
MEH-PPV 13 ‘ ‘ ‘ ‘ ‘ ‘
ITO Bias (V)

10000

1000

=
o
S

Luminance (cd/mz)
5

Efficiency (Cd/A)

s

0 1 2 3 4 5 6 7 0 200 400 600 800 1000

Bias (V) Current Density (mA/cm?)

Figure 4.5. a) Chemical structures of MEH-PPV anthematic drawing of a multilayer OLED
including a PF6NBr-b-PFO interfacial layer. b) Camt density versus bias. ¢) Luminance versus

bias and d) luminous efficiency versus current dgmharacteristics of the multilayer OLEDs.

Our polyelectrolyte block copolymer was appliedaas organic electron injection layer of
OLEDs. We have fabricated the OLED devices with ®B6b-PFO as the electron injection
layer (EIL) via the orthogonal solvent depositiggpeoach. Figure 4.5(a) shows the multilayer
device configuration used. Poly[2-methoxy-5-(2-dtlexyloxy)-1,4-phenylenevinylene]
(MEH-PPV) is used as the emissive layer  (EL) and ly(B-
ethylenedioxythiophene):poly(styrenesulfonate) (RHEPSS) as hole injection layer. The
multilayer device structure can be fabricated basethe orthogonal solubility of MEH-PPV
(soluble in toluene) and of PF6NB+PFO (soluble in methanol) that allows the PF6Br-
PFO layer to be cast atop the MEH-PPV layer whikventing mixing of these layers and
allowing for the formation of a defined interfacehe current density versus voltagk\),
luminance intensity versus voltagé-Y), and efficiency versus current densit-J)

characteristics of devices with thin interlayers depicted in Figure 4.5 (b-d). Herby, the
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CPE interlayer is made from a solution of 0.5 deo.(w/v) PF6NBrb-PFO in methanol with
a thickness of 40-60 nm (for 0.5% w/v) and 5-10 {@1% w/v). The devices with the EIL
show a low turn-on voltage (2.0-2.5 V). The resuitdicate that a PF6NBr-PFO interlayer
can effectively reduce the electron injection arfrom the Al electrode, similar to other
conjugated polyelectrolytes with only a single @déctrolyte block. The devices with the
thicker EIL show a lower maximum brightness anddoW@LED efficiency as compared to
the devices with a thin EIL. Based on our previeesults, the difference in brightness and
efficiency between devices with thick and thin BHHyers can be attributed to different
primary operating mechanisms of the EIL. Thick Elirmay preferably operate via ion
migration whereas thin EILs preferably operateferanation of interfacial dipoles. It may be
possible that the neutral PFO block of PF6NEPFO perturbs the ion migration for thick
EIL flms. These observations demonstrate that FBfeNPFO is a promising candidate as

EIL layer for improving the electron injection frotine cathode in OLED devices.

4.3.Conclusion and Outlook

In summary, we have developed a synthetic prottmeards novel, all-conjugated, cationic
PF6NBrb-PFO diblock copolymers. We have studied the pHuotsigal properties and
aggregation behavior of them in solution and in sodid state. We are able to tune the
nanophase morphology of the all-conjugated, catidmiock copolymer by using different
solvents (and concentrations). The block copolyrearse been used as the electron injection
layer in OLEDs.

Figure 4.6 depicts our structure model for the atkl copolymer vesicles (polymersomes)
that are formed by PF6NBHPFO in methanol and in THF. In methanol the cegian of

the amphiphilic bilayers (vesicle walls) is genedaty the aggregation of the non-ionic,
hydrophobic PFO segments (in orange) while theraltells of the vesicle walls are formed
by the ionic, hydrophilic PF6NBr segments (in blackhe aggregation leads to the
occurrence of an interfacial dipole within the eaydted polyelectrolyte layef8 Aggregation

in THF results in an inversion of the block oriditta compared to that observed in methanol

as indicated in our AFM experiments.
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Figure 4.6 Graphical illustration of the vesicle structurarfned by PF6NE-b-PFO from methancor
THF (orange: PFO block, black: PF6NBr bloc

Future work vill focus on the se-assembly behavior of PF6NBrPFOand related systel.

