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ABSTRACT

Complexes [Rh(cycloolefin)(acac)] (cycloolefin = norborna-2,5-diene, cycloocta-
1,5-diene and cyclooctatetraene) were investigated as catalysts of polymerization of
monosubstituted acetylenes into stereoregular cis-transoid polyacetylenes. All
complexes were highly active in arylacetylenes polymerizations in both coordinating
and non-coordinating solvents. Selection of solvent and cycloolefin ligand of the
catalyst allowed the control over polymer MW. The onset of initiation in the
[Rh(cycloolefin)(acac)]/monomer systems proceeded as the proton transfer from the
monomer molecule to the acac ligand under the release of acetylacetone and

coordination of -C=CR ligand to Rh(cycloolefin) moiety.

Cis-transoid poly(phenylacetylene) and poly[(2,4-difluorophenyl)acetylene]s with
required initial MW were prepared with these catalysts and submitted to the long-term
ageing in which the polymers were exposed to the atmosphere and diffuse daylight
either dissolved in tetrahydrofuran or in the solid state. Tightly connected processes of
cis-to-trans isomerization of the polymer main-chains double bonds and oxidative
degradation were found to proceed during polymers ageing in the solution. Besides, the
formation of corresponding cyclotrimers accompanied the polymers ageing. However,
the cyclotrimers amount was too low for explaining the degradation and isomerization

of polymers in terms of intramolecular cyclization mechanism of Percec et al.

The mechanism was proposed that assumes the cis-to-trans isomerization of a
particular macromolecule to be affected by a “domino effect” that results in the deep
isomerization of this macromolecule. As experimentally verified, the isomerized
macromolecules were enriched with unpaired electrons and thus they were significantly
more prone to the oxidative degradation than the non-isomerized ones that were also
present in the partly aged sample. The different degradation rates of isomerized and
non-isomerized macromolecules explain the experimentally observed non-uniform
distribution of these two kinds of macromolecules along the MW distribution of partly
aged samples. The proposed mechanism is consistent with the experimental finding that
the increase in configurational stability (resulting either from reduction of polymer MW
or from a change in the covalent structure) is simultaneously accompanied by an

increase in the MW stability of the polymer.



ABSTRAKT

Byla studovana katalyticka aktivita komplext [Rh(cykloolefin)(acac)] (cykloolefin =
norborna-2,5-dien, cyklookta-1,5-dien a cyklooktatetraen) pii  polymerizaci
monosubstituovanych acetyleni cilend na piipravu stereoregularnich cis-transoid
polyacetyleni. Pii polymerizacich arylacetyleni provedenych v rozpoustédlech
s riznou koordinacni schopnosti vykazovaly vSechny studované komplexy vysokou
aktivitu. Volbou rozpoustédla a cykloolefinového ligandu katalyzatoru bylo mozné
ovliviiovat molekulovou hmotnost polymeri. Pocatecni faze iniciace probihala jako
pfenos protonu z koordinované molekuly monomeru na acac ligand za uvoliiovani
acetylacetonu a koordinace -C=CR ligandu k ¢astici Rh(cycloolefin).

S pouzitim téchto katalyzatortu byly pfipraveny cis-transoid poly(fenylacetylen) a
poly[(2,4-difluorfenyl)acetylen]y s pozadovanou molekulovou hmotnosti. Tyto
polymery byly studovany s ohledem na stabilitu pii dlouhodobém starnuti v roztoku
nebo vpevné fazi, pii kterém byly vystaveny pusobeni atmosféry a rozptyleného
denniho svétla. Behem starnuti polymerii v roztoku dochdzelo ke dvéma propojenym
déjim, a to k cis-trans izomerizaci dvojnych vazeb na hlavnim polymernim fetézci a
k oxidativni degradaci. Starnuti polymerd bylo doprovazeno téz tvorbou piislusnych
cyklotrimer. Mnozstvi vznikajicich cyklotrimerti bylo vSak velmi nizké a neumoZnilo
tedy vysvétlit degradaci a izomerizaci polymerli pomoci cyklizaéniho mechanismu

navrzeného Percecem a kol.

Mechanismus navrzeny v této praci predpoklada, Ze cis-trans izomerizace dané
makromolekuly probihd “dominovym efektem”, ktery vyrazné izomerizuje celou tuto
makromolekulu. Bylo prokézdno, Ze izomerizované makromolekuly obsahovaly vice
neparovych elektronti, a proto byly nachylnéjsi k oxidativni degradaci neZz
makromolekuly neizomerizované, které ¢aste¢né zestarly vzorek téZ obsahoval. Rozdil
v rychlosti degradace u izomerizovanych a neizomerizovanych makromolekul
vysvétluje pozorovanou neuniformni distribuci téchto dvou typti makromolekul podél
molekularné hmotnostni  distribuce ¢aste€né  zestarlého vzorku. Navrhovany
mechanismus téz odpovida zjisténim, Ze zvySeni konfiguracni stability (sniZenim
molekulové hmotnosti polymeru nebo zménou jeho kovalentni struktury) je soucasné

doprovazeno zvySenim molekularné hmotnostni stability polymeru.



1. INTRODUCTION

Study of m-conjugated polymers is the subject of permanent interest in the last few
decades. The potential applications of these polymers range from the field of
electronics, photonics, nonlinear optics and sensor constructions to gas separation and
storage. [1-4] Polyacetylenes represent probably the largest group of m-conjugated
polymers. The non-substituted polyacetylene, one of the first reported m-conjugated
polymer, [5] is insoluble and highly unstable in air. Many research groups, including
our group, have synthesized various monosubstituted and disubstituted polyacetylene
derivatives which are more stable in air as compared to non-substituted polyacetylene
and which are mostly soluble in organic solvents that facilitates their processing.

