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ABSTRACT

Complexes [Rh(cycloolefin)(acac)] (cycloolefin =rhorna-2,5-diene, cycloocta-
1,5-diene and cyclooctatetraene) were investigatedatalysts of polymerization of
monosubstituted acetylenes into stereoreguts-transoid polyacetylenes. All
complexes were highly active in arylacetylenes pwgizations in both coordinating
and non-coordinating solvents. Selection of solvantl cycloolefin ligand of the
catalyst allowed the control over polymer MW. Theset of initiation in the
[Rh(cycloolefin)(acac)]/monomer systems proceedsdhe proton transfer from the
monomer molecule to the acac ligand under the seleaf acetylacetone and

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

Cistransoid poly(phenylacetylene) and poly[(2,4-difluoropheagetylene]s with
required initial MW were prepared with these cattdyand submitted to the long-term
ageing in which the polymers were exposed to timosphere and diffuse daylight
either dissolved in tetrahydrofuran or in the sdidte. Tightly connected processes of
cisto-trans isomerization of the polymer main-chains doublend® and oxidative
degradation were found to proceed during polymgesrag in the solution. Besides, the
formation of corresponding cyclotrimers accompartieel polymers ageing. However,
the cyclotrimers amount was too low for explainthg degradation and isomerization

of polymers in terms of intramolecular cyclizatiorechanism of Percec et al.

The mechanism was proposed that assumesciti®-trans isomerization of a
particular macromolecule to be affected by a “dangffect” that results in the deep
isomerization of this macromolecule. As experimiyntaerified, the isomerized
macromolecules were enriched with unpaired elesteord thus they were significantly
more prone to the oxidative degradation than theisomerized ones that were also
present in the partly aged sample. The differemratation rates of isomerized and
non-isomerized macromolecules explain the expetiatignobserved non-uniform
distribution of these two kinds of macromoleculé&ng the MW distribution of partly
aged samples. The proposed mechanism is consgtlrthe experimental finding that
the increase in configurational stability (resudtieither from reduction of polymer MW
or from a change in the covalent structure) is #immeously accompanied by an

increase in the MW stability of the polymer.



1. INTRODUCTION

1.1. Substituted polyacetylenes

Study ofn-conjugated polymers is the subject of permaneterast in the last few
decades. Large spectrum of potential applicatidribese polymers has been shown to
range from the field of electronics, photonics, Ine@ar optics and sensor constructions

to gas separation and storage. [1-15]

Various classifications at-conjugated polymers have been applied in thealitee.
If we adopt the source-based classification we diimit an important subclass of
conjugated polymers derived from acetylene-type onmrs. In dependence on the
synthetic path, following main types afconjugated polymers can be obtained from
acetylenes: (i) poly(aryleneethynylene)s and polyémebutadiynylene)s [12;16-22],
(ii) polycyclotrimers [12;23-25] and (iii) polyacgenes (polyvinylenes) [12;26-31].
The last mentioned group, polyacetylenes, is priytthle largest group af-conjugated
polymers as the diversity of chemical compositiond &tructure are concerned. The
conjugation of polyacetylenes is given by the cbi@aof the polymer main chains in
which double and single carbon-carbon bonds aerrating. In dependence on the
configurational structure and on the charactemubkstuents the partial overlappingmof
orbitals on the main chains is achieved. Moreothex, main-chain conjugation can be
combined, in some cases, with the conjugation b$stwents or pendant groups.

The non-substituted polyacetylene, [-HC=CH-ls one of the first reported-
conjugated polymer. [32] Polyacetylene exhibitshhiglectrical conductivity after a
proper doping and interesting optoelectronic proge(33-35], however, it is insoluble,
infusible and highly unstable by exposure to airtHe last three decades, many groups
(e.g. Masuda et al., [36;37] Tang et al., [38-44dl @lso our laboratory [42-45]) have
synthesized various series of monosubstituted amlbstituted polyacetylene
derivatives, [-RC=CH;] and [-RC=CR>],, respectively. The synthesis of hydrocarbon
and also many heteroatom-containing polyacetyldrass been mastered. Substituted
polyacetylenes are more stable in air as comparewrn-substituted polyacetylene and

they are mostly soluble in common organic solvéimés facilitate their processing. The



electrical conductivity of substituted polyacetydsnis not as high as that of non-
substituted polyacetylene. On the other hand, tikduction of substituents on the
polyacetylene chains often gave rise to interestimgctional properties of these
materials: mainly photoluminescence and electrah@sience, photoconductivity, non-

linear optical properties, chirality and micropatgsn the solid state. [26]

1.1.1. Preparation of substituted polyacetylenes by coatchn polymerization

Substituted polyacetylenes are mostly synthesizedhain-growth polymerization
of respective mono- and disubstituted acetylenesvever, the standard methods of
radical and ionic polymerizations exhibit only avlefficiency in this case. This reflects
a decrease in reactivity of the radical or ionitvaccentres due to their delocalization

along the growing conjugated oligomer/polymer chain

The most effective tool for the preparation of wagfined high-molecular-weight
substituted polyacetylenes is the chain-growth dioation polymerization of
corresponding acetylenic monomers. [29;46-48] Thare two possible modes of
propagation of coordination polymerizations of gtstes (Scheme 1): (i) metathesis
mode in which twar bonds are cleaved in the monomer molecule [29](nishsertion

mode in which only one bond is cleaved in the monomer molecule. [49;50]

metathesis  _[ ~ ~_] _
catalyst [ [
Ri Rafn
n R]_CE CR2
: . c—=¢C
insertion | [
catalyst | Ry Ra]np

Scheme 1. Metathesis and insertion polymerizati®ubstituted acetylenes.

The active catalysts for these polymerizationsvareéous complexes and compounds
of following transition metals Ti, Fe, Ta, Nb, M@/ and Rh. [27;47] Complexes and
compounds of W, Mo, Ta and Nb are used for metaleeordination polymerization.
Ta and Nb based catalysts are active in the polyatésn of disubstituted monomers

with bulky substituents, W based catalysts polymeeriess bulky disubstituted



monomers. Compounds and complexes of W and Mo &se active in the
polymerization of monosubstituted monomers. For tmsertion coordination
polymerization, complexes of Ti, Fe, Ni, Ru, Pd am@inly Rh are used. Only
monosubstituted acetylenes are polymerized witbelvatalysts. [29;30;47;48;51-56]

1.1.1.1.Mechanism of metathesis polymerization of substituted acetylenes

The metallacarbene mechanism of propagation has pewen for the metathesis

polymerization of substituted acetylenes (Schemg2)61]

H
A CH CR wvwunC——CR VVV\(H“, CR
[ 1 |||
[M] CH [Mtl—cH [Mt] CH

Scheme 2: The propagation mechanism of metathedignprization of substituted
polyacetylenes.

The transition metal carbene complex is the catalyy active centre to which the
monomer molecule is coordinated in the first reacstep. Subsequently, the transient
metallacyclobutene species is formed. This spetsesunstable and due to its
decomposition the monomer is inbuilt in the polynsbain as a new monomeric unit
and the metallacarbene active centre is recovareddh propagation step. The primary
metallacarbene initiating the polymerization reawctis either in the structure of the
catalyst or it is arising in the reaction of thetatgst complex with cocatalyst or
monomer. Scheme 3 shows an example of the Mo raedablene catalyst labelled,
according to its author, as the Schrock carberd. [Eample of the metallacarbene
formation by the reaction of the Witatalyst with (CH),Sn cocatalyst is summarized
in Equations 1 and 2. [63-65]



Scheme 3: Metathesis catalyst of the Schrock carbgre.