Concernig the poly(fluorene-b-poly(fluorene) diblock copolyektrolytes, a further
improvement of theslectronic properties seems poss via modification of the side grou
(alkyl length, polar head grou}. The use of different polar side grooqay fine-tune the self-
assembling behavior. For this, block polyelectredyivith differentquaternary ammoniui

groups, e.g. derived fropyridine or methylimidazole, ainterestingcandidate:

Additionally, the influence of different cnter ions (e.g. ] F, Bims, and BArk, see
Scheme 4.3pn the performance and device characteristicorganiclight-emitting diodes

should be studied.

Bim, BArF,

Scheme 4.3: Structure$ the counter anionBIlm,’, and BArE".

Several sensors based on snCPEshave already been developed for specanalytes as
anions/cations, proteinsy DNA.?"?% In this view, our blockpolyelectrolytes should be

considerable interest forusein biosensors, and sensors in general.
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4.4.Experimental Section

Materials

Unless otherwise indicated, all reagents were nbthirom commercial suppliers and were
used without further purification. All reactions rgecarried out using standard and Schlenk

techniques under an argon atmosphere. The solwenésused as commercial p.a. quality.

General procedure for the synthesis of 2,7-dibr@yisdialkylfluorene

2,7-Dibromofluorene (15.8 g, 48.8 mmol), alkylbrami (488 mmol) and
tetrabutylammonium bromide (1.57 g, 4.88 mmol) wadtled to an aqueous potassium
hydroxide solution (300 mL, 45% wi/w). The mixtur@asvstirred for 1 h at 80 °C under argon
atmosphere and then diluted with water (50 mL). @eeous solution was extracted with
dichloromethane three times and the combined ocdaygers were washed with water, 1 M
HCI, brine, and dried over magnesium sulfate. Aftemoval of the organic solvent, the
excess alkylbromide was removed under reduced ynes$he crude product, a yellow oil,
was purified by silica gel column chromatographyattord 2,7-dibromo-9,9-dialkylfluorene

as a colorless oil, which was recrystallized frahmeol yielding colorless crystals.

2,7-Dibromo-9,9-dioctylfluorene (BrFO)

According to the general procedure, 2,7-dibromafne (3.84 g, 14.76 mmol) was reacted
with 1-bromooctane (28.50 g, 147.6 mmol) to Vyieldfter purification by column
chromatography (eluent-hexane), about 5.84 g (approx. 72%) of the tacgetpound.

'H-NMR 500 MHz, CBCL,). § (ppm): 7.50 (dJ = 8.0 Hz 2H, Ar-H), 7.49-7.46 (m, 4H, Ar-
H), 1.95 (m, 4H, Ch), 1.24-1.06 (m, 24H, CH, 0.59 (m, 6H, Ch). *C-NMR (125 MHz,
CD.Clp): 6 (ppm): 153.46, 139.9, 130.7, 126.9, 122.0, 1254, 40.7, 32.4, 30.5, 29.8,
24.3, 23.2, 22,5, 14.5. Elemental analysisgHaoBr,, calculated (%): C 63.51, H 9.79,
measured (%): C 63.41, H 9.61. GC-MS= 8.5 min, 100% M 548. Mp 50 °C (+ 1 °C).
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2,7-Dibromo-9,9-bis(6-bromohexyl)fluorene (BrF6Br)

According to the general procedure, 2,7-dibromafne (15.80 g, 48.80 mmol) was reacted
with 1,6-dibromohexane (117.61 g, 488 mmol) to djebfter purification by column
chromatography (eluent: CH#lhexane = 9:1), about 23.11 g (approx. 72%) of tdrget

compound.

'H-NMR 500 MHz, CDBCL,). & (ppm): 8.28 (dJ = 8.0 Hz, 2H, Ar-H), 8.21-8.19 (m, 4H, Ar-
H), 4.03 (tJ = 6.8 Hz, 4H, CHBr), 2.68 (quintJ = 4.6 and 3.7 Hz, 4H, Gi 2.38 (quint,)

= 7.6 and 6.9 Hz, 4H, G 1.91 (quintJ = 8.5 and 6.9 Hz, 4H, G} 1.81 (quint]) = 7.5 and
7.3 Hz, 4H, CH), 1.31 (m, 4H, Ch). *C-NMR (125 MHz, CBCLl,): & (ppm): 150.9, 137.9,
129.1, 124.9, 120.3, 120.0, 54.3, 38.8, 32.6, 3247,26.5, 22.23. Elemental analysis:
CogHaoBr2, calculated (%): C 46.19, H 4.65, measured (%316C10, H 4.71. GC-MS;, &
7.2 min, 100% M: 650.