Substituted polyacetylenes are synthesized by chain-growth polymerization of
respective monomers with either metathesis or insertion catalysts. [6-8] In the case of
monosubstituted polyacetylenes, the type of catalyst applied for the synthesis was found
to be crucial for the polymer microstructure. Insertion catalysts derived from Rh(l)
complexes provide highly stereoregular head-to-tail cis-transoid polyacetylenes
(polymers are often labelled as high-cis polyacetylenes). [7;9-11] On the other hand, W-
and Mo-based metathesis catalysts polymerize acetylenes into non-stereoregular

cis/trans polyacetylenes. [6;12-16]

Substituted polyacetylenes exhibit enhanced reactivity due to the partly conjugated
system of the double bonds in their main chains. The reaction of the polymer main
chains with oxygen can be expected to lead to the changes in the polymer molecular
weight (MW). The non-substituted polyacetylene and poly(methylacetylene) (PMeA)
were the first polymers systematically studied as to their stability under atmospheric
conditions. It was proven spectroscopically that the reaction of polyacetylene and
PMeA with oxygen (i) proceeded without induction period, (ii) was most probably
conditioned by the presence of the unpaired electrons on the polymer main chains and
(ii) led to the cleavage of main chains of polymer, i.e. to the polymer degradation. [17]

Systematic studies have been devoted to the MW monitoring of cis/trans
poly(arylacetylene)s in the course of their ageing in air at room temperature. The

oxidative degradation, was reported to proceed as the entire process in the course of



ageing of these polymers. [17-20] The degradation of poly(arylacetylene)s with less
bulky substituents exhibited the random character very probable due to the random
distribution of unpaired electrons on the polymer main chains. SEC technique applied
for the MW monitoring revealed the preservation of the original width of the MW

distribution (or even its slight narrowing) in the course of ageing of these polymers.

The systematic studies on ageing of high-cis poly(arylacetylene)s exposed to the
atmosphere at room or close to room temperature provided less straightforward
conclusions since not only oxidative degradation but also the cis-to-trans isomerization
may proceed during the high-cis polymers ageing. Masuda et al. reported the oxidative
degradation of high-cis PPhA in solution to proceed without changes in configurational
structure. [21] It is necessary to state, that this work monitored the ageing process for 30
hours only that may be too short period for the configurational changes to be observed
by NMR techniques. Percec et al. reported the similar ageing of high-cis PPhA to
proceed under the decrease in both molecular weight of the polymer and its cis double
bond content. [22;23] Authors proposed isomerization mechanism based on the
intramolecular cyclization of PPhA chains followed by the chain cleavage with the
release of 1,3,5-triphenylbenzene. [22-24] The chain cleavage due to the isomerization
was assumed to be mainly responsible for the observed PPhA degradation. [23] The
simultaneously proceeding cis-to-trans isomerization and degradation was observed
also by Bondarev et al. in the study devoted to the ageing of ring-substituted PPhAs in
solution at room temperature. [25] The considerable broadening of the MW distribution
of high-cis PPhAs in the course of their ageing in solution exposed to the atmosphere
was reported in the above cited works. [21;22;25] However, no explanation for this

finding was proposed.

2. AIMS OF THE THESIS

1) To obtain a comprehensive survey of the polymerization activity of mononuclear
Rh-based complexes as catalysts of homopolymerization and copolymerization of

aryl- and alkylacetylenes in various solvents. To optimise reaction systems based on



these catalysts for the preparation of high-cis poly(arylacetylene)s of desired
molecular weight.

2) To evaluate the connection between degradation and isomerization processes during
the long-term ageing of high-cis poly(phenylacetylene) and high-cis poly[(2,4-
difluorophenyl)acetylene] in solution exposed to the atmosphere. To explain
changes in molecular weight distribution of these polymers in the course of their
ageing. To propose a mechanism of simultaneously proceeding isomerization and
degradation of these polymers.

3) To perform long-term comparative study of high-cis poly(phenylacetylene) and
high-cis poly[(2,4-difluorophenyl)acetylene] ageing in solution and to compare the
molecular weight and configurational stability of these polymers.

4) To evaluate the influence of the parent molecular weight on the molecular weight
and configurational stability of high-cis poly[(2,4-difluorophenyl)acetylene]

samples in solution.

3. RESULTS AND DISCUSSION

3.1. [Rh(cycloolefin)(acac)] complexes as catalysts of
polymerization of aryl- and alkylacetylenes: influence of

cycloolefin ligand and reaction conditions

Three mononuclear complexes [Rh(nbd)(acac)], [Rh(cod)(acac)] and [Rh(cot)(acac)]
were applied as catalysts in polymerization of phenylacetylene (PhA). *H NMR and
GC-MS techniques confirmed that the initial step of [Rh(cycloolefin)(acac)] with PhA
reaction proceeds as the proton transfer from PhA to acac ligand under the release of
acetylacetone and coordination of -C=CPh ligand to Rh(cycloolefin) moiety. Contrary
to frequently used [Rh(nbd)Cl], catalyst the complexes [Rh(cycloolefin)(acac)]
provided high PPhA yields (from 80 to ~100 %) not only in coordinating (THF) but also

in non-coordinating (CH.Cl,) solvents. Two factors, the initiation efficiency and the



extent of transfer reactions, governed the MW of prepared PPhAs. These processes

were controllable by the polymerization solvent and cycloolefin ligand of the catalyst.

