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Abstract

More than twenty new bis(fpy)oligothiophenes (tpy stands for 2,2'.6'.2"-
terpyridin-4'-yl) with unsubstituted as well as substituted (with methyl, hexyl,
bromohexyl or 6-(4-methoxyphenoxy)hexyl groups) central blocks
comprising one to four thiophene rings have been prepared as building
blocks (unimers) for constitutional dynamic metallo-supramolecular polymers
(MSPs) soluble in common organic solvents. In addition a series of ionic
unimers soluble in alcohols and partially in water have been prepared by
modification of bromohexyl unimers with trimethylamine or triethylphosphine.

Spectroscopic studies have shown that the steric hindrances prevail
over the electronic effects of substituents as regards the impact on the
delocalization of electrons along unimer chains. Unimers with high steric
hindrances in the middle of the central oligothiophene block were found to
behave nearly like the unimers with half central block.

Three stages of the assembly of MSPs from unimers and metal ions in
solutions were characterized by the UV/vis and fluorescence spectroscopy,
viscometry and size exclusion chromatography: (i) formation of dimers U-
Mt**-U in the early stages of assembling, (i) assembly to longer MSPs
chains, and (ii) end-capping with surplus metal ions and partial
decomposition of MSPs chains.

The observed changes in optical absorption spectra indicate a
significantly increased extent of the delocalization of electrons upon binding
the unimer molecules into polymer chains. On the other hand, a blue shift of
luminescence emission in thin films of the most of MSPs compared to parent
unimers indicates that the bulky tpy-Mt**-tpy linkages suppress efficient
planarization of unimer units in thin films of MSPs. Fe-MSPs exhibit MLCT
band giving them typical blue color and are non-emissive in contrast to Zn-
MSPs.

Evidences from spectroscopic, viscometric and SEC techniques
proved fast constitutional dynamic for Zn-MSPs while very slow for Fe-
MSPs. Slow dynamic in Fe*'/unimer systems allowed the molecular-mass
characterization of these systems by SEC. Remarkable influence on stability
of MSPs was found by experiments in different solvents.
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Abstrakt

V ramci dizertani prace bylo pfipraveno vice nez dvacet novych
bis(tpy)oligothiofent (fpy oznaduje skupiny 2,2':6'2"-terpyridin-4'-yl) s
nesubstituovanymi a substituovanymi (methyl, hexyl, 6-bromhexyl, 6-(4-
methoxyfenoxy)hexyl) mono- az kvaterthiofenovymi centralnimi bloky. Tyto
oligothiofeny byly vyuzZity jako stavebni bloky (unimery) konstituéné-
dynamickych  polymert  (dynamerd) rozpustnych v  organickych
rozpoustédlech (THF, DMSO, CHCIl;, CH)Cl, apod). Modifikaci 6-
bromhexylovych boc¢nich skupin trimethylaminem nebo triethylfosfinem byly
navic pfipraveny unimery a nasledné i polymery rozpustné v alkoholech a
Castecné ve vodeé.

Spektroskopické studie pfipravenych latek prokazaly, ze sterické
efekty prevazuji nad elektron-donorovymi efekty substituentd centralniho
bloku. Unimery s velkymi dihedralnimi ahly mezi centralnimi thiofenovymi
cykly vykazuji UV/vis absorpéni charakteristiky obdobné jako unimery s
polovi¢ni délkou centralniho bloku, avS§ak emisni charakteristiky odpovidajici
celym blokdm, coz svéd¢i o dostate¢né rychlé relaxaci jejich excitovanych
molekul do koplanarnich konformaci s chinoidni strukturou a protilehle
orientovanymi substituenty sousednich cykla.

Pribéh seskupovani molekul unimert s ionty kovl do Fetézcl
supramolekularnich polymert Ize rozdélit do tfi stadif: i) vznik dimert U-Mt>*-
U, ii) seskupovani do delSich fetézcu a iii) pfi nadbytku iontd kovu v systému
- jejich vazba na koncové terpyridinové ligandy a rovnovazné zkracovani
polymernich fetézci. Dukazy byly ziskany pomoci UV/vis a fluorescenéni
spektroskopie, SEC a viskozimetrie.

Pozorované zmény v optickych spektrech prokazuji zvySeni rozsahu
delokalizace elektron(i po uspofadani unimert do polymernich fetézcl. Na
druhé strané, hypsochromni posun emisniho maxima v tenkych filmech
vétsiny polymerl ve srovnani s pfislusnymi unimery ukazuje, Ze objemné
toy-Mt>*-toy skupiny potladuji efektivni planarizaci vazanych unimert v
pevnych filmech polymerd. Absorpéni spektra Fe-polymerd vykazuji MLCT
pas, ktery je zodpovédny za jejich typickou modrou barvu. Zatimco Zn-
polymery vykazuji luminiscenéni chovani, Fe-polymery jsou neemitujici.