WClg + 2MggSn ——— > Me,WCl, + 2Me;SnCl Equation 1

Me,WCl, —> CHx=WCl; + CH, Equation 2

1.1.1.2.Mechanism of insertion polymerization of substituted acetylenes

The preparation of substituted polyacetylenes viaseition coordination
polymerization is known from the sixties of thetlaentury. [66-68] However, the
interest in this reaction strongly diminished sitankously with the introduction of the
metathesis polymerization into polyacetylene chémiflate seventies and eighties).
Nevertheless, in 1986 Furlani et al. reported th&lgtic activity of some Rh(l)
complexes in transformation of phenylacetylene (PmAo highly stereoregulacis-
transoid poly(phenylacetylene) (PPhA). [69;70] This findingpresented an important
stimulus for the renaissance of the insertion deergs polymerization and today
prevailingly Rh catalysts are applied for this te@mt Particularly following type of Rh
complexes are used as polymerization catalysts:cgifjonic complexes such as
[Rh*(nbd)(Ph-BPB)7] and [RH(cod)]BF, (nbd = norborna-2,5-diene, cod = cycloocta-
1,5-diene), (i) complexes of the type [RhX(cyclewke)(phosphine)] (X = alkynyl, vinyl
or F) [71-74] and (iii) stable neutral binuclearngaexes of the general formula
[Rh(cyclodiene)Y} where Y stands for the CI, OGHor OH bridge ligand and
cyclodiene is bidentate coordinated nbd or cod;4@@7] Although the Rh-catalysed
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acetylenes polymerization is the frequently appliedction the reliable and generally
accepted propagation mechanism of this polymedralias still not been formulated.

An interesting proposal of this mechanism was regabby Ogawa et al. (Scheme 4).

CP
L,Rh +Hc=cPh—> L ,Rh — LRh —— | Rh---|||
[} / \ 7\ CH

| /7 N /N

o / \
HC=CPh  HC=CPh  HC=CPh

Scheme 4: The propagation mechanism of the inseRIA polymerization proposed
by Ogawa.

The mechanism assumes that the incorporation di eamomeric unit into the
polymer is mediated by the transfer of the acetglérydrogen from the coordinated
monomer to the preceding monomeric unit of the @y This proposal is in a good
agreement with the fact (i) that Rh-based catalpsigmerize only monosubstituted
acetylenes (i.e. monomers with acetylenic hydroger (ii) that the polymerizability
of these monomers is always positively affectedabyenhancement of the acetylenic
hydrogen acidity. [75;76] However, the unambigueuperimental evidences for this

mechanism are still missing.

The initiation stage of the polymerization was |yartvealed in the case of reactions
catalysed with [Rh(cyclodiene)Gltomplexes. Various authors reported that the first
step consisted in the dissociation of the binuctsanplex into mononuclear particles.
This dissociation was mediated either by the prgodrent or cocatalyst the molecules
of which coordinated to the mononuclear Rh pasi¢tgcheme 5). [77-79]

_ 2 TEA _
[Rh(diene)Cl} ———— > 2 [Rh(diene)(TEA)CI]

Scheme 5: Dissociation of the bridged Rh complexesliated by Rh-coordinable
solvent. TEA is triethylamine.

Kishimoto et al. described high efficiency of [RECPh)(nbd)(PP%),] complex
with phenylacetylide type ligand in PhA polymeripatand proposed mechanism of the
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initiation consisting in the formation of Rh-hydeiccomplex under evolving of 1,4-

diphenylbutadiyne as shown in Scheme 6. [50;77]

Ph Ph
I l ’ il
P3P, +H—==—Ph S l
(Rh(nbd) PP > PhyP—Rh(nbd) —> PhsP—Rh(nbd) +
PhsP Y/ elimination of | |
addition PhA  PH diphenylbutadiyne Bh

Scheme 6: Transformation of [RRECPh)(nbd)(PP4);] into active centres in reaction
with PhA.

1.1.2. Microstructural types of substituted polystnes

As it has been already mentioned, the partly caipd) main chains of
polyacetylenes contain alternating double and eif@lC bonds. The double bonds
exhibit cis-trans isomerism. The formally single bonds of the malraios lose the
rotation mobility due to the electron delocalizations and turn to the rigid toes of
configurational isomerism, too. Respective isonageslabelled asisoid andtransoid.
These two isomerisms together give rise to foueddht stereoisomeric non-substituted
polyacetylene main chaingis-cisoid, cis-transoid, trans-cisoid and trans-transoid
(Scheme 7A, 7B, 7C and 7D). [47;80]

—T—C—=C
| H H In

B

Y U

Scheme 7: Microstructural types of non-substitypetiacetylenes: Akis-cisoid, B)
cis-transoid, C)trans-cisoid and D)trans-transoid.
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The considerations on the stereocisomerism of dubsti polyacetylenes should
involve also possible sterical effect of the substits. The configurational
isomerization of monosubstituted polyacetylenes diasussed by Cataldo et. al. who
concluded that in the case of PPhA thanstransoid configuration as reported in
Scheme 7 can not exist in reality, because of thecshindrance between the phenyl
substituents. [81] The phenyl rings can not lieaflal each other because of steric
hindrances derived from the fact that the Van deal/ thickness of each benzene ring
is larger than the real space available to acconamedithe rings. Furthermore electronic
repulsion arises from the electrons of each benzene ring which is in ectipse
conformation with the others. Thus, the unique gy for the trans—transoid isomer

is to assume a helical conformation. [80]

The orientation isomerism of monomeric units must teken into account for
monosubstituted and asymmetrically disubstitutedyguoetylenes. The connection
between monomeric units can be: (a) Head to Tail' \Hb) Head to Head (H-H) and
Tail to Tail (T-T). Moreover, the double bonds gasi in the polymer chains with HH-
TT connections is dependent on the polymerizatiamdenapplied for the polymer
synthesis: (i) double bonds are inside the monamenit in the case of polymer formed
via insertion polymerization or (ii) double bond® detween two monomeric units in
the case of polymer formed via metathesis polyragion. The orientation isomerism is

depicted in Scheme 8 for the example of monosuibstitis-transoid polyacetylene.

et
- %s\ a“z ,sH

b) c)
a HH-TT isomerism HH-TT isomerism
H-T isomerism insertion polymerization metathesis polymerization

Scheme 8: Orientation isomerism of monosubstitutedransoid polyacetylene main
chain.