[Rh(nbd)(acac)] complex was active also in polymerization of alkylacetylenes
(HC=CR, R = nBu, tBu, 4-chlorobutyl and cyclopropyl). Although the high extent of
initiation is assumed for these polymerizations the polymer yields were lower that those
achieved in PhA polymerization. The reason may consist in the low efficiency of the
propagation due to the insufficient acidity of acetylenic hydrogen of alkylacetylenes. *H
NMR spectroscopy confirmed the high microstructure uniformity with prevailing cis-
transoid configuration for all the polymers prepared with [Rh(cycloolefin)(acac)]

complexes.

Using [Rh(cycloolefin)(acac)] complexes under optimised conditions we prepared
high-cis PPhA and high-cis poly[(2,4-difluorophenyl)acetylene]s (PdFPhA) of desirable
MW suitable for the ageing studies (see Table 1).

Table 1: Polymers for the ageing studies and their M,, values

Polymer PPhA PAFPhA(H)  PdFPhA(M)  PdFPhA(L)

Mw 89 000 970 000 120 000 22 000

3.2. Degradation and cis-to-trans isomerization of high-cis
PPhA and high-cis PAFPhA. Contribution to the revealing of

the mechanism.

Samples of high-cis PPhA and high-cis PAFPhA(M) (see Table 1) were allowed to
age separately in THF-dg in contact with the atmosphere and diffuse daylight at room
temperature. The SEC and *H NMR monitoring confirmed the simultaneously
proceeding oxidative degradation and cis-to-trans isomerization during the polymers
ageing. Moreover, the ageing of polymers was accompanied by formation of
symmetrical cyclotrimers the amount of which (in the terminal stage of ageing)
corresponded to 1-2 wt. % of polymer submitted to the experiment. The precise
monitoring of the cyclotrimers formation (performed for PPhA sample) led to the

results depicted in Figure 1. It is evident that during the ageing the amount of



cyclotrimers formed (parameter (xtpg);) was still about one order of magnitude lower
than the amount of polymer chains newly formed by degradation (parameter (xu):). This
contradicts to the cyclization mechanism proposed by Percec et al. according to which
each main chain cleavage should be accompanied by formation of one cyclotrimer
molecule (see Introduction). [22-24] The non-equality (Xtpg): << (Xm): found in our
work indicates that either only a small part of particular chains cleavages gave rise to

cyclotrimer molecules or that the cyclotrimers were formed independently.
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Figure 1: Ageing time dependencies of parameters (Xtpg): and (Xm): for PPhA ageing.
Parameters (Xtpg): and (Xm): have the meaning of increase in amount of substance of
cyclotrimer molecules and PPhA macromolecules, respectively.

As confirmed by SEC, the width of MW distribution passed through the maximum
during PPhA and PdFPhA(M) ageing (see Figure 2 for B vs. t dependencies). Partly
aged PdFPhA(M) exhibited even the bimodal MW distribution.
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Figure 2: Ageing time dependencies of dispersity D resulting for PAFPhA(M) and PPhA
samples aged in THF-ds.



To study this phenomenon we performed the preparative fractionation of partly aged
PPhA and PdFPhA(H) and analysed the microstructure of individual polymer fractions.
Results obtained for PAFPhA(H) are shown in Figure 3. It is evident that the partly aged
PdFPhA(H) was not microstructurally uniform: while the higher MW part of polymer
was formed by unperturbed high-cis macromolecules the lower MW part consisted of
the deeply isomerized cis/trans macromolecules. The EPR analysis showed that the low
MW cis/trans PdFPhA fraction was enriched (by factor 2.4) with the unpaired electrons
as compared to the high MW high-cis PdFPhA fraction.
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Figure 3: (Part 1) SEC chromatograms of: freshly dissolved parent PdFPhA(H) (curve
P), non-fractionated aged PdFPhA(H) (curve A) and two fractions obtained by
preparative fractionation of the aged PdFPhA(H) (Fy — high-MW fraction and F|_ — low-
MW fraction). (Part 1) *H NMR spectra (in THF-dg) of non-fractionated aged
PdFPhA(H) (A), and fractions Fy and F.. Ageing conditions: THF, t = 240 h.

We propose the following explanation for the above findings: the course of cis-to-

trans isomerization may be influenced by a “domino effect”, i. e. once a particular



double bond of a polymer chain is isomerized the probability of isomerization of the
other double bonds of this chain is increased. This mechanism may lead to the presence
of both microstructurally unperturbed and deeply isomerized macromolecules in the
partly aged sample. The isomerized macromolecules are enriched with the unpaired
electrons and thus more prone to the oxidative degradation in comparison to the high-cis
microstructurally unperturbed macromolecules with a lower unpaired electron content.
The difference in rates of degradation of high-cis and cis/trans macromolecules can be
considered as responsible for (i) the non-uniform distributions of these two kinds of
macromolecules along the MW distribution of the partly aged samples and (ii)

broadening of the MW distribution in the initial stage of ageing.

3.3. Comparison of configurational and molecular weight
stability of poly(phenylacetylene)s differing in covalent

structure or in molecular weight.

High-cis PPhA and high-cis PAFPhA(M) with similar MW characteristics (Table 1)
were compared as to their stability when exposed the atmosphere and diffuse daylight at
room temperature in THF-dg. Figure 4 shows the ageing time dependence of parameter
Chigh-cis (content of cis double bonds in high-cis chains) for these two samples. As
evident, PPhA isomerized more rapidly than PAFPhA(M). The same relation resulted
for the rates of degradation: again PPhA degraded more rapidly than PAFPhA(M). The

last fact can be deduced from Figure 2 in the previous chapter.

PAFPhA(M)

0 200 400 600

Figure 4: Ageing time dependencies of parameter Chign-cis for PAFPhA(M) and PPhA.
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Comparison of stability of PdFPhA(H), PdFPhA(M) and PdFPhA(L) in THF-dg
exposed to the atmosphere and diffuse day light at room temperature is shown in Figure
5. As evident, both the configurational and MW stabilities increased with decreasing
MW of parent polymers in the order: PdFPhA(H) < PAFPhA(M) < PdFPhA(L).