Spektroskopicka, viskozimetrickh a SEC méfeni ukazala, ze
konstituéni dynamika Zn-polymerd je rychla, zatimco velmi pomala
dynamika Fe-polymer(i umoznila stanoveni distribuce molekulovych
hmotnosti pro Fe-polymery pomoci SEC. Dal$imi experimenty v riznych
rozpoustédlech byl prokazan vliv rozpoustédla na stabilitu vytvofenych
polymerd.

Kli¢ova slova
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Aims of the Thesis

In accordance with the requirements for the novel semiconducting materials
and recent findings in the field of supramolecular chemistry, the aims of the
Thesis were as follows:

(i)

(i)

(iii)

(iv)

v)

(vi)

Development of synthesis procedures for preparation of conjugated
unimers with an oligothiophene central block capped by terpyridine
ligands. The central block has to be either unsubstituted or with
symmetrically distributed substituents.

Modification of unimers with reactive side groups to unimers
soluble in alcohols or water, which are well appreciated by green
chemistry and also favorable for their processing.

Assembly of prepared unimers with metal ions to obtain
corresponding metallo-supramolecular polymers.

Characterization of the prepared unimers and polymers with
special attention paid to their spectroscopic properties in solution
and thin films and correlation of the obtained characteristics with
the structure of unimers.

Detailed study of the assembling process in solutions.

To obtain knowledge on the constitutional dynamics of prepared
metallo-supramolecular polymers.



Introduction

My Ph.D. thesis concerns the synthesis and characterization of new o,o—
bis(fpy)oligothiophenes (fpy = 2,2".6',2"-terpyridin-4'-yl), their self-assembly
with metal ions to corresponding conjugated metallo-supramolecular
polymers (Scheme 1.) and investigation of their properties in relation to their
structure.

ion-selector

ion-coupler

Mt
P a—

unimer polymer

R = H; hexyl; 6-Br-hexyl; 6-(4-methoxyphenoxy)-hexyl;
6-(trimethylammonium)-hexyl; 6-(triethylphosphonium)-hexyl
n=1-4; Mt2* = Zn?*; Fe?*

Scheme 1. General structure representation of prepared unimers and their
assembly into polymers.

Metallo-supramolecular polymers (MSPs) are an important subclass of the
constitutional dynamic polymers referred to as dynamers." A molecule of a
linear MSP is composed of low-molar-mass or oligomeric units with two
chelating end-groups that enable the metal-ion induced reversible self-
assembly of the units into chains. Metal ions that facilitate this self-assembly
are called ion couplers. Depending on the strength of interactions between
the end-groups and ion couplers and solubility, molecules of MSPs exhibit
constitutional dynamics either at increased temperature, or in solution, or
both.2 The constitutional dynamics gives to MSPs (i) processing advantages,
(i) responsiveness to external stimuli (adaptability), (iii) possibility of the
post-synthesis tuning the properties or healing structure defects by
exchanges of oligomer molecules and/or ion-couplers. The dynamics of
MSPs is controlled by the rates of opposite reactions underlying coordination
equilibriums.

The organic molecules utilized as monomeric units in metallo-
supramolecular polymers through the Thesis would be called as unimer as
proposed by Ciferri.?



unimers T

unimers B

Scheme 2. Numbering of positions on the central blocks of unimers.

Unimers comprising mono-, bi-, ter- and quaterthiophene central blocks have
been prepared that are further labeled with letters M, B, T and Q,
respectively. Positions of the central block where substituents can be
attached are numbered as shown in Scheme 2. and they are specified in
labels of unimers by numbers behind the letter. For example, Q27 denotes
bis(fpy)quaterthiophene carrying hexyl side groups at positions 2 and 7.

Results and Discussion

Preparation and properties of unimers

Different strategies were used in the preparation of unimers bearing
substituents at desired positions: i) synthesis of the half of a unimer followed
by coupling the halves to give the desired symmetric unimer; ii) synthesis of
a unimer central block followed by borylation*® of its ends and coupling with
Bripy; and iii) synthesis of a core of the central block followed by its
borylation and coupling with BrThipy. Examples are shown in Scheme 3.
lonic unimers were “simply” prepared by iv) modification of unimers with
bromohexyl groups.
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Scheme 3. Different strategies used in the syntheses of unimers with
substituents on central blocks.