The microstructure of monosubstituted polyacetydengas found to depend

significantly on the catalyst used for the polyragnthesis. Rh catalysts provide mostly

highly stereoregular head-to-tail polyacetyleneswihich cis-transoid configuration

13



strongly prevails. It is even speculated that Réeblacatalysts provide isomerically pure
cis-transoid polyacetylenesc{s double bonds content = 100 %) and that the sightl
decreased microstructure uniformity and slightiwéoed content otis double bonds
determined for these polymers spectroscopicalliecefthe cis-to-trans isomerization
during isolation and spectral measurements of tipedgners. It was proven that Rh
catalysts produce the stereoregudertransoid polymers even when monosubstituted
acetylenes with bulky side groups are polymeri@€.79;82-84] Owing to the higtis
double bonds content the polyacetylenes prepargdRti catalysts are often labelled as
“high-cis’ polyacetylenes. [47;85]

Metathesis catalysts based on W and Mo compoundsrgéy provide the non-
stereoregular tis'trans’ monosubstituted polyacetylenes. [29;44;84;86-92]e cis
double bonds content is mostly higher in polymeeppred with Mo-based catalysts as

compared to polymers prepared with W-based catalyst

The microstructure of monosubstituted polyacetydeisemost frequently studied by
'H NMR spectroscopy.'H NMR spectra of microstructurally uniform higis
polyacetylenes (prepared with Rh catalysts) comdisharp well-resolved signals. With
decreasing uniformity (polymers prepared with Mal & catalyst) the resolution and
sharpness of the signals is diminished. F&IMR spectra of polymers with a higfs
double bond content contain well-resolved signalhef olefinic hydrogen of the main
chain units/segments witbis configuration (between 5 and 6 ppm). The particula
position of this signal depends on the pendantggai the polymer. [93] The chemical
shift of 5.9 ppm is the reported position of thignal in the case of frequently studied
PPhA. In the case of poly(arylacetylene)s the dgymd other hydrogens (H from
aromatic ring(s) or olefinic H of the main chaintsfrsegments with trans configuration)
are located above 6.5 ppm. Due to this charactédredH NMR spectra the percentage
content of double bonds wittis configuration in the chains of poly(arylacetylene)

(Chigh-ci9 can be determined according to the Equation 3.

100N +1) Sy is
Stotal

Sotal denotes the total integrated area of signals Igbrakons andh stands for the

Chigh-ds (IN%0) = Equation 3

number of aromatic protons in one monomeric uryimBol Sighcis represents the

14



area of resonance of the main-chain protons on meno units with cis
configuration.

The determination of theis double bonds content in the main chains of sdlecte
poly(arylacetylene)s can be done also on the baBe spectra. In the case of PPhA the
ratio of absorbances of bands at 760*@nd 740 crif serves at the measure of tis
double bonds content. [88] The IR approach is amwpous particularly for the
insoluble PPhA samples. In some cases also RanthriJ¥fvis spectroscopies were
applied for the qualitative evaluation of configtimaal structure of polyarylacetylenes.
[94-96]

1.2. Cisto-trans iIsomerization of substituted

polyacetylenes

The development of methods for the study of poliideres microstructure enabled
to investigate theis-to-trans isomerization of these polymers. Many studies $ecuat
the pressure and temperature inducesto-trans isomerization of monosubstituted
polyacetylenes in the solid state. The mostly stidoolymers in this respect were
PPhA [79;94] and its ring-substituted derivativeghwiollowing groups in the para
position of the Ph rings: G- [79;95], -NQ [79;96], -CH;, CGHs0-, Cl-, (CH)2N-
[79;95;96], CHS- [97]. Polymers submitted to the isomerizatiamdsts exhibited the
cistransoid microstructure and were prepared by insertion rpelyzation with Rh

catalysts.

Pressure induceds-to-trans isomerization was reported to proceed when PPlpa-ty
polymers were compressed in the solid state maxtl$0-200 kg.cii for tens of
minutes under dynamic vacuum at room temperatur8;95-101] The described
process caused, unfortunately, the loss of thenpaly solubility and thus only the
solid-state techniques were applied for the chargettion of the isomerized polymers.
Thecis-to-trans isomerization was proven by: (i) new bands thaeaped in the Raman
spectra of isomerized polymers that can be assigmdatie polymer sequences with
trans configuration (1475 cthand 1200 c) [95;101;102] and (ii) increase of the vis
absorption of the isomerized polymers in the reganhigher wavelengths (the
absorption red-shift in the visible region) [95;982]. The observed red shift in the vis

15



spectra can be considered as a strong evidendédars-to-trans isomerization. The
shift of vis absorption edge to the higher wavetbagvith increasingrans double bond
content in PPhAs is well known from the syntheéiparts in which the influence of the
polymerization catalysts (Rh, Mo, W) on the confaonal structure of PPhAs was
studied. [26;43]

The schematic depiction of the pressure indugsdo-trans isomerization that is

often given in the literature is shown in Schen{egafen from reference [79]).

R R
— Pressure
— — » XYY NN A
R R 200 kg/cm R R R R
cistransoid trans-transoid

Scheme 9: Pressure inducedisto-trans isomerization of monosubstituted
polyacetylenes (taken from reference [79]).

Scheme 9 insinuates that tbie-to-trans isomerization may be accompanied by the
formation of unpaired electrons (solitons) along tbomerized PPhAs chains. Several
studies used EPR technique to study this phenom¢rn®y95;101;102] Author mostly
found (i) the measurable content of solitons evethé non-isomerized higtis PPhAs
and (if) unambiguous increase in the solitons aurdee to the pressure induced-to-
trans isomerization. Although the absolute values ofgbktons content are often given
in these works the details on the applied quaatificé method are missing (the used
standard in particular). This fact decreases ttagobility of the reported absolute
solitons content. Tabata et. al. proposed mechanisthe cis-to-trans isomerization
that assumes the active participation of the swditon thecis-to-trans isomerization
(Scheme 10). [95] The mechanism considers the aegement of ther electrons
density and subsequent rotation alengond followed by the re-establishment of the

double bond with changed configuration. [95]
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R cis-double bond

Scheme 10: Mechanism of pressure induceeeto-trans isomerization suggested by
Tabata. [95;98]

One of the first studies dealing with the tempeeinduced cisto-trans
isomerization of PPhA in the solid state and irusoh were performed by Simionescu
et. al. [103] The thermalis-to-trans isomerization in solution at temperatures > 120°C
was accompanied by intramolecular cyclization, atmation, and scission of the
polymer main chain. [103;104]

Matsunami et al. published the studies of tempegatinduced cis-to-trans
isomerization of PPhA at higher temperature (180°@p author supposed thes-to-
trans isomerization as a consequence of intramolecyldization accompanied by the
release of the cyclic trimers (triphenylbenzeneBB). Only symmetrical 1,3,5-TPB
was detected, the other cyclic trimers, i.e. 1228 and 1,2,4-TPB isomers were not
observed. This finding was in agreement with th& hakage of monomeric units in
the PPhA chains. [94]

Cis-to-trans isomerization of polyacetylenes was studied alg&ataldo et. al. [80]
Authors showed that besides the enhanced pressdréemperature [105], thas-to-
trans isomerization of PPhA can be induced alsoybgdiation [81], via reaction with
ozone [106] or with halogens (Cand Bg) [107]. It has been confirmed by these
authors that bulky side groups (4-biphenylyl, 4+pdveyphenyl, 4-pentylphenyl)
improve considerably the thermal stability of pagtylenes (followed by TGA),

however no changes in microstructure were mentioi€ad]
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1.3. Oxidative degradation of substituted polyacetylenes

Substituted polyacetylenes exhibit enhanced regctilue to the partly conjugated
system of the double bonds in their main chainge Tdaction of the polymer main
chains with oxygen that is difficult to be prevehtean be expected to lead to the
modification of the polymer chains and to the clemnp the polymer molecular weight
(MW). Changes in MW may reflect (i) degradation pblymer chains and (ii)
eventually, polymer chains branching and/or crasgrdlg. The reaction with oxygen
can, of course, change the physical propertiesobfapetylenes. Research in this field
(performed within last three decades) showed tlatasubstituted polyacetylenes were
significantly more prone to the reaction with oxgges compared to their disubstituted
counterparts. That is why, in the subsequent paphgr only the monosubstituted
polyacetylenes and non-substituted polyacetylee@liscussed.