Both above comparative studies confirmed tight interconnection between the rates of

isomerization and degradation. Moreover, it was shown that the stability of
poly(phenylacetylene)s could be increased by substitution in the ortho position of the
pendant phenyls and/or by reduction of the polymer MW. Both the ortho substitution
and MW reduction most probably primarily decreased the rate of cis-to-trans

isomerization.
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Figure 5: Ageing time dependencies of parameter Chign-cis and Mw/(My)o for PAFPhA(H)
(1), PAdFPhA(M) (2) and PdFPhA(L) (3). My, is the weight-average molecular weight at
ageing time t, (My)o represents the weight-average molecular weight of the freshly
dissolved sample.

4. CONCLUSION

e Rhodium mononuclear complexes [Rh(cycloolefin)(acac)] with nbd, cod and
cot ligands exhibited high activity in arylacetylenes polymerization and
moderate activity in polymerization of alkylacetylenes and copolymerization
of alkylacetylenes with arylacetylenes. In the arylacetylenes polymerization,
similar yields of polymers were achieved in both coordinating (THF) and
non-coordinating (CH,Cl,) solvents. Complex [Rh(cot)(acac)] prepared in
situ by ligand exchange of [Rh(ethylene),(acac)] with cot exhibited high

11



12

polymerization activity even in neat cot. Contrary to the frequently applied
[Rh(nbd)Cl], catalyst, [Rh(cycloolefin)(acac)] catalysts did not need either a

cocatalyst or a coordination solvent for their activation.

The onset of initiation in the [Rh(cycloolefin)(acac)]/monomer systems
proceeded as the acetylenic proton transfer from the coordinated monomer
molecule to the acac ligand under the release of acetylacetone and

coordination of -C=CR ligand to Rh(cycloolefin) moiety.

The control over polymer molecular weight (M, from 1x10* to 1x10° M,
from 3x10* to 4x10°) was attained in PhA polymerization with
[Rh(cycloolefin)(acac)] by affecting (i) the extent of initiation and (ii) extent
of transfer reactions. The extent of these processes was controlled by
selection of polymerization solvent and cycloolefin ligand of the catalyst.

The MW and configurational stability of high-cis PPhA and newly prepared
high-cis PAFPhAs dissolved in THF or THF-dg was investigated in long-term
ageing experiments in which polymer solutions were kept in contact with the
atmosphere and diffuse daylight.

The tightly connected processes of (i) cis-to-trans isomerization of the main-
chain double bonds and (ii) oxidative degradation proceeded during the
ageing of both PPhA and PdFPhA in the solution. Moreover, the ageing was
accompanied by formation of a small amount (~1-2 wt.%) of corresponding
cyclotrimers. However, the extent of cyclotrimers formation was too low for
explaining the degradation and isomerization of polymers in terms of
cyclization mechanism of Percec et al.

PdFPhA and PPhA partly aged in solution were found to contain two polymer
fractions: (i) higher-MW fraction of microstructurally unperturbed high-cis
macromolecules with a low amount of unpaired electrons and (ii) lower-MW
fraction of deeply isomerized cis/trans macromolecules with a higher amount

of unpaired electrons.

For the explanation of the coexistence of high-cis and cis/trans
macromolecules in the partly aged samples the mechanism was proposed
assuming that the cis-to-trans isomerization of particular high-cis polymer

chains was influenced by a kind of rapid “domino effect”. This process gave



rise to deeply isomerized cis/trans polymer chains that were enriched with
unpaired electrons (resulting from the rotation scission of the double bonds).
The isomerized cis/trans chains are assumed to be more prone to oxidative
degradation than the microstructurally unperturbed high-cis chains with a low
unpaired electrons content. The different rates of oxidative degradation of
isomerized and non-isomerized chains were responsible for the observed
broadening of polymers MW distribution and for the non-uniform distribution
of high-cis and cis/trans chains along the MW distribution of partly aged
PdFPhA and PPhA samples.

The comparative study in which PPhA and PdFPhA samples of a similar MW
were aged in THF showed significantly higher configurational and MW
stability of PdFPhA compared to PPhA. The observed high PdFPhA
resistance to the cis-to-trans isomerization is most probably given by the
steric effect of the ortho substitution of the pendant phenyl groups of this
polymer. Due to this effect the rotation scission of the main chain double
bonds (leading to cis-to-trans isomerization) is suppressed that also leads to

the consecutive suppression of the oxidative degradation of PdFPhA.

The comparative study in which PAFPhA samples differing in MW were aged
in THF showed increase of both configurational and MW stability with
decreasing MW of the parent samples. It can be assumed that with the
decreasing length of the parent polymer chains the rotation scission of the
main chain double bonds is suppressed owing to the decreasing straining of
the polymer chain segments. The decreased rate of cis-to-trans isomerization

impacts the rate of degradation that is decreased as well.

Various techniques were reported for the study of the microstructure of PPhA
and PdFPhA in the course of their ageing. Among the methods applied, the
SEC/DAD technique was demonstrated as a powerful tool for the rapid
monitoring of structural differences along the MW distribution of the studied
polymers. This method seems to be promising also for the characterization of

other conjugated polymers.
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1. UvoD

Studium m-konjugovanych polymerti je predmétem trvalého zdjmu poslednich
desetileti. Potencialni aplikace téchto polymert je mozné hledat v elektronice, fotonice,
nelinearni optice, pii konstrukci senzorti a pii separaci a skladovani plynu. [1-4]
Polyacetyleny ptedstavuji pravdépodobné nejvetsi skupinu n-konjugovanych polymert.
Nesubstituovany polyacetylen, jeden zprvnich publikovanych =n-konjugovanych
polymert, [5] je nerozpustny a nestabilni na vzduchu. Mnoho skupin, v¢etné nasi se
zabyva syntézou monosubstituovanych a disubstituovanych derivati polyacetylent,
které jsou v porovnani s nesubstituovanym polyacetylenem stalejsi na vzduchu a jsou
rozpustné v organickych rozpoustédlech, coz ulehcuje jejich zpracovani.