The project started with the synthesis and investigation of unimers B and T
with unsubstituted central blocks, which exhibited poor solubility in organic
solvents.® Therefore, in the next step, the same unimers with methyl
substituted thiophene rings were prepared, however, they did not show a
significant increase in solubility.® A significant increase in the solubility of
unimers in organic solvents was achieved upon introduction of hexyl side
groups onto thiophene rings of the central blocks.”

Further target of the project was to prepare unimers soluble in “green”
solvents such as alcohols and, ideally, in water. For that purpose, the
strategy of modification of “precursor” unimers with 6-bromohexyl side
groups into unimers with ionic side groups was chosen (Scheme 4.). First
we have tried preparation of the precursor unimers according to routes
shown in Scheme 3. using 3-(6-bromohexyl)thiophene® as the key
monomer. However, the Suzuki coupling of 4-bromoterpyridine with 6-
(bromohexyl)thiophene blocks was found to be accompanied with partial
dehydrobromination of the side chains. Therefore, the synthesis strategy
was further modified in such a way that the precursor unimers were
prepared using 3-[6-(4-methoxyphenoxy)hexyllthiophene as starting
monomer (see Scheme 4.), then modified to corresponding bromohexyl
unimers that were subjected to ionization.
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Scheme 4. Strategies used for preparation of ionic unimers — building blocks of
the constitutional-dynamic conjugated polyelectrolytes.

Originally, unimers with N-methylimidazolium groups had to be prepared
since corresponding modification took easily place on bromoalkylthiophene®
" even in the presence of free terpyridine. However, in sharp contrast, Br-
unimers did not react with N-methylimidazole at room temperature and, at
temperatures about 50 °C or higher, significant elimination of HBr took place
that gave a considerable fraction of unsaturated hex-5-en-1-yl side groups.
The observed inhibition might be caused by the increased basicity of tpy
end-groups due to donation of electrons from neighboring thiophene rings.



Moreover, interactions between fpy and polar —-CH,Br groups can be strong
enough to keep these groups in close proximity.

The ionic unimers were finally successfully prepared by the
modification of Br-unimers with a stronger base: trimethylamine'? and softer
base: triethylphosphine.' The ionic unimers are well soluble in alcohols and
slowly soluble in water (within a few weeks) giving colloidal solutions.
Unimer Q2457P" is well soluble in water. Such solubility is quite unusual for
these types of rigid conjugated structures.

Two methods for preparation of related MSPs were used within the
Thesis. One involved simple mixing the solution of wunimer in
chloroform/acetonitrile mixture (1/1 by vol.) with solution of equimolar
amount of particular metal salt followed by evaporation of the solvents.
Another method comprised dissolving of unimer in N-methylpyrrolidone,
heating to 100 °C and adding equimolar amount of the metal salt and
subsequent further heating. An hour before termination into methanol KPFg
is added to the solution leading to exchange of PFs~ counterions.™ However,
the polymers with PFg~ counterions are poorly soluble.

The analysis of spectra of more than twenty newly prepared unimers
has shown that the negative steric effects of side groups are more important
than their positive electron-donating effects. Twisting the thiophene-to-
thiophene bond in the middle of the central block was found to dramatically
decrease electron delocalization in unimer molecules in solution but not in
films, where they acquire planar conformations with oppositely oriented side
groups. The variation of the side chain capping groups also affects much
more the spectral properties of unimers in the solid state compared to their
properties in solution, obviously due to their effect on the molecular packing.

Assembly of unimers and metal ions into MSPs

Assembly of polymers from unimers and metal ions (Zn** and Fe®*) was
studied in dilute solutions using the UV/vis and luminescence spectroscopy
and in medium-concentrated solutions by the size exclusion chromatography
(SEC) and viscometry. Three stages of assembly have been well resolved in
dilute solutions in which the concentration of ion couplers was gradually
increased (Fig. 1.). The first stage can be characterized as formation of
“butterfly” dimers U-Mt**-U (U stands for unimer), the second one as
formation of polymeric chains, and the third one includes end-capping the
polymeric chains with surplus metal ions and subsequent partial
depolymerization of longer chains to the shorter ones. The processes in the
second and third stage of assembly were also confirmed by viscometry.
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Fig. 1. Example of spectral changes (UV/vis and luminescence) during assembly
of M1Br to Zn-MSPs.