The non-substituted polyacetylene and poly(metletidene) (PMeA) were the first
polymers systematically studied from the stabilitgint of view under atmospheric
conditions. Various spectral techniques were usedthis study. [109-111] It was
proven that the reaction of polyacetylene and PMafh oxygen proceeded without
induction period and that it was most probably ¢oowed by the existence and/or
creation of solitons on the polymer main chainslyfer segments with unpaired
electrons (macroradicals) are assumed to reactaxiggen that may subsequently lead
even to the polymer chain cleavage, i.e. to thegrmel degradation. The mechanism
was proposed for the propagation stage of the icgaof macroradicals with oxygen.
The mechanism involves the formation of hydropetesi cyclic peroxides and
peroxide radicals on the chains (Scheme 11). [109]

Scheme 11: Formation of the peroxide radicals,icygkroxides and hydroperoxide
radicals by reaction of the polyacetylene main cheith oxygen.
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The main chain cleavage is assumed to be a resihié oe-arrangement of the arisen
alkoxy radicals (Scheme 12). These alkoxy radieais generated either during the

cleavage of the cyclic peroxides or from the noalicyhydroperoxides.

NN
W —_ N
o PN e

Scheme 12: The scission of the macromolecular eteam with alkoxy group.

The authors of the above degradation mechanisnustisd also a possible role of
oxygen in the initiation stage of the degradatiore. in the process of the solitons
formation. It was, however, concluded that solitans formed spontaneously, without
the contribution of oxygen, as the results of tkieep effects i.e. radiation or diffusion

movement of the main chain segments.

In the second half of 1980s many papers focusedeathermal stability of various
polyacetylenes (-G§- MeO-, nBu-, tBu-, -CQMe) exposed to the atmosphere in the
solid state. [112-117]

The work of Neoh et al. 1989 was probably the fregtort that informed on the
changes in MW that accompanied ageing ti@ns-PPhA kept in contact to the
atmosphere. Authors described the decreadd,dfom 100x16 to 67x1G within 24
hours due to the ageing in THF solution at roomperature. [118] After this work,
many papers have appeared describing the MW maomgtoof the ageing of
polyacetylenes exposed to the air (vide infra). @ieerease in polymer MW, i.e. the
polymer degradation was reported in all these [EapEne opposite process, i. e. the
MW increase due to polymer chains branching anctross-linking, has not been
observed. Since the reported degradation is unarabgly conditioned by the presence

of oxygen the term of “oxidative degradation” isesf used for this process.

The kinetics of degradation of any polymer can bscdbed bythe Simha-Montroll
equation that follows the changes in distributiéithe degree of polymerization during
the degradatio(Equation 4). [119]

19



X-1 ©
dd'\'tx ==Y k(X.p)N, +2 > k(S X)N, Equation 4
p=1 s=X+1

k(X, p) andk(S, X) denote the rate constants of the scissiam@imain chain with
the degree of polymerization X resp. S in the pasip resp. X from the end of the
chain. Ny and Ns is the amount of the macromolecules with given relegof

polymerization in time.

Two limit cases are possible from the kinetic poafitview for the chemically
induced degradation: random degradation and degpaddrom the ends of
macromolecular chains (depolymerization). The ramategradation takes place when
all main-chain bonds have the same probability @$sson. The solution of Simha-
Montroll equation for the random degradation pregidequations describing the
dependencies of reciprocal values of degrees ghpaization on the degradation time
t (Equations 5 and 6). [120]

L= +yt Equation 5
Xn (xn)O

t
11 +V—WIBWdt Equation 6
Xu (Xwo 379

Xn andX,, denote the number- and weight-average degreeslyhprization in time
t, (Xn)o, and Ky)o denote the corresponding degrees of polymerizatios 0, Dy, is the
dispersity definedd,, = X/Xu, X; is the z-average degree of polymerizatignandw,,
are the rate constants of degradation defined fribv@ particular degree of

polymerization.

The processing of results of the degradation samhording to Equations 5 and 6
enables to evaluate (i) the character of the degi@d (random or non-random) and, (ii)
eventually, the extent of the deflection of the rdegtion from the random character.
The degradation can be considered as random, iflfkg vs. t and 1K, vs. t
dependencies are linear and the valugsand v, are similar. The dispersities of
randomly degrading polymer should approach theteohsalues of 1.5 (fob,,) and 2
(for D = XW/Xy) in the middle stage of degradation regardlesshefwidth of MW
distribution of the parent polymer. [120]
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Kinetic data necessary for the evaluation of theratter of polymer degradatio,(
Xw andX; ) are obtained from the SEC monitoring of the pody ageing. In some cases
only the degree of polymerization correspondinth®apex of SEC chromatograi,
can be reliably obtained from SEC measurementsudtn a case the obtained data are

processed according to Equation 7.

4
1 Ve,

1
X, (X))o 2 Equation 7

The linearity of 1X; vs. t dependence may indicate the random character of
degradation (however it is not an unambiguous caraiion). On the other hand, the

nonlinearity of 1X, vs.t dependence confirms the non-randomness of thedaton.

To summarize the paragraphs dealing with the de¢jad kinetics a general
consideration on the kinetics of the oxidative degtion of polyacetylenes can be
done. Providing that the degradation takes pathasentire process in the course of
polyacetylenes ageing the random character of dagom is very probable due to the
random distribution of solitons on the main chahghe polymer.

The above kinetic approach was applied by our graupthe study of oxidative
degradation of high-MW M, = 860x10) cistrans PPhA prepared by W-catalysed
metathesis polymerization. This work proved thedman character of degradation of
cigtrans PPhA exposed to the atmosphere at room temperaitiner in solution or in
the solid state. The rate of the degradation instblation (THF, chlorobenzene) was
almost hundred times as high as the rate of detjoaden the solid state. The diffuse
daylight was proven to have no influence on theragation rate. [121] Further studies
focussed at the influence of the ring substitubbnis/trans PPhAs on the character and
rate of oxidative degradation in solution (THF).ndam or close to random character
of degradation was confirmed for all three postion isomers of
poly[(iodophenyl)acetylene] (PIPhA) [45;122;123]dafor all three positional isomers
of poly[(fluorophenyl)acetylene] (PFPhA). [43] Ohet contrary, the degradation of
statistical copolymer of PhA and (4-nitrophenyligtene exhibited significant
deflection from randomness probably as a resuligdbus strength of bonds between
individual couples of monomeric units in the copogr. [91;123] Also the degradation
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of cig/trans poly[(4-triisopropylsilylethynylphenyl)acetylenejvas of a non-random
character (studied polymer represented a monosuiiesti polyacetylene with a bulky
conjugated rod-like substituent). [123] Degradation of poly[(4-
triisopropylsilylethynylphenyl)acetylene] was acqmanied by an enhanced formation
of low MW fragments. The hypothesis was proposedHis phenomenon that after the
(random) scission of the polymer chain the newlyried macromolecule ends are in
the excited states (stabilized by the pendant gragmjugation). The deexcitation can
proceed either via non-reactive energy dispersmothé solvents molecules or by the
reaction accompanied by the cleavage of an oligemgroduct from the

macromolecule end.