Substituované polyacetyleny jsou pfipravovany fetézovou polymerizaci daného
monomeru s metatheznim nebo inzertnim katalyzatorem. [6-8] V ptipadé
monosubstituovanych polyacetyleni je polymerni mikrostruktura vyrazné ovlivnéna
typem pouzitého katalyzatoru. Inzertni katalyzatory odvozené od komplexti Rh(l)
poskytuji vysoce stereoregularni hlava-pata cis-transoid polyacetyleny oznacované jako
high-cis polyacetyleny. [7;9-11] Metathezni katalyzatory odvozené od W a Mo
polymerizuji acetyleny na nestereoregularni cis/trans polyacetyleny. [6;12-16]

S ohledem na casteéné konjugovany systém dvojnych vazeb v hlavnim fetézci
vykazuji substituované polyacetyleny zvysenou reaktivitu. Reakce polymernich fetézci
S kyslikem mlze vést ke zméndm molekulové hmotnosti (MW) polymeru.
Nesubstituovany polyacetylen a poly(metylacetylen) (PMeA) byly jako prvni
systematicky studovany sohledem na stabilitu za atmosférickych podminek.
Spektroskopicky bylo prokdzano, Ze reakce polyacetylenu a PMeA s kyslikem (1)
probihala bez indukéni periody, (ii) byla pravdépodobné podminéna piitomnosti
neparovych elektronli na hlavnim polymernim fetézci a (ii) vedla ke zkracovani
hlavniho polymerniho fetézce, tzn. k degradaci. [17]

Systematické studie se nasledné veénovaly sledovani MW  cis/trans
poly(arylacetylen)i v pribéhu jejich starnuti na vzduchu piti laboratorni teploté.
Oxidativni degradace byla popsana jako jediny proces, ke kterému dochazi v prabéhu

tohoto starnuti. [17-20] Degradace poly(arylacetylen)ii s méné objemnymi substituenty
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vykazovala nahodny charakter, pravdépodobné v disledku nahodné distribuce
neparovych elektronii na hlavnim polymernim fetézci. SEC metoda pouzitd pro
sledovani MW ukazala zachovani pivodni Sitky MW distribuce (nebo dokonce jeji
mirné zuzeni) v pribéhu starnuti téchto polymert.

Zavéry systematickych studii starnuti high-cis poly(arylacetylen)i vystavenych
pusobeni atmosféry pii laboratorni teploté jsou méné jednoznacné, jelikoz b&hem
starnuti muze dochazet nejenom k oxidativni degradaci ale také k cis-trans izomerizaci
téchto polymerd. Masuda a kol. popsali, Ze oxidativni degradace high-cis PPhA v
roztoku probiha beze zmén v konfiguracni struktufe polymeru. [21] Tato prace
sledovala proces starnuti pouze po dobu 30 hodin, coz miize byt kratky interval pro
prokazani konfigura¢nich zmén pomoci NMR techniky. Percec a kol. publikovali
zavéry z podobného starnuti high-cis PPhA, pii kterém dochazelo k poklesu jak
molekulové hmotnosti polymeru, tak i obsahu cis dvojnych vazeb. [22;23] Autofi
navrhli izomerizani mechanismus zalozeny na intramolekuldrni cyklizaci fetézct
PPhA, ktera je nasledovana St€penim fetézct a uvoliovanim 1,3,5-trifenylbenzenu. [22-
24] Piedpoklada se, ze Stépeni fetézce v disledku izomerizace piedstavuje hlavni
ptispévek k pozorované degradaci PPhA. [23] Soucasné probihajici cis-trans
izomerizace a degradace byla pozorovana t¢Z Bondarevem a kol., ktery se ve své studii
zabyval starnutim substituovanych derivatd PPhA v roztoku pfi laboratorni teploté. [25]
Vsechny vyse citované prace ukazaly, ze starnuti high-cis PPhA a jeho derivatl
V roztoku vystaveném atmosféfe je doprovdzeno vyraznym rozSifovanim distribuce
MW téchto polymert. [21;22;25] Nicmén¢, zadné vysvétleni pro toto zjisténi nebylo

navrzeno.

2. CILE PRACE

1) Ziskat $irsi prehled o aktivit¢é monojadernych Rh-komplexti jako katalyzatora
pro homopolymerizaci a kopolymerizaci aryl- a alkylacetylenti v rtznych
polymerizaénich rozpoustédlech. Optimalizovat reakéni systémy zaloZené na
téchto katalyzatorech pro ptipravu high-cis poly(arylacetylen)i s pozadovanou

molekulovou hmotnosti.
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2) Posoudit vzajemné propojeni degradace a izomerizace probihajicich béhem
dlouhodobého starnuti high-cis poly(fenylacetylen)u a high-cis poly[(2,4-
difluorfenyl)acetylen]i v roztoku vystaveném pisobeni atmosféry. Vysvétlit
zmeény v distribuci molekulovych hmotnosti v pribéhu starnuti t€chto polymerti.
Navrhnout mechanismus soucasn¢ probihajici izomerizace a degradace téchto
polymera.

3) Provést dlouhodobou porovnavaci studii starnuti high-cis poly(fenylacetylen)u a
high-cis poly[(2,4-difluorfenyl)acetylen]u v roztoku a porovnat molekularné

hmotnostni a konfiguracni stability t€chto polymera.