Assembly of bis(tpy)oligothiophenes to MSPs generally provides materials
that mostly exhibit the red-shifted both absorption (up to 80 nm) and
emission (up to 135 nm) in solution as well as absorption in the thin films (up
to 80 nm) but the blue-shifted emission in the thin films (up to =90 nm)
compared to the emission of the corresponding unimer. The observed red
shifts are fully consistent with the increased extent of the delocalization of
electrons upon linking the conjugated unimers into MSP chains, whereas the
blue shifts observed for thin films apparently are not. However, as the
emission appears from LUMO that is mainly spread over the central
oligothiophene block, the blue shifts observed during the unimer-to-polymer
transitions indicate that twisting of these blocks in a polymer film is higher
than twisting in a film of pure unimer. This means that the central blocks are
better packed in the films of unimers compared to MSP films. This outcome
is in line with bulkiness of linking units that each consists of two mutually
perpendicular fpy groups coordinated to one Mt ion. These bulky units
provide to central blocks more conformational freedom compared to that
they have in the pure unimer film. Analysis of apparently exceptional values
of the positions of emission maxima in terms of the Stokes shift theory
revealed that these Ar values are not exceptional but in conformity with the
other ones.

Fe-MSPs exhibit MLCT (metal-to-ligand charge transfer) band around
600 nm, giving them typical blue color, and they do not show luminescence,



in contrast to Zn-MSPs (Fig. 1.). Moreover, the iron ions can be reversibly
oxidized and reduced, which results in a decay and restoring the MLCT band
that gives to Fe-MSPs electrochromic properties.

The SEC analysis of MSPs on a device equipped with a diode array
UV/vis detector (DAD) provided us rough estimation of the rate of
constitutional dynamics, which was proved to be quite fast for Zn-MSPs but
slow for Fe-MSPs. Slow constitutional dynamics of Fe-MSPs allowed their
SEC separation (Fig. 2.) and thus also determining the distribution function
of the degrees of polymerization of these polymers of composed of non-ionic
unimers. SEC separation of ionic MSPs was strongly disturbed by the
adsorption mode of the separation. The DAD spectra of fractions of Fe-
MSPs provided the evidence for end-capping of these chains with metal
ions.
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Fig. 2. The SEC records of Fe” /M1Br systems of different compositions taken
one day after preparing (left); example of the dependence of the UV/vis spectra of
SEC fractions on the elution time t, (right).

Another important result is that the prepared conjugated MSPs exhibit the
solvent-dependent constitutional dynamics. Therefore, it is hardly to identify
and/or characterize them using only the spectra taken from solutions,
including NMR spectra. Therefore, potential identification of these unimers
and MSPs based on vibrational spectra is of practical importance. The IR
spectra are particularly useful for the identification of free as well as
coordinated tpy end-groups while the Raman spectra for identification and/or
characterization of the state of oligothiophene central blocks.

Conclusions

New synthesis routes have been developed for the preparation of the
unimers with oligothiophene central blocks substituted at different positions
and tpy end-groups. Using the procedures developed, more than twenty new
unimers with linear central blocks containing one to four thiophene-2,5-diyl
units were prepared, purified and adequately characterized. o,0-
Bis(tpy)oligothiophenes of the following types were prepared:



with unsubstituted (up to quaterthiophene) central blocks (B, T and Q);

2.  with asymmetric: 3-(6-Rhexyl)thiophene-2,5-diyl central block (M1-
type) and non-ionic (Br) or ionic (N* or P*) side-chain end-capping
groups R;

3.  with symmetrically substituted bi-, tri- and quaterthiophene central
blocks (B-, T- and Q-type) with non-ionic side groups;

4. with symmetrically substituted central blocks and ionic side groups:
B23N"* and Q-type with P* side groups.

The prepared ionic unimers are all soluble in alcohols, some of them are
sparingly soluble in water and one (Q2457P") even well soluble in water.

The unimers prepared were assembled with Zn?* as well as Fe*" ions
to give corresponding MSPs and electronic spectra of both unimers and
MSPs were studied with the aim to establish the correlation between their
structure and spectroscopic properties, which reflects influences of the
central block length and the electronic and steric effects of the side groups
on the delocalization of electron along their chains. The results obtained
indicate that the extent of the delocalization of electrons approaches its
limiting value for unimers with quaterthiophene central block and that the
steric effects of side groups are much more important than their electronic
effects. Unimers with high steric hindrances (distortion) in the middle of the
central oligothiophene block were found to behave nearly like the unimers
with half central block.

A more detailed study of the course of the MSP assembly from
unimers and ions identified three stages of the overall process in solutions:
(i) assembly of the U-Mt**-U dimers, (i) growth of MSP chains to certain
length limited by the thermodynamic equilibrium between the chains and
their constituents which, however, also depends on the rate of establishing
the equilibrium, and (iii) end-capping the MSPs chain with surplus Mt?* ions
and, at still higher excess of the ions, also equilibrium depolymerization of
the MSP chains.