In general, the MW stability of studiegls/trans PPhAs derivatives in the solution
exposed to the atmosphere was found to be pogitafidcted by (i) the bulkiness of the
substituent on Ph rings and (ii) vicinity of thebstituent on the Ph ring to the
polyacetylene main chain. For example, the ratesteonts of random degradation of
PPhA and positional isomers of PIPhA decreasedheé following order: PPhA ~
P4IPhA > P3IPhA >> P2IPhA. The positive effect lbé tsubstituent bulkiness on the
stability of ring-substitutedis/trans PPhAs in solution (28 — 80°C) was reported also
by Kwak et al. for the series of PPhAs with (did)kgyhenyl)silyl groups in the para
position on Ph rings. [124]

Masuda et al. studied the MW stability of higls-PPhA and its derivatives with
substituents in the para position on Ph rings (pehs were prepared by Rh-catalysed
insertion polymerization, the stability of polymens the solution exposed to the
atmosphere was monitored in particular). [113] Aushdid not report the character of
the degradation (random/non-random), however treudsed on the influence of
various factors on the rate of decrease of thenpetyMW. Similarly as in the case of
cigtrans polymers, they observed the positive effect of timg-substitution on the
stability of higheis PPhAs. The degradation rate was quite slow forrangysubstituted
highcis PPhA compared to the unsubstituted counterpartddpendence on the
substituent in the para position of the Ph ring e of degradation decreased in the
following order: H >> OCH > COOCH > n-butyl >t-butyl. This study also dealt with
the comparison of MW stability of higtis PPhA andtis/trans PPhA in solution. It was
shown that higleis PPhA (prepared with Rh-catalyst) degraded more&kaphan its
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cig/trans counterpart (prepared with W-catalyst). This caen was partly ambiguous
due to the different initial molecular weight of thopolymers (higheis PPhA, M=
347x10: cistrans PPhA,M,= 49x10). An interesting finding resulted from the study
on the influence of the type of the solvent on k\/ stability of bothcis/trans and
highcis PPhAs. While the degradation ratecd/trans PPhA was almost independent
on the solvent type, the degradation rate of lighPPhA strongly increased in the
solvent order: THF < toluene << CHCIThe addition of acid (HCI) into the higis
PPhA solution was reported (i) to accelerate sigaitly the decrease in polymer MW
and (ii) to induce theis-to-trans isomerization of higteis PPhA. On the other hand,
the higheis PPhA degradation in the acid-free solutions wagsonted to proceed
without changes in the PPhA main chain configurati;h connection to the last
statement, it is necessary to notice, that Masudal. 113] monitored the higbis
PPhA ageing for relatively short period (about 3Wiis) and that within this time the
configurational changes could hardly be manifesgedugh to be detected by NMR

techniques.

Bondarev et al. compared in ref. [43] the ageingigtrans and higheis PFPhA in
THF solution (all three positional isomers from kaconfigurational series were
studied). Whilecis/trans polymers exhibited random or close to random diggran the
strongly non-random character of degradation wasieed for higheis polymers. In a
given couple of higleis andcis/trans samples of the same positional isomerism, always
the higheis sample exhibited lower MW stability. This confirthghe finding of
Masuda et al. on the influence of the configuratlostructure on the MW-stability of
PPhA in solution, see above and ref. [113;125]. [Bmg-time monitoring of higltis
PFPhAs ageing in the solution unambiguously cordtrthat the oxidative degradation
of these polymers was accompanied by significeto-trans isomerization. Results of
Bondarev et al. moreover, indicate a possible cot@emection between oxidative
degradation andtis-to-trans isomerization of studied polymers: (i) both theeraf
degradation and the rate @&-to-trans isomerization decreased in the polymers order:
PAFPhA > P3FPhA >> P2FPhA (samples were exposdtietatmosphere in THF
during ageing), (i) when the oxidative degradatwas partly suppressed by reduction
of the oxygen content in the system the simultasesuppression otis-to-trans

isomerization was observed.
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The tight connection between degradation amstto-trans isomerization was
discussed also by Percec et al. The authors wéseested in the ageing of higis
PPhA in solution and in the solid state at room ligther temperature (60°C). [99;126]
The observations were reported that the lmgiPPhA underwent a decrease in bath
double bonds content and MW during its ageing eithesolution or in bulk. Percec et
al. proposed isomerization mechanism based omthemolecular cyclization of PPhA
chains followed by the chain cleavage with the aséeof 1,3,5-triphenylbenzene that
was spectroscopically detected as the side produid®PhA ageing (Scheme 13).
[99;126;127] The chain cleavage due to the isoragam (proceeding without oxygen
participation) was assumed to be mainly respongdsi¢he observed decrease in PPhA
MW. Nevertheless, authors admitted also the oxidathain cleavage as a contribution
to the higheis PPhA degradation. [99]

Scheme 13: Mechanism ais-to-trans isomerization via intramolecular cyclization
proposed by Percec et al. (ref. [127])

Percec et al. and Bondarev et al. showed that tedistribution of higheis PPhAs
broadened in the course of ageing. However no eafittn was proposed for this
observation. Nevertheless, the reported MW distidiou broadening stands for an

evidence of the non-random character of lighPPhAs degradation.

As evident from the last paragraphs of this chaptet from the cited works of
Masuda et al. [113], Bondarev et al. [43] and Perekal. [126] there are serious
discrepancies and unsolved aspects as the protesgemg of higheis PPhAs is

concerned.

The present Ph.D. thesis the aims of which are sanmaed in the subsequent chapter
tries to remove these discrepancies and providerbebhderstanding of the process of

substituted polyacetylenes ageing.
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2.AIMS OF THE THESIS

Several points of interest have been aimed asubgds of the present study and

some other appeared in the course of research.

1)

2)

3)

4)

To obtain a comprehensive survey of the polymaodmaactivity of mononuclear
Rh-based complexes as catalysts of homopolymesizatnd copolymerization of
aryl- and alkylacetylenes in various solvents. ptiroise reaction systems based on
these catalysts for the preparation of hogh-poly(arylacetylene)s of desired

molecular weight.

To evaluate the connection between degradationsamaderization processes during
the long-term ageing of higtis poly(phenylacetylene) and higis poly[(2,4-

difluorophenyl)acetylene] in solution exposed tce thtmosphere. To explain
changes in molecular weight distribution of thesdymers in the course of their
ageing. To propose a mechanism of simultaneouslggading isomerization and

degradation of these polymers.

To perform long-term comparative study of higbk-poly(phenylacetylene) and
high-cis poly[(2,4-difluorophenyl)acetylene] ageing in sodm and to compare the

molecular weight and configurational stability bése polymers.
To evaluate the influence of the parent moleculaigit on the molecular weight

and configurational stability of higbis poly[(2,4-difluorophenyl)acetylene]

samples in solution.
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3. EXPERIMENTAL

3.1. Materials

Monomers:

Phenylacetylene (PhA) (Sigma-Aldrich) 98%
(2,4-difluorophenyl)acetylene (dFPhA) (Sigma-Aldn®©7%
(4-biphenylyl)acetylene (4-ethynylbiphenyl) (BPhigma-Aldrich) 97%
(2-fluorophenyl)acetylene (2FPhA) (Sigma-Aldrich)%
(2-trifluoromethylphenyl)acetylene (2GFhA) (Sigma-Aldrich) 97%
n-butylacetylene (hex-1-ynefpBuA) (Sigma-Aldrich) 97%
tert-butylacetylene (3,3-dimethylbut-1-yneB(QA) (Sigma-Aldrich) 98%
4-chlorobutylacetylene (6-chlorohex-1-yne) (CIBuSjgma-Aldrich) 98%
cyclopropylacetylene (cPrA) (Sigma-Aldrich) 97%

Monomers were distilled or sublimatatvacuo prior to use.