4) Prostudovat vliv vychozi molekulové hmotnosti na molekularné hmotnostni a

konfiguraéni stability high-cis poly[(2,4-difluorfenyl)acetylen]u v roztoku.

3. VYSLEDKY A DISKUSE

3.1. Komplexy [Rh(cykloolefin)(acac)] jako Kkatalyzatory
polymerizaci aryl- a alkylacetylenii: vliv cykloolefinického

ligandu a reak¢nich podminek

Tt1 monojaderné komplexy typu [Rh(nbd)(acac)], [Rh(cod)(acac)] a [Rh(cot)(acac)]
byly pouzity jako katalyzatory pii polymerizaci fenylacetylenu (PhA). 'H NMR a GC-
MS techniky potvrdily, Ze pocatecni faze iniciace reakce [Rh(cykloolefin)(acac)] s PhA
probihd jako pfenos protonu z PhA na acac ligand za uvoliiovéni acetylacetonu a
koordinace -C=CPh ligandu k ¢astici Rh(cycloolefin). Na rozdil od hojné uzivaného
katalyzatoru [Rh(nbd)Cl],;, poskytovaly komplexy [Rh(cykloolefin)(acac)] vysoké
vytézky PPhA (80 az 100%) nejen Vv koordinujicim se rozpoustédle (THF) ale také
v nekoordinujicim se rozpoustédle (CH,Cl,). MW pfipravenych PPhAG byla fizena
ucinnosti iniciace a rozsahem pienosovych reakci. Tyto procesy bylo mozZzno ovlivnit

volbou polymeriza¢niho rozpoustédla a cykloolefinického ligandu katalyzatoru.

16



Komplex [Rh(nbd)(acac)] byl uéinny také pii polymerizaci alkylacetylena (HC=CR,
R = nBu, tBu, 4-chlorbutyl a cyklopropyl). I kdyz se pfedpokladdala vysoka ucinnost
iniciace pro tyto polymerizace, vytézky polymert byly niz§i nez vytézky ziskané pii
polymerizaci PhA. Pravdépodobny diivod miize spocivat v niz§i ucinnosti propagace
vzhledem k nedostatecné kyselosti acetylenického vodiku alkylacetylent. 'H NMR
spektroskopie potvrdila vysokou mikrostrukturni uniformitu s pievazujici cis-transoid
konfiguraci u  vSech  polymeri  pfipravenych s  pouzitim  komplext
[Rh(cykloolefin)(acac)].

S pouzitim [Rh(cykloolefin)(acac)] komplexi byly za optimalizovanych podminek
ptipraveny high-cis PPhA a high-cis poly[(2,4-difluorfenyl)acetylen]y (PdFPhA) s
pozadovanymi MW, které byly pouzity pro studie starnuti (Tabulka 1).

Tabulka 1: Polymery pfipravené pro studium starnuti a jejich hodnoty My,

Polymer PPhA PAFPhA(H)  PdFPhA(M)  PdFPhA(L)

Mw 89 000 970 000 120 000 22 000

3.2. Degradace a cis-trans izomerizace high-cis PPhA a high-

cis PAFPhA. Prispévek ke studiu mechanismu.

Vzorky high-cis PPhA a high-cis PdFPhA(M) (Tabulka 1) byly ponechany
(oddé¢leng) starnout v THF-dg pii kontaktu s atmosférou a rozptylenym dennim svétlem
za laboratorni teploty. SEC a 'H NMR sledovani potvrdilo soubézné probihajici
oxidativni degradaci a cis-trans izomerizaci, ke kterym dochazelo v pribéhu starnuti
polymert. Starnuti polymertt bylo dale doprovdzeno tvorbou symetrickych
cyklotrimerq, jejichz obsah (v zavére¢né fazi starnuti) odpovidal 1-2 hm. % polymeru
podrobeného starnuti. Ditkladné sledovani tvorby cyklotrimert (provedené pro vzorek
PPhA) vedlo k vysledkiim, které jsou zobrazeny na Obrazku 1. Je zjevné, ze béhem
starnuti bylo mnozstvi tvofenych cyklotrimert (parametr (Xtpg);) stale o jeden fad nizsi
nez mnozstvi polymernich fetézcii nové vzniklych degradaci (parametr (Xm);). Tyto
vysledky odporuji cyklizatnimu mechanismu navrzenému Percecem a kol., podle

kterého by kazdé jednotlivé Stépeni hlavniho fetézce mélo byt doprovazeno tvorbou
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jedné molekuly cyklotrimeru (viz. Uvod). [22-24] Nerovnost (Xtpg); << (Xm); prokazana
V nasi praci naznacuje, ze jen v malém poctu piipadl je Stépeni fetézce doprovazeno

tvorbou molekuly cyklotrimeru anebo Ze cyklotrimery vznikaji nezavisle na §tépeni.

T T T T T T
0 100 200 300 400 500 600
t (hours)

Obrazek 1: Parametry (xtpg): @ (Xm): V zavislosti na dobé& starnuti PPhA. Parametry
(XteB)t @ (XMm): oznacuji nartst obsahu molekul cyklotrimerd a PPhA makromolekul,
V tomto potadi.

Pomoci metody SEC bylo prokazano, ze béhem starnuti PPhA a PdFPhA(M)
prochazi Sitka MW distribuce téchto polymert pfes maximum (Obréazek 2, zavislosti &

vs. t). Casteéné zestarly PAFPhA(M) poskytoval dokonce bimodalni MW distribuci.