Evidences were obtained by the spectroscopic, viscometric and SEC
techniques that the constitutional dynamics of non-ionic MSPs is fast for Zn-
while very slow for Fe-MSPs. The dynamics of Fe-MSPs is so slow that they
could be analyzed by the SEC method and their molecular-mass
characteristics in solution, otherwise hardly accessible for dynamic MSPs,
could be determined. In contrast, a surprising flip in the stability of Zn- and
Fe-MSPs was found for Q2457P* based MSPs dissolved in water, the Zn-
MSPs being more stable that the Fe-MSPs. Remarkable influence of the
solvent was found also for assembling of the tpy derivatives with La®** ions
that form tris(f{py) complexes in pure acetonitrile but only bis(fpy) complexes
in the chloroform/acetonitrile mixed solvent.



Cile prace

V souladu s pozadavky na nové polovodivé materialy a nejnové;jSimi

poznatky z oblasti supramolekularni chemie vyplynuly nasledujici cile
dizertacni prace:

(i)

(i)

(iii)

(iv)

(v)

(vi)

Vytvofeni syntéznich postupl pro pfipravu konjugovanych unimerd
s oligothiofenovymi centralnimi bloky ukon&ené terpyridinovymi ligandy.
Centralni bloky budou bud nesubstituované, nebo se symetricky
rozlozenymi substituenty.

Modifikace unimer( substituci na centrélnich blocich tak, aby vysledné
unimery byly rozpustné v alkoholech a pfipadné ve vodé.

Samo-seskupovani pfipravenych unimert do organokovovych polymert
s ionty vybranych kov(.

Charakterizace pfipravenych unimert a polymerd. Zvlastni pozornost
bude vénovana jejich spektroskopickym vlastnostem v roztocich a
tenkych filmech a korelaci ziskanych charakteristik se strukturami
unimerd.

Podrobna studie samo-seskupovaciho procesu v roztocich.

Ziskani poznatkd o konstitu¢ni dynamice pfipravenych organokovovych
polymer(.



Uvod

Dizertacni prace se zabyva pfipravou a charakterizaci novych o,o—
bis(tpy)oligothiofent (tpy = 2,2".6',2"-terpyridin-4'-yl), které jsou dale pouzity
k pFipravé organokovovych polymerd/dynamer( reakci s ionty prechodnych
kovl. Vlastnosti pfipravenych unimerl a polymerd (Schéma 1.) jsou
prezentovany ve vztahu k jejich strukture.

Chelatacni skupina -
selektor iontu

unimer polymer

R = H; hexyl; 6-Br-hexyl; 6-(4-methoxyphenoxy)-hexyl;
6-(trimethylammonium)-hexyl; 6-(triethylfosfonium)-hexyl
n=1-4 Mt?* = Zn?*; Fe?*

Schéma 1. Obecna struktura unimeru a pfipraveného organokovového polymeru.

Organokovové polymery jsou vyznamnou skupinou konstitucné-
dynamickych polymert, tzv. dynamerd." Linearni fetézec organokovového
polymer( se sklada z nizkomolekularnich nebo oligomernich molekul
(unimertl)® s dvéma chelatujicimi skupinami, které umozfiuji reverzibilni
usporadavani unimer( do delSich fetézcu reakci s ionty kova. V zavislosti na
sile interakce mezi chelatujicimi skupinami a ionty kovli a také na
rozpustnosti vSech komponent mohou organokovové polymery vykazovat
konstituéni dynamiku za zvySené teploty, vroztocich nebo v obou
zminénych piipadech.? Diky konstitudni dynamice jsou organokovové
polymery (i) snadno zpracovatelné, (ii) schopné reagovat na vnéjsi podnéty
a (iif) umoznuji post-syntézni vyména unimernich blok{ a/nebo iontl kova.
Dynamika organokovovych polymer( je dana rychlosti pfimé a zpétné
reakce bé&hem ustavovani stacionarniho stavu v systému unimer — kov —
polymer.

unimery Q

unimery T

Schéma 2. Cislovani pozic pro substituci na centralnim bloku unimerg.

Unimery obsahujici mono-, bi-, ter- a kvaterthiofenovy centraini blok
jsou dale oznaceny pismeny M, B, T nebo Q, viz Schéma 2., které téz
ukazuje 8islovani pozic substituenttl. Cislo pozice je pak obsaZeno v kédu



unimeru, napf. Q27 oznacuje unimer, ktery ma kvaterthiofenovy centralni
blok substituovany hexyly v pozicich 2 a 7. Koncova skupina hexylu je
specifikovana pfiponou Br, N* (pro amoniové soli), P* (pro fosfoniové
soli).Polymer (MSP) pfipraveny z daného unimeru je oznacen predponou k
nazvu unimeru: Pz, nebo Pg. pro MSPs se zineCnatymi resp. Zeleznatymi
ionty.