Catalysts:

Acetylacetonato(norborna-2,5-diene)rhodium(l) [Rid){acac)] (Sigma-
Aldrich) 97%

Acetylacetonato(cycloocta-1,5-diene)rhodium(l) [Bdd)(acad) (Sigma-
Aldrich) 99%

Acetylacetonatobis(ethylene)rhodium(l) [Rh(ethylp(ecac)] (Sigma-Aldrich)
95%

Catalysts were applied as obtained.

Solvents and other chemicals:

Tetrahydrofuran (THF, Sigma-Aldrich) for SEC chrdography was used as
obtained, for polymerization it was distilled fro&fLiH 4.
Dichloromethane (CkCl,, Lachema, Czech Republic) was distilled fros§

Cyclooctatetraene (cot, Sigma-Aldrich) was didile vacuo prior to use.
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Methanol (CHOH, Sigma-Aldrich for HPLC), 1,3,5-triphenylbenzelig 3,5-
TPB, Sigma-Aldrich), acetylacetone (Hacac, Sigmdrieh), CDC}
(Chemotrade), CECIl, (Chemotrade), tetrahydrofuraly-(THF-dg, Chemotrade)

were used as obtained.

3.2. Polymerization

Polymerizations were carried out in glass screwdgals equipped with a magnetic
stirrer at room temperature. Reactions were stdtednixing solution of Rh-based
catalyst in respective solvent (THF, &b, THF-ds, CD,Cl,) with solution of
monomer(s) in the same solvent. Polymerizationbulk were started by addition of
monomer to the solid catalyst. Polymerizations wegrenched by pouring the reaction
mixture into methanol (tenfold volume excess). Ritated polymers were isolated by
the sedimentation in centrifuge or by filtratioeyveral times washed with methanol or
mixture methanol/THF (1/1 V/V) and dried to congtameight in vacuo at room
temperature. The final polymer yields were detesdigravimetrically. Time course of
selected polymerizations of arylacetylenes was toced by'H NMR spectroscopy: at
given times 0.7 ml of reaction mixture was transdrinto NMR cuvette and submitted
for 'H NMR analysis. Data resulting frofH NMR monitoring of arylacetylenes
polymerizations was used for determination of thlymer yield,Y(P), vs. reaction time

dependencies. Values ¥{P) were obtained using Equation 8:

100A,,
(A +A)

Au andAp are integral intensities of aH NMR signals of monomer and polymer,

Y P)(in%) = Equation 8

respectively. The applied method gave values ofitta yields (based on thH#l NMR
analysis performed just before the termination} theare in good accordance with the
final yields obtained gravimetrically (x 5%). Monesy, some polymerizations were
monitored by SEC technique: for this purpose thepas of volume from 5 to 20l
were withdrawn from the reaction mixture at givemes. Withdrawn samples were
diluted with THF and injected into SEC columns. SiGnitoring provided the reaction

time dependencies of molecular-weight charactesstof the formed polymers.
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Moreover, the (absolute) area bellow SEC polymakpavas used for determination of
Y(P) values at various reaction times for polymerizes which were not monitored by
'H NMR.

3.3. Ageing and fractionation of prepared polymers

3.3.1. Ageing of polymers in THEg solution: SEC and NMR monitoring

Polymers were dissolved in THEg-(c = 1 mg/ml). Solutions were allowed to age in
20 ml screw-cap vials in contact with the atmosphand diffuse daylight at room
temperature (or 50°C). At given times, samples vaken and analysed B NMR
and SEC techniques. For thé NMR analysis, 0.7 ml of solution was transferiet
an NMR cuvette. For the SEC analysis, 0.02 ml @ftsmn was withdrawn and directly

injected into SEC columns.

3.3.2. Ageing of polymer in THF solution: DLS masrinhg

Polymer was dissolved in THF (c = 1 mg/ml). Solaotiwwas allowed to age in 20 ml
screw-cap vial in contact with the atmosphere affdsg daylight at room temperature.
At given times, sample was taken and analysed b$ EBichnique. The analyses were

performed with THF solution of concentrations ramggfrom 0.125 to 1.0 mg/ml.

3.3.3. SEC andH NMR study of ageing of PAFPhA in the solid state

Solid PdFPhA sample was allowed to age in Petrh dis contact with the
atmosphere and diffuse daylight at room temperattrgiven times, a proper amount
of aged sample was dissolved in THFand immediately analysed by SEC alhtl
NMR.

3.3.4. Molecular-weight fractionation of aged pobns

Polymer was placed into an Erlenmeyer flask (1000and dissolved in distilled
THF (c = 1 mg/ml). Solution was allowed to age ontact with the atmosphere and

diffuse daylight at room temperature for a desitiete before the fractionation. After
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the ageing, the thermodynamic quality of solvemtgolymer was stepwise decreased
by drop-wise adding of methanol (room temperaturgjer intensive mixing and the
stepwise precipitated polymeric fractions were asad by filtration. Each polymer
fraction was repeatedly washed with a THF/methamgture of respective composition

and then dried to constant weightvacuo at room temperature.

3.4. Techniques

3.4.1. Size exclusion chromatography (SEC)

Size Exclusion Chromatography analyses were peddron Agilent Technologies
1100 Series apparatus fitted with UV/vis Diode Ariagtector (DAD) operating in the
wavelength region 200-700 nm. Chromatograms recbatewavelength of 254 nm
were used for the molecular weight (MW) charactdron. A series of either two PL-
gel columns (Mixed B and Mixed C) or three PL-gelurnns (Mixed B, Mixed C and
Mixed E, Polymer Laboratories, UK) and THF (flowed.7 ml/min) were used. A set
of polystyrene (PS) standards (Polymer LaboratprigK) was used for column
calibration. Following apparent (relative to PS) lecwolar-weight characteristics are
reported: number-average molecular weighi))( weight-average molecular weight
(Mw), molecular weight corresponding to the apex BES$eak ¥p), number-average
degree of polymerizatiorXf), weight-average degree of polymerizatid®)( degree of
polymerization corresponding to the apex of SECk{g), dispersity,® = Mw/M,, and
molecular weight corresponding to the i-th slice $£EC chromatogram M;).
Application of a DAD detector allowed to monitor UNs spectra of the polymer eluted

from the columns.

3.4.2. Nuclear magnetic resonance (NMR)

'H NMR, **C NMR and**F NMR measurements were performed using Vari4h
Inova 400 spectrometer. Chemical shifts of sigitaféi NMR spectra were referenced
to the solvent peaks € 3.58 ppm for THRdg, 6 = 5.31 ppm for CBECl, andé = 7.25
ppm for CDC}). Chemical shifts of signals fC NMR spectra were referenced to the
solvent peaksd(= 67.57 ppm for THFg, 6 = 54.00 ppm for CBCl, andd = 77.00 ppm
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for CDCL). **F NMR spectra were referenced to F atoms ofGZFOH (-76.55 ppm).
F NMR spectra measurements were performed using&dilcoaxial insert tube in
which CRCOOH (1pl) dissolved in THFRdg (60 ul) was placed.