Q
s,
TN
6 d )
./ 3
5- \ ' %
NE \.PdFPhA(M)
3¢y, PPhA "o
2‘| \h,_. - .--—.~

0 200 400 600 800 10'?0)
t (h

Obrazek 2: Zavislost disperzity D na dob¢ starnuti vzorki PAFPhA(M) a PPhA v THF-
dg.

Pro studium tohoto jevu jsme provedli preparativni frakcionaci ¢aste¢né zestarlého
PPhA a PdFPhA(H) a analyzovali mikrostrukturu jednotlivych polymernich frakci.
Ziskané vysledky jsou pro PAFPhA(H) ukdzany na Obrazku 3. Je jasné, Ze Castecné
zestarly PAFPhA(H) nebyl mikrostrukturné uniformni: ¢ast polymeru s vyssi MW byla

tvofena neporusenymi high-cis makromolekulami, ¢ast polymeru s niz§i MW sestavala
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z vyrazné izomerizovanych cis/trans makromolekul. EPR méfeni ukéazalo, Ze
nizkomolekularni cis/trans PdFPhA frakce byla obohacena (2.4 nasobn¢) o neparové

elektrony v porovnani s vysokomolekularni high-cis PAFPhA frakci.

5 300- I
S . .
E
& 200
8100
8
g 0 | ,
20 30 40
retention time (min)
11
L |
f, ‘
e ) S
E |
/ | )i FH

7.6 7.0 6.4 5.8 52
ppm

Obrazek 3: (Cast I) SEC chromatogramy: erstvé rozpusténého piivodniho PAFPhA(H)
(ktivka P), nefrakcionovaného zestarlého PdFPhA(H) (kifivka A) a dvou frakci
ziskanych pfi preparativni frakcionaci zestarlého PAFPhA(H) (Fy — vysokomolekularni
frakce a F. — nizkomolekularni frakce). (Cast II) 'H NMR spektra (v THF-dg)
nefrakcionovaného zestarlého PAFPhA(H) (A), a frakci Fy a FL. Podminky starnuti:
THF, t = 240 h.

Pro zjisténé zavéry jsme navrhli vysvétleni: rychlost cis-trans izomerizace mize byt
ovlivnéna “dominovym efektem”, tzn. izomerizace jedné dvojné vazby na polymernim
fetézci zvysuje pravdépodobnost izomerizace dalSich dvojnych vazeb na tomto fetézci.
Takto probihajici izomerizace zplsobi, Ze Castecné zestarly vzorek muZze soucasné

obsahovat jak mikrostrukturné neporusené tak vyrazn¢ izomerizované makromolekuly.
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Izomerizované makromolekuly jsou obohaceny o neparové elektrony, a proto jsou vice
nachylné k oxidativni degradaci v porovnani s high-cis mikrostrukturné¢ neporusenymi
makromolekulami s niz§im obsahem neparovych elektronti. Rizna rychlost degradace
high-cis a cis/trans makromolekul mtze zptisobovat (i) neuniformni distribuci téchto
dvou druhit makromolekul podél MW distribuce castecné zestarlého vzorku a (i)

rozSitovani MW distribuce na pocatku starnuti.

3.3. Porovnani konfiguraéni a molekulirné hmotnostni
stability poly(fenylacetylen)i liSicich se kovalentni strukturou

nebo molekulovou hmotnosti.

Byla porovnana stabilita high-cis PPhA a high-cis PdFPhA(M) (polymery s
podobnymi MW charakteristikami, Tabulka 1) v prub¢hu starnuti v THF-dg pfi piisobeni
atmosféry a rozptyleného denniho svétla. Obrazek 4 znézornuje zavislost parametru
Chigh-cis (Obsah cis dvojnych vazeb v high-cis fetézcich) na dob¢ starnuti. Je zfejmé, ze
PPhA izomerizoval rychleji nez PdFPhA(M). Stejna relace platila i pro rychlost
degradace: PPhA degradoval rychleji nez PdFPhA(M). Tento zéavér je evidentni
z Obrazku 2 v ptedeslé kapitole.

PAFPhA(M)

0 200 400 600

Obrazek 4: Zavislost parametru Chign.cis na ¢ase starnuti pro PAFPhA(M) a PPhA.

20



Porovnani stability PAFPhA(H), PAFPhA(M) a PdFPhA(L) v THF-dg za ptsobeni

atmosféry, rozptyleného denniho svétla a za laboratorni teploty je ukazano na Obrazku

5. Je ziejmé, ze jak konfiguracni tak molekuldrné hmotnostni stabilita vzristd se

PAFPhA(H) < PdFPhA(M) <

snizovanim MW pavodnich polymera, v fadé:

PAFPhA(L).

Ob¢ porovnavaci studie potvrdily tésné propojeni rychlosti izomerizace a degradace.

Navic bylo potvrzeno, ze stabilita poly(fenylacetylen)ii mize byt zvySena pomoci

substituce fenyli v ortho poloze a/nebo snizenim MW polymeru. Ortho substituce a

snizeni MW polymeru vede pravdépodobné primarné ke snizeni rychlosti cis-trans

izomerizace.
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Obrazek 5: Zavislost parametru Chignh-cis @ Mw/(Mw)o na ¢ase starnuti pro PAFPhA(H) (1),
PdFPhA(M) (2) a PdFPhA(L) (3). My je hmotnostni stfed molekulovych hmotnosti
Vv Case starnuti t, (My)o pfedstavuje hmotnostni stied molekulovych hmotnosti ¢erstvé
rozpusténého vzorku.

4. ZAVER

Komplexy [Rh(cykloolefin)(acac)] s ligandy nbd, cod a cot vykazovaly

vysokou aktivitu pfi polymerizaci arylacetylen a niz§i aktivitu pfi

polymerizaci alkylacetylenti a kopolymerizaci alkylacetylent s arylacetyleny.