Vysledky a diskuze

Priprava a vlastnosti unimert

Pro ptipravu unimer(l nesoucich substituenty v Zadanych pozicich byly
zvoleny nasledujici syntézni postupy: (i) syntéza poloviny unimeru
nasledovana kaplingem téchto polovin vedouci k symetrickému unimeru; (ii)
krokova syntéza centralniho oligothiofenového bloku, jeho pfima borylace*®
a nasledny kapling s 4'-bromterpyridinem a (i) syntéza ¢asti centralniho
bloku a jeho pfima borylace nasledovana Suzukiho kaplingem s 4'-(5-
bromthien-2-yl)terpyridinem. Pfiklady jsou naznaceny ve Schématu 3.
Unimery s iontovymi postrannimi skupinami byly pfipraveny iv) modifikaci
bromhexylovych skupin neiontovych unimerd.

BrHexThtpy  B(OH);~'s™B(OH);
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Schéma 3. Rizné syntézni postupy vedouci k odli§né substituovanym unimerdm.

V prvni fazi byly pfipraveny nesubstituované unimery typu B a T, které
byly obtizn& rozpustné v organickych rozpoustédlech.’ V daldi fazi bylo
pristoupeno k zavedeni methylu na centralni oligothiofenovy blok.®
Methylova skupina ovSem nepfinesla vyrazné zlepSeni rozpustnosti, které
bylo dosazeno az s navazanim hexylovych fetézci.”

V dalSi fazi byla syntéza zaméfena na unimery rozpustné v
environmentalné prijatelnych rozpoustédlech typu alkoholti nebo vody." Pro



tento UcCel byla zvolena nasledujici strategie: V prvni fazi byly pfipraveny
unimery nesouci bromhexylové substituenty. Pfitomnost terminalniho bromu
pak umozni modifikaci na iontové skupiny, které by méli zarucit rozpustnost
v alkoholech. K pfipravé unimert s bromhexylovymi substituenty byly vyuzity
syntézni postupy dobfe fungujici pro unimery s hexylovymi substituenty.
Jako kli¢ovy monomer pro tyto syntézy byl pouzit 3-(6-bromhexyl)thiofen.?
Finalni Suzukiho kapling centralniho bloku s 4'-bromterpyridinem byl vS§ak
doprovazen nezadouci vedlejsi reakci vedouci k terminalni dvojné vazbé
namisto atomu bromu, ktera neumoziovala naslednou modifikaci v iontové
skupiny. Nasledné byly syntézni postupy modifikovany a 3-(6-
bromhexyl)thiofen jako kli€ovy monomer byl nahrazen 3-[6-(4-
methoxyphenoxy)hexyl]thiofenem (Schéma 4.). Chranici skupina byla
nasledné vyménéna za atom bromu a provedeny kvaternizacni reakce k
ziskani unimert s iontovymi postrannimi skupinami.
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Schéma 4. Syntézni postupy vedouci k iontovym unimerdm — stavebnim blokim
konstituéné-dynamickych polyelektrolyta.

Pdvodné byly unimery nesouci bromhexylové substituenty
modifikovany  N-methylimidazolem, ktery se pouzivda jako bézné
kvaternizaéni &inidio pro poly(bromalkylthiofen).*"" Bylo ukazano, Ze v
pfipadé unimert s navazanym terpyridinem jako chelata¢ni skupinou reakce
za laboratornich a nizSich teplotach neprobiha, pfi vysSi teploté okolo 50 °C
probiha eliminace bromovodiku za vzniku terminaini dvojné vazby. Inhibice
vazanym terpyridinem je zpusobena bazicitou terpyridinové molekuly. Navic
polarni —CH.Br skupina se drzi v blizkosti terpyridinové molekuly.

lontové unimery byly pfipraveny reakci bromhexylovych skupin
unimerd s trimethylaminem (NMe3)'? nebo triethylfosfinem (PEts;)'. lontové
unimery jsou dobfe rozpustné v alkoholech, rozpousténim ve vodé vznika po
nékolika tydnech koloidni roztok. Unimer Q2457P" je jako jediny zcela
rozpustny ve vodé, coz je pomérné vzacna vlastnost pro tento typ rigidnich
struktur.