3.4.3. Dynamic light scattering (DLS)

Dynamic Light Scattering analyses were performedtlon light scattering setup
(ALV, Langen, Germany) consisted of a 633 nm Hedsdser, an ALV CGS/8F
goniometer, an ALV High QE APD detector, and an ARROO/EPP multibit, multitau
autocorrelator. DLS data analysis was performedittipg the measured normalized
intensity autocorrelation functiogy(t) = 1 + Bg(t)F, wherega(t) is the electric field
correlation functiont is the lag-time and@is a factor accounting for deviation from the
ideal correlation. An inverse Laplace transformggit) with the aid of a constrained
regularization algorithm (CONTIN) provides the distition of relaxation timeszA(7).
Effective angle- and concentration-dependent hygrachic radii, Ry(g,c), were
obtained from the mean values of relaxation timgggq,c), of individual diffusive

modes using the Stokes-Einstein equation.

3.4.4. Gas chromatography - Mass spectrometry (&}-M

GC-MS analyses were performed using a GCMS-QP20LG khstrument
(Shimadzu, Japan), equipped with a 20 m x 0.18 mim 1 um film thickness Rxi-
624SiL MS column (Restek, USA).

Gas Chromatography-High resolution mass spectrgni@c-HRMS) analyses were
performed on an Agilent 7890A gas chromatograplplealito Waters GCT Premier a
benchtop orthogonal acceleration time-of-flight (O®F) mass spectrometer. DB-5
column (Agilent Technologies) was used.

3.4.5. Electron paramagnetic resonance (EPR)

EPR spectra were recorded on an ERS-220 spectrnof@#ater for Production of
Scientific Instruments, Academy of Sciences of GBRlin, Germany) operated by a
CU-1 unit (Magnettech, Berlin, Germany) in the Xada The samples for the EPR

measurements were prepared by homogenization o$dhe polymer and filled into
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quartz capillaries of the same diameter. An eqmajunt of Mrf* standard was used for
the relative comparison of radical quantity in fp@ymer sample as well as for the
determination of the-value (Mrf* standard ag = 1.9860M, = -1/2 line).

3.4.6. Infrared spectroscopy (IR)

FT IR spectra were recorded on NICOLET MAGNA IRA8ng diffuse reflectance

technique and KBr diluted samples.
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4. RESULTS AND DISCUSSION

4.1. Polymerization of substituted acetylenes withRh

complexes

Various polymerization catalysts and catalyst systdbased on Rh(l)-complexes
have been developed or studied in our laboratorthénlast decade. [47;93;128-133]
Among these catalysts, the simple mononuclear Ritdr) complexes with cycloolefin
ligands were found as very efficient for the polyination of the specialty monomers
(e.g. 3-ethynylthiophene, diethynylarenes). [15]1®4th the aim to obtain a more
comprehensive survey of the polymerization activfyRh(l)(acac) complexes, the
systematic polymerization study was performed inctwicomplexes [Rh(nbd)(acac)],
[Rh(cod)(acac)] and [Rh(cot)(acac)] (nbd = norbe2radiene, cod = cycloocta-1,5-
diene, cot = cyclooctatetraene) were studied aslystis of homopolymerization and

copolymerization of various aryl- and alkylacetyenn various solvents.

Studies discussed in this chapter were focussenlyret

* Revealing the relations between (i) the reactionddens and (ii) time course

of reactions and parameters of prepared polymers.
* Achievement (partial) control over MW of preparemymers.

e Contribution to understanding of the mechanism adt@enes polymerization

with Rh-based catalysts.
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4.1.1.[Rh(cycloolefin)(acac)] complexes as catalysts oblymerization

of aryl- and alkylacetylenes: influence of cycloofen ligand and

reaction conditions

This chapter is based on the results reportedeipéper:

Trhlikova O., Zednik J., Balcar H., Brus J., Seéedka J.: [Rh(cycloolefin)(acac)]
complexes as catalysts of polymerization of aryld alkylacetylenes: influence of
cycloolefin ligand and reaction conditions, JouroaMolecular Catalysis A: Chemical,
2013; 378; 57-66.

Three mononuclear Rh-acac complexes [Rh(nbd)(acd&®h(cod)(acac)] and
[Rh(cot)(acac)] were applied as catalysts in polynagion of PhA as a model monomer
in THFds and CDCl, (Table 1). The last complex was synthesized from
[Rh(ethyleney)acac)] by ligand exchange with cyclooctatetraerf@omplexes
[Rh(nbd)(acac)] and [Rh(cod)(acac)] were commeicialupplied. Polymerizations
were monitored byH NMR and SEC techniques. Results are summariz&dlite 1.

Table 1: Yield of polymersY(P), weight-average My), and number-averageMy),
molecular weight of PPhA in polymerization with [ikicloolefin)(acac)] complexes at
room temperature for various reaction timgs|nitial PhA concentration = 0.6 mol/l,
initial catalyst concentration = 6 mmolfly,cac = [Hacac]/[[Rh(cycloolefin)(acac)]-
fraction of acac ligand released as acetylacetare €atalyst. M,)meor - lOWer estimate
of the theoretical number-average molecular weaglesbrding to Equation 11.

t, 10° 10° 10°  (Mn)heor!
No. Solvent fHacac Y(P) [%]
[min] Mw  Mn  (Mp)theor (Mp)
[Rh(nbd)(acac)]
1 THFdg 10 nd 80 310 100 nd nd
2 THFdg 180 ~0.05 ~100 300 89 ~200 ~2
3 CD.Cl; 10 0.10 93 460 87 95 1.1
4 CD.Cl, 180 0.13 ~100 380 84 79 0.94
[Rh(cod)(acac)]
5 THF-dg 10 nd 40 81 32 nd nd

33



6 THFdg 180 ~0.05 86 86 39 ~170 ~4

CD.Cl, 10 0.35 73 30 10 21 2.1

8 CD.Cl, 180 0.53 90 29 10 17 1.7

[Rh(cot)(acac)]

9 THFdg 10 nd 49 140 50 nd nd
10 THFdg 180 ~0.05 90 130 43 ~180 ~4
11 CDCl, 10 0.16 71 39 10 45 4.5
12 CDCl, 180 0.20 94 49 12 48 4.0

'H NMR spectra of all reaction mixtures containednsis of PhA monomer,
supplied Rh-acac complex, formed PPhA and new Hgoé free acetylacetone
(Hacac). The highest amount of free Hacac was ttec in
PhA/[Rh(cod)(acac)]/CECI, system (Figure 1, see signals labelled agHzidac that
correspond to methyls of free acetylacetone).
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Figure 1: 'H NMR spectra recorded in the course of PhA polyzmagion with
[Rh(nbd)(acac)] (spectrum 1), [Rh(cod)(acac)] (spen 2) and [Rh(cot)(acac)]
(spectrum 3) in CECl. [Rh] = 6 mmol/l, [M}p = 0.6 mol/l, reaction time 180 min, room
temperature.