Vytézky polymert ziskané pii polymerizaci arylacetylenti byly nezavislé na

koordina¢ni schopnosti pouzitého polymerizacniho rozpoustédla (THF,

CH,Cl,). Komplex [Rh(cot)(acac)], pfipraveny in situ z [Rh(ethylene),(acac)]

cestou ligandové

vymény

s cyklooktatetraenem  vykazoval vysokou
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polymeriza¢ni aktivitu dokonce v Cistém cyklooktatetraenu. Na rozdil od
hojné uzivaného katalytického komplexu Rh(nbd)Cl],, nepotiebuji komplexy
typu [Rh(cykloolefin)(acac)] pro aktivaci kokatalyzator nebo koordinacné

aktivni rozpoustédlo.

Pocatek iniciace v systému [Rh(cykloolefin)(acac)]/monomer probihal jako
pienos acetylenického protonu z koordinované molekuly monomeru na
acetylacetonatovy ligand za uvolilovani acetylacetonu a koordinace -C=CR
ligandu k ¢astici Rh(cykloolefin).

Molekulové ~ hmotnosti  polymerd  pifi  polymerizaci PhA s
[Rh(cykloolefin)(acac)] (M, = 1x10* - 1x10°, M, = 3x10* - 4x10°) byly
ovlivnény (i) rozsahem iniciace a (ii) rozsahem pfenosovych reakci. Rozsah
téchto d&ti bylo mozno fidit vybérem polymeriza¢niho rozpoustédla a
cykloolefinického ligandu katalyzatoru.

Byla studovana molekularné hmotnostni a konfigura¢ni stabilita high-cis
PPhA a nové¢ piipravenych high-cis PAFPhA pfi jejich dlouhodobém starnuti
v roztoku (rozpoustédlo THF nebo THF-dg) udrzovaném v kontaktu
s atmosférou a dennim svétlem.

Bylo prokazéno, ze v prubéhu starnuti polymert probihaly vzdjemné
propojené procesy: (i) cis-trans izomerizace dvojnych vazeb hlavniho fetézce
a (i1) oxidativni degradace. Starnuti bylo déle provdzeno tvorbou malého
mnozstvi (~1-2 hm.%) pfisluSnych cyklotrimer. Nicméné, mnoZzstvi
tvofenych cyklotrimerid bylo nizké na to, aby bylo mozné vysvétlit degradaci
a izomerizaci polymerd pomoci cyklizacniho mechanismu navrzeného

Percecem a kol.

Bylo zjisténo, ze vzorky PdFPhA a PPhA po ¢astecném starnuti v roztoku
obsahovaly dvé polymerni frakce: (i) vysokomolekularni frakci
s mikrostrukturné neporusenymi high-cis makromolekulami s nizkym
obsahem neparovych elektroni a (ii) nizkomolekularni frakci s
izomerizovanymi Cis/trans makromolekulami s vyssim obsahem neparovych

elektronu.

Pro vysvétleni spolecného vyskytu high-cis a cis/trans makromolekul

Vv Castecné zestarlém vzorku byl navrZzen mechanismus, ktery predpoklada, ze



cis-trans izomerizace konkrétnich high-cis polymernich fetézcti byla
ovlivnéna rychlym “dominovym efektem”. Timto procesem vzniknou
vyrazné izomerizované cis/trans polymerni fetézce obohacené o neparové
elektrony (jako vysledek rota¢niho $tépeni dvojnych vazeb). [zomerizované
cis/trans fetézce jsou pravdépodobné nachylnéjsi k oxidativni degradaci nez
mikrostrukturné neporuSené high-cis fetézce s nizkym obsahem neparovych
elektronti. Rozdilnd rychlost oxidativni degradace izomerizovanych a
neizomerizovanych makromolekul zptsobovala pozorované rozsifovani MW
distribuce polymeri a neuniformni distribuci high-cis a cis/trans
makromolekul podél MW distribuce castecné zestarlych PAFPhA a PPhA

vzorku.

Studie porovnavajici vzorky PPhA a PdFPhA s podobnou pocatecni MW
s ohledem na jejich stabilitu v THF, jasn¢ ukazala vyssi konfigura¢ni a MW
stabilitu PAFPhA oproti PPhA. Pozorovana vyssi odolnost PAFPhA vuci cis-
trans izomerizaci je pravdépodobné¢ déana sterickym efektem ortho
substituentu na fenylovych skupinach polymeru. Nasledkem tohoto efektu je
potlaceno rotacni Stépeni dvojnych vazeb hlavniho polymerniho fetézce
(vedouci k cis-trans izomerizaci), coz nasledné vede i k potlaceni oxidativni

degradace PdFPhA.

Studie porovnavajici vzorky PAFPhA s rozdilnou poc¢atecni MW v prabéhu
jejich starnuti v. THF ukazala, ze konfiguraéni a MW stabilita vzorkt rostla s
klesajici MW pivodnich vzorkii. Zkracovani plivodnich polymernich fetézci
evidentné vedlo k poklesu namahani segmentii téchto fetézcii a tedy i k
potlaceni rota¢niho §tépeni dvojnych vazeb hlavniho fetézce. Zpomaleni Cis-

trans izomerizace pak nasledn¢ snizilo i rychlost degradace.

Pro studium mikrostruktury PPhA a PdFPhA v pribéhu jejich starnuti byly
aplikovany rizné techniky. Jako zajimava se ukdzala zejména technika
SEC/DAD, ktera ptedstavuje jednoduchy a ucinny nastroj pro sledovani
mikrostrukturnich rozdili polymert podél jejich MW distribuce. Tato
technika se jevi jako vhodny prostfedek i pro studium dal$ich konjugovanych

polymert.
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