Prislusné organokovové polymery byly pfipraveny dvéma zpUlsoby.
Jeden zplsob je prosté smichani roztoku unimeru ve smeési
chloroform/acetonitril (1/1) a roztokem obsahujici ekvimolarni mnozstvi
pFislusného kovu a odpafenim rozpoustédla z této smési. Jiny zplsob pak
zahrnuje rozpusténi unimeru v N-methylpyrolidonu, zahfivani na teplotu 100
°C a pfidanim ekvimolarniho mnozstvi kovu a naslednym dal$im zahfivanim.
Hodinu prfed terminaci do methanolu je pak pfidan KPFs, coz vede k
zabudovani PFe  protiiontt.’” Tento zptisob viak vede ke 3patné

Spektroskopické studie pfipravenych latek prokazaly, ze sterické
efekty zpusobené pozici substituentli podél centralniho bloku pfevazuji nad
elektron-donaénimi efekty substituentl. Vyto€eni thiofenovych cykld vuéi
sobé dramaticky snizuje delokalizaci elektrond v rozpusténych unimerech,
na rozdil od unimerd vpevné fazi, kde unimery zaujimaji planarni
konformaci. Rozdilné skupiny substituentl naopak vice ovliviiuji uspofadani
ve filmech, zatimco v roztocich je tento efekt potlacen.

Samo-seskupovani unimert s ionty kovti do fetézci polymert

Tvorba polymernich fetézcl byla studovana v fedénych roztocich
pomoci UV/vis a fluorescencni spektroskopie a pro stfedné koncentrované
roztoky pomoci SEC a viskozimetrie. V procesu samo-seskupovani byly
rozliSeny tfi faze (Obrazek 1.). V prvni fazi, kdy je k roztoku unimeru
ptidavan roztoku kovu (Zn?* nebo Fe®*) az do poméru kov/unimer (r) 0,5 je
pozorovan vznik dimernich struktur U-Mt?*-U (kde U znagi obecn& unimer).
Teorie vzniku dimer( je podporena stechiometrii obsazenych komponent a
pfitomnosti isosbestickych bodd v absorpénich spektrech, které znadi
prechod mezi dvéma dobfe definovanymi formami latky. Druha faze je
charakteristicka prodluzovanim Fetézcl polymerl doprovazena dalSimi
zménami v absorpénich spektrech. V tfeti fazi pak dochazi k ukoncovani
polymernich  Fetézci  nadbytenymi  ionty kovid ~a  &aste€né
depolymerizaci/zkracovani fetézcl polymerG. Pribéh druhé a tieti faze byl
potvrzen viskozimetrickymi mérenimi.
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Obrazek 1. Priklady spektralnich zmén (UV/vis a luminiscence) béhem samo-
seskupovani M1Br do polymernich fetézcl s zn* ionty.

Usporadanim unimerd do fetézcl polymer( vznikaji materialy, které se
ve vétsiné pfipadl vyznacuji absorpci posunutou do ¢ervené oblasti az o 80
nm a emisi az o 135 nm v roztocich a absorpci v pevné fazi s maximem
posunutym az o 80 nm, avS§ak emisi v pevné fazi s opaénym posunem -90
nm (do modré oblasti) ve srovnani s plivodnim unimerem. Pozorované
posuny k vy88im vinovym délkam dobfe odpovidaji zvétSenému rozsahu
delokalizace elektrond po uspofadani unimerd do polymernich fetézca.
Posun emisniho maxima v pevné fazi je vysvétlen nasledovné: emise
probihda z LUMO hladiny, ktera je lokalizovana pfedevSim na patefnich
thiofenovych kruzich. Posun do modré oblasti pak ukazuje na vétsi poruseni
planarity excitovaného stavu pro navazané unimery v fetézcich polymert ve
srovnani s jejich volnou formou. Odtud vyplyva, Ze centralni thiofenové bloky
jsou lépe usporadany v pevné fazi unimerl nez v polymernich filmech.
Dobrému usporadani v polymernich filmech zabrariuji objemné tpy skupiny,
a jejich oktaedricka koordinace k iontdm kov(.

Fe?" polymery na rozdil od Zn?* polymer(i vykazuji absorpci v oblasti
kolem 600 nm, ktera je zodpovédna za jejich modrou barvu. Tyto latky navic
nevykazuji luminiscenéni chovani (Obrazek 1.). Pfitomné Fe ionty mohou
byt reverzibilné oxidovany a redukovany, coz zplsobuje vymizeni a
nasledné obnoveni MLCT pasu a nabizi potencialni vyuziti Fe>" polymert
v elektrochromnich aplikacich.



SEC analyza organokovovych polymer( na zafizeni vybaveném
UV/vis DAD detektorem poskytla hruby odhad probihajici konstituéni
dynamiky. Ukazalo se, Ze ustavovani dynamiky pro Zn?* polymery je rychlé,
zatimco pro Fe?* polymery relativné pomalé. Pomala konstituéni dynamika
v Fe®* polymerech umoznila separaci rtizné dlouhych polymernich Fetézcl
v SEC systému pro polymery sloZzené z neiontovych unimert (Obrazek 2.).
Pro iontové unimery bylo déleni znemozZnéno adsorpci téchto unimerd na
kolonach. DAD spektra Fe®" polymert také poskytla dikazy pro nasyceni
terminalnich tpy ligandt pfi nadstechiometrickém mnozstvi kovd v systému.
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Obrazek 2. SEC zaznam of Fe*'/M1Br systému s riznym slozenim smési,
mérfeno jeden den po smichani (vlevo); pfiklad zavislosti UV/vis spekter na
eluénim Case t, (vpravo).