General procedure for the synthesis of 2-(4’,455tetramethyl-1’,3’,2’-dioxaborolane-2'-
yl)-7-bromo-9,9-dialkylfluorene

2,7-Bromo-9,9-dialkylfluorene (15.4 mmol) was dissol in dry, degassed diethylether
(300 mL) and placed in a 500 mL round bottle flaBke solution was cooled down to -78 °C
and 0.98 equivalents of alkyl lithium (eithebutyllithium ort-butyllithium) was added drop-
wise. The resulting solution was stirred for oneithfollowed by addition of 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (12.6 mlL.56mmol) in one shot. The reaction
mixture was stirred for one more hour at -78 °Ce Titixture was then allowed to warm up to
room temperature overnight followed by quenchinghwivater (50 mL). The two-phase
solution was then extracted with dichloromethanedhtimes and the combined organic
layers were washed with water and brine, and dreat magnesium sulfate. The solvent was
removed under reduced pressure and the resultlluyweil was purified by silica gel column
chromatography to afford 2-(4',4',5',5-tetramethyl 3’,2’-dioxaborolane-2’-yl)-7-bromo-
9,9-dioctylfluorene as a colorless ail.

2-(4',4',5',5'-Tetramethyl-1’,3’,2’-dioxaborolane-21)-7-bromo-9,9-dioctylfluorene (FO)

According to the general procedure, 2,7-bromo-9@igiifluorene (6.0 g, 10.9 mmol) was
reacted 1.6 Mn-butyllithium (6.2 mL, 10.7 mmol) to yield, afterupfication by column
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chromatography (eluent: ethyl acetate/hexane =)9%ahout 3.20 g (approx. 49%) of the
target compound.

'H-NMR (500 MHz, CDC}). & (ppm): 7.81 (d, 1H, Ar-H), 7.72 (s, 1H, Ar-H), 8.6d, 1H,
Ar-H), 7.57 (d, 1H, Ar-H), 7.46 (s, 1H, Ar-H), 7.40n, 1H, Ar-H), 2.04-1.90 (m, 4H, Ar-
CHy), 1.39 (bs, 12H, OC(CHLC(CHg)0), 1.29-1.00 (m, 20H, alkyl-H), 0.82 (t, 6H, &H
CHs), 0.64-0.47 (m, 4H, alkyl-H)}*C-NMR (125 MHz, CDGJ): & (ppm): 153.6, 149.5,
143.0, 140.0, 127.8, 133.9, 129.9, 128.9, 126.2,412119.0, 83.8, 55.5, 40.1, 31.8, 29.9,
29.1, 24.9, 23.6, 22.6, 14.0. Elemental analysigH&BBrO,, calculated (%): C 70.59, H
8.80, measured (%): C 70.42, H 8.39. GC-MS:9.8 min, 100% N 596.

2-(4,45",5'-Tetramethyl-1",3",2’-dioxaborolane-21)-7-bromo-9,9-bis(6-
bromohexyl)fluorene (F6Br)

According to the general procedure, 2,7-bromoiisds-bromohexyl)fluorene (10.0 g,
15.4 mmol) was reacted with 1.7 tbutyllithium (15.1 mmol) to yield, after purifican by
column chromatography (eluent: ethyl acetate/hexafb:5), about 5.60 g (approx. 52%) of
the target compound.

'H-NMR (500 MHz, CDC}). & (ppm): 7.82 (d, 1H, Ar-H), 7.72 (s, 1H, Ar-H), 8.6d, 1H,
Ar-H), 7.77 (d, 1H, Ar-H), 7.46 (d, 2H, Ar-H), 3.36, 4H, CH-Br), 2.00 (m, 4H, Ch), 1.67
(quint., 4H, CH), 1.42 (s, 12H, OC(CHLC(CH;),0), 1.21 (quint., 4H, C}j, 1.09 (quint.,
4H, CHp), 0.60 (quint., 4H, Cb). **C-NMR (125 MHz, CDGJ): & (ppm): 171.3, 153.3, 149.3,
142.9, 140.0, 134.0, 130.2, 129.0, 126.3, 121.8,712119.2, 83.9, 60.6, 55.4, 39.9, 34.6,
32.8, 29.1, 27.9, 25.1, 23.6, 21.3, 14.5. Elememmalysis: GH4,BBr;O,, calculated (%): C
53.40, H 6.07, measured (%): C 53.44, H 66.08. G&-{vk 8.3 min, 100% M 697.

Poly[9,9-bis(6-bromohexyl)-2,7-fluorene]-b-poly(Hdctyl-2,7-fluorene) (PF6Br-b-PFO)

Aqueous 2 M sodium carbonate solution (5 mL) wadeddto a mixture of 2-(4',4’,5',5'-
tetramethyl-1’,3’,2’-dioxaborolane-2’-yl)-7-bromo®dioctylfluorene F8 (150 mg,
0,25 mmol) in freshly distilled THF (12 mL) in a l8enk tube under argon. The catalyst
(t-BusP)Pd(GHs)Br (9.6 mg, 0,025 mmol) in THF (4 mL) was added @ syringe and the
mixture was stirred for 10 minutes at room tempematAfter that 2-(4’,4’,5',5’-tetramethyl-
1’,3’,2’-dioxaborolane-2’-yl)-7-bromo-9, 8is(6-bromohexyl)fluorene F6Br (176 mg,
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0.25 mmol) in THF (2 mL) were added via a syringd &he mixture was stirred for 30 min at
room temperature. The polymer solution was therrguinto acidified methanol (500 mL,

containing 50 mL of 2 M HCI). The precipitate wa®slated via filtration and purified by a

Soxhlet extraction with methanol. The residue waslissolved in chloroform. The polymer
was isolated by removing the chloroform via rotawaporation. The residual solid was dried
under vacuum to a constant weight to give PRGBFO as a light yellow solid (178 mg,

82%).

'H-NMR (500 MHz, CDCY)). 8 (ppm): 7.84 (m, 4H, Ar-H), 7.70 (m, 8H, Ar-H), 3.2Zm, 4H,
CHy), 2.13 (m, 8H, Ch), 1.70 (m, 4H, Ch), 1.22 (m, 32H, alkyl-Ch), 0.81 (m, 6H, Cht
CH3). GPC Anal. (THF, 254 nm): M= 18 000 g/mol, M = 22 900 g/moly,/M, = 1.27.

Poly[9,9-bis(6-(N,N,N-trimethylammonium)hexyl)-2derene]-b-poly(9,9-dioctyl-2,7-
fluorene) (PF6NBr-b-PFO)

Condensed trimethylamine (2.5 mL) was added drgewio a solution of the block
copolymer precursor (100 mg, .M 18 000g/mol) in THF (50 mL) at -78 °C. The mixture
was allowed to warm up to room temperature gragwadt stired for 16 hrs. The solvent was
then removed under reduced pressure. The residsieeadissolved by addition of methanol,
and a second portion of trimethylamine (2 mL) wddel at -78 °C. The mixture was stirred
vigorously for additional 24 h at room temperatutdter removal of most of the solvent
under reduced pressure the polymer solution waseglan a dialysis bag (cut-off of the
dialysis membrane: 1,000 g/mol, solvent: water/meth 1:1) for three weeks for further
purification. After evaporation of the solvents thelymer was collected and dried under
reduced pressure to yield about 104 mg (approx.)9#%he target compound as a yellow
solid.

'H-NMR (600 MHz, MeOD).5 (ppm): 7.96-7.80 (m, 12H, Ar-H), 3.22 (m, 22H!(8Hs);
and N-CH,), 1.70-1.60 (m, 4H, alkyl-Ch, 1.31-1.17 (m, 32H, alkyl-Chl, 0.83 (m, 8H,
alkyl-CHy), 0.14 (m, 6H, ChCHz). UV-Vis (MeOH): Amax, abs= 390 nm. PL (MeOHjexc =
380 NM)hmax, en 414, 437 nm.
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Device Part

The organic thin films were prepared on indiumdkide (ITO)-coated glass substrates (Thin
Film Devices) for electrical measurements. Theeeftdre ITO-coated glass substrate was first
cleaned with detergent, then ultrasonicated in caeetand isopropyl alcohol, and
subsequently dried in an oven overnight. The satesrwere treated with UVQUVO
Cleaner 42, Jelight Co. Inc.) for an hour prioptlymer deposition.