Bylo  prokdzano, ze  konstituéni  dynamika  pfipravenych
organokovovych polymerd je zavisla na pouzitém rozpoustédle. Z tohoto
ddvodu je velice obtizné tyto polymery identifikovat a charakterizovat pomoci
NMR spektroskopie. Zde pFichazi ke slovu IC spektroskopie umoZfiujici
identifikovat volné a koordinované tpy ligandy a Ramanova spektroskopie
ukazujici charakter oligothiofenovych centralnich bloka.



Zavéry

Byly vyvinuty nové syntézni postupy pfipravy unimer(l s razné
substituovanymi oligothiofenovymi centralnimi bloky a tpy koncovymi
skupinami. Témito postupy bylo pfipraveno vice nez dvacet novych unimeru
s linedrnimi centralnimi bloky sjednou az ¢&tyfmi thiofen-2,5-diylovymi
skupinami, které byly peclivé vycistény a charakterizovany. Byly pfipraveny
nasledujici bis(fpy)oligothiofeny:

1. S nesubstituovanymi centralnimi bloky (B, T a Q);

2. S asymetrickym centralnim blokem obsahujici 3-(6-Rhexyl)thiofen-2,5-
diyl (M1-typ) a neiontovym (Br) nebo iontovym (N* nebo P*)
zakon&enim substituentu R;

3. Se symetricky substituovanymi centralnimi bloky (B-, T- a Q- typu)
s neiontovymi postrannimi skupinami;

4. Se symetricky substituovanymi centralnimi bloky a iontovymi
postrannimi skupinami: B23N* a Q-typu s P* postrannimi skupinami.

Pfipravené iontové unimery jsou rozpustné v alkoholech, nékteré
z nich jsou Gasteéné rozpustné ve vodé. Unimer Q2457P* je jako jediny
zcela rozpustny ve vodé.

Pfipravené unimery byly pouzity k pfipravé organokovovych polymer(
samo-seskupovanim s Zn®>" a Fe?* ionty. Byla studovana spektra unimert a
polymer( s cilem urcit vztah mezi strukturou latky a jejimi spektroskopickymi
vlastnostmi, ve kterych se odrazi délka centralniho bloku a sterické vlivy
postrannich skupin. To ma vliv na delokalizaci elektronli podél fetézce.
Ziskané vysledky ukazuji, Ze rozsah delokalizace elektrond dosahuje mezni
hodnoty pro unimery s kvaterhiofenovym centralnim blokem a Ze sterické
vlivy postrannich skupin pfevazuji nad jejich elektron-donacnim vlivem.
Unimery s velkym vytoGenim thiofenovych cykld vGéi sobé se chovaji
podobné jako unimery s polovi¢ni délkou centralniho bloku.

Podrobna studie samo-seskupovaciho procesu unimer( s ionty kovu
do organokovovych polymer( umoznila popsat tfi faze procesu v roztoku: (i)
vznik dimert U-Mt**-U, (if) vznik organokovovych polymerd, jejichZ délka je
omezena termodynamickou rovnovahou mezi unimery a vznikajicimi
polymery, a zavisi také na rychlosti ustavovani rovnovazného stavu a (jii)
nasyceni koncovych fpy ligandd nadbyteénymi ionty kovl a cCaste¢na
depolymerizace organokovovych polymerd.

Spektroskopicka, viskozimetricka a SEC méfeni poskytla dikazy, ze
dynamika neiontovych organokovovych polymerti je rychla pro Zn?*polymery
a velmi pomala pro Fe*" polymery. Pomala dynamika v Fe?* polymerech
umoznila jejich analyzu pomoci SEC a ziskani molekularné-hmotnostnich
charakteristik, které jsou jinak pro dynamické organokovové polymery velice



t&Zko dostupné. Naopak pro polymery sloZené z unimeru Q2457P" ve vodé
byl pozorovan prekvapivy obrat ve stabilitach polymert, kde Zn?" polymery
se jevi vice stabilni nez Fe?" polymery. Pozoruhodny vliv rozpoustédia byl
pozorovan také pro komplexy tpy derivatii s La>* ionty, které tvofi tris(toy)
komplexy v Cistém acetonitrilu, ale ve smési chloroform/acetonitril pouze
bis(tpy) komplexy.
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