For OLED fabrication, 0.5% w/v solutions of MEH-PRW toluene, and 0.5% or 0.1% w/v
solutions of PF6NBB-PFO in methanol, were prepared and stirred atG40vernight prior

to use. ITO-coated glass substrates were used easmrtbde onto which a PEDOT:PSS
dispersion (Baytron 4083, H. C. Stark) was spintedaat 1500 rpm for 70 s, yielding a
~60 nm thick PEDOT:PSS film. The PEDOT:PSS layer waed at 150 °C for 1 h. The
MEH-PPV solution was spin-coated atl000 rpm for 60 s atop the PEDOT:PSS layer to
yield a~ 80 nm thick MEH-PPV film. Subsequently, the PF6NBIPFO interlayer was spin-
coated atop the MEH-PPV layer at 3000 rpm for 80 gield a 5-10 nm thin interlayer by
using 0.1% w/v solution of PF6NB+PFO in methanol and a 40-60 nm thick interlayer fo
0.5% w/v solution, respectively. The devices wermpleted by drying them under a“Ltorr
vacuum overnight followed by thermal evaporatiorAbklectrodes at a pressure oflidrr.

All fabrication, annealing and testing steps weaagied out inside a nitrogen atmosphere dry

glove box. The film thicknesses were determinedbi measurements.

I nstruments
NMR

The'H and**C NMR spectra were recorded on a either a Brukean&e500 500 MHz or a
Bruker Avance Il 600 MHz NMR spectrometer with usiethe solvent proton or carbon

signals as internal standard.

GC-MS

GC-MS measurements were obtained on Shimadzu GQRH-A000 EI GCMS (column:
FS-OV1-CB-0,25) under helium a gas; injection terapee: 280 °C, starting temperature:
250 °C, heating rate: 6 °C, end temperature: 28@Aa@ time: 30 min.
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Elemental analyses

Elemental analyses were performed on a Vario ECHNS) instrument.

GPC

Gel permeation chromatography (GPC) measurements eagried out using a Waters 2695
Separation Module equipped with Column I-Series édixBed High Molecular Weight
Viscotek columns with separation range 1000 — 1030 cm x 7.8 mm i.d.), a 2414 RI
detector and a 2996 photodiode array (PDA) dete@idF was employed as the solvent and
polystyrene (PSS) standards were used for caldirathe measurements were obtained at
30 °C.

UV-Vis

UV-Vis absorption spectra were recorded on a ShamadV-2401 PC spectrophotometer at

room temperature.

Photoluminescence spectroscopy

Fluorescence measurements were carried out onmag8hu UV-2401 instrument at room

temperature.

Confocal flourescence microscope

Confocal fluorescence images were collected usihgiea TCS SP high resolution spectral
confocal microscope equipped with a Millenngeries argon laser S-10 excitation source.
The polymer samples were prepared by depositingolgmer solution onto glas slide

followed by placement of a cover slip. The slideswaverted and placed onto the microscope

stage (cover slip down) and the sample imagediHfiggrescence mode.
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AFM

Atomic force microscopy measurements were recorg#alg a under nitrogen environment
using a commercial scanning probe microscope (Moltie and Nanoscope Controller llla,
Veeco Inc.). Surface potential measurements wdlected using a Veeco diDimension Icon

atomic force microscope instrument.
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Summary

Chapter 5

5. Summary

Within this thesis, new all-conjugated, cationicbldck copolyelectrolytes, based on
polyfluorene and polythiophene blocks, have beerccessfully synthesized. Their
photophysical properties and aggregation behawawe tbeen studied in solution and in the
solid state. Especially PF2BBP3MAHT shows a significant solvatochromatic effent
THF/water mixtures. Bilayer-based vesicles (polysnenes) with diameters of several
microns have been observed for PH2/B3PYyHT and PF2/6-P3TMAHT diblock
copolymers. Using solvents of different polarityHHF versus methanol) leads to a tunable
self-assembly for PF6NBr-PFO with a different arrangement of the componentsin the
vesicle walls. Because of the resulting controltlose formed nano-scaled arrangement CPEs
are also promising materials for an incorporatiaio ioptoelectronic devices. The application
of PSTMAHT and PF2/&-P3TMAHT as thin electron extraction layers of Btyfle organic
solar cells leads to an increase of the PCE fronb&to ca. 6.5%. Further on, PFGNBr-
PFO has been used as thin electron injection lajegdLEDs. Such CPEs are promising

candidates for improving the electron injectioroitite organic layers of OLEDs.

Furthermore, ionic surfactants, organic acids amialecules as DNA lead to a selective
quenching and/or a characteristic red shift of po#ythiophene-based emission band of
PF2/6b-P3TMAHT in due to a conformational re-organizatidm this perspective PF2i6-
P3TMAHT seems to be a very attractive materiaksgmsors/biosensor applications.
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