Independent GC-MS analyses of systems catalyséfsbland catalyst/solvent/PhA
unambiguously confirmed that the Hacac formatios wanditioned by the presence of
PhA in the reaction system. The initial step of (&fkloolefin)(acac)] with PhA
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reaction thus most probably proceeds as a protmsfier from PhA to acac ligand
under the release of Hacac. This process probablgsgrise to intermediate
(cycloolefin)Rh-G=CPh species (Scheme 14).

HaC HaC HsC
0. 0. 0
C __Rh(diene) — C _-Rh(diene) — \ + R—==--Rh(diene)
o o OH

R

Scheme 14: Initial step in [Rh(cycloolefin)(acaitgnsformation into polymerization
active centres.

The quantification ofH NMR spectra provided PPhA yieldf(P), and fractions of
acac ligand transformed into free Haclgeas fOr various reaction times, Parameter

fhacacwas defined as follows:

_ [Hacad .
Fhacee = [[Rh(cycloolefin)(acag]|, Equation 9

[Hacac] stands for the concentration of free Hacat a given t,
[[Rh(cycloolefin)(acac))j stands for the initial catalyst concentration. Naues of

fuacacwere calculated as follows:

Hacac
A
Hacac acac
A A

Equation 10

fHacac = (
A% rapresents the sum of the §dignal areas of free Hacac whié“®°stands for

the signal area of GHyroups of acac ligand in a [Rh(cycloolefin)(acaminplex.

Values offyacacfound for the reaction systems in &I), increased in the following
catalysts order [Rh(nbd)(acac)] < [Rh(cot)(acac)|Rh(cod)(acac)] (Figure 2). Low
values of fyacac resulted for all reaction systems in TiE- The higher extent of
[Rh(cycloolefin)(acac)] transformation in GOl, (compared to the transformation
extent in THF) correlates well with the higher ialtrate of polymerization in CETI,
than in THFdg (Figures 3 and 4). Evidently, type of solventuigihced significantly the
initiation stage of polymerization (formation oftae species from the catalyst).
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Figure 2: Fractions of free Hacac vs. reaction tifoe PhA polymerization with
[Rh(nbd)(acac)] (curve 1), [Rh(cod)(acac)] (curye [Rh(cot)(acac)] (curve 3). [Rh] =
6 mmol/l, [M]o = 0.6 mol/l, CBCI,, room temperature.

Despite the above differences in the initial polyegion rate all three
[Rh(cycloolefin)(acac)] complexes provided high RRhelds (from 86 to 100%, Table
1) in both coordinating (THIgs) and non-coordinating (GICl,) solvents.
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Figure 3: Yield of PPhA vs. reaction time for Phélymerization with [Rh(nbd)(acac)]
(curve 1), [Rh(cod)(acac)] (curve 2), [Rh(cot)(a¢dcurve 3). [Rh] = 6 mmol/l, [M] =
0.6 mol/l, CDClI,, room temperature.
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Figure 4: Yield of PPhA vs reaction time for PhAyoerization with [Rh(nbd)(acac)]
(curve 1), [Rh(cod)(acac)] (curve 2), [Rh(cot)(a¢dcurve 3). [Rh] = 6 mmol/l, [M] =
0.6 mol/l, THFds, room temperature.

Analysis of the molecular weight data summarizedHBhAs revealed that in both
solvents theM,, values of PPhA decreased in the catalyst ordeKnlith)(acac)] >
[Rh(cot)(acac)] > [Rh(cod)(acac)] (Table 1).

Higher M,, and M, values were achieved in polymerizations inducedh wi
[Rh(cot)(acac)] and [Rh(cod)(acac)] complexes inFidd than in CRCI,. However, in
polymerizations induced with [Rh(nbd)(acac)], stlghhigher M,, values resulted in
CD.Cl,. The proper selection of catalyst ligand and sahadforded to control PPhA
molecular weight over one order of magnituli, from 1x1d to 1x10, M,, from 3x1d
to 4x10).

To evaluate influence of transfer reactions onenwlar weight data we calculated a
lower estimate of the theoretical nhumber-averagdeoutar weight, Mn)iheor With
Equation 11 (Table 1).

_ My Y(P)ryye .
(M e = 100f Equation 11

Hacac

My is the relative molecular weight of the monomennit (My =102.14 in the case
of PhA), ryc is the initial monomer to catalyst molar ratio. ppd fyacac Can be

considered as an upper estimate of the overakiioin efficiency.

A comparison of M)imeor and M, values may indicate a higher extent of transfer
reactions for polymerization systems with [Rh(cadgc)] and [Rh(cot)(acac)]
complexes compared to systems based on [Rh(nbd){axamplex (Table 1). This may
explain the lower PPhA molecular weights achieveihwRh(cod)(acac)] and
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[Rh(cot)(acac)]. Assuming that the initiation eifiocy is proportional tdyacacOne can
deduce that the higher values of molecular weighiewved with [Rh(cod)(acac)] and
[Rh(cot)(acac)] in THFds reflect particularly the low initiation efficienap THF-dg. It
can be concluded that two factors, the initiatidiiciency and the extent of transfer
reactions, simultaneously affected the MW valueiea®d in PhA polymerizations

with [Rh(cycloolefin)(acac)] complexes.

Comlex [Rh(cot)(acac)] applied in this study was nthgsised from
[Rh(ethylene)(acac)] by ligand exchange with cyclooctatetradneconnection to the
polymerizations of PhA with purified [Rh(cot)(achcwe also studied PhA
polymerization catalysed by [Rh(cot)(acac)] compldermed in situ from
[Rh(ethylene)(acac)] via reaction with cot (Table 2). The inusfirepared complex
[Rh(cot)(acac)] polymerized PhA even in the systemstaining excess of non-reacted
free cyclooctatetraene (Table 2). The quantitativarse of [Rh(ethylengacac)] into
[Rh(cot)(acac)] transformation was confirmed ¥y NMR monitoring. It should be
noted that MW of PPhA prepared in system with dlogclooctatetraene concentration
was significantly lower than that achieved with ifjad [Rh(cot)(acac)] in “standard”

polymerization solvents (Tables 1 and 2).

Table 2: Yield of polymersY(P) and weight-averageyl(,), and number-averagevif),
molecular weight of polymers in polymerization ofiA° with [Rh(ethylene)acac)]
activated by cycloctatetraene, cot, at room tentpegalnitial monomer concentration =
0.6 mol/l, initial catalyst concentration, = 6 mrhoteaction time 3 h, time of activation
of [Rh(ethylene)acac)] with cot 30 min.

No. Solvent [coth[mol/l] Y(P)[%] 10°M, 10°M,

1 R 0 0 - -
2 cof 8.9 65 5.9 3.1
3 THF-dg/cot 0.06 84 110 40

4 THF or CHCl,, without cot addition
®) reaction performed in neat cot

Two ortho-substituted PhAs, (2-fluorophenyl)acetge (2FPhA) and (2-
trifluoromethylphenyl)acetylene (2GFhA) were compared with model monomer
(PhA) in polymerizations catalysed with [Rh(nbdgel with the aim to evaluate the
influence of the ortho-substituent bulkiness on t@nomers polymerizability (Table
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3). The polymer yields achieved in these polyméioradecreased with increasing
ortho-substituent bulkiness in the monomers or@&A > 2FPhA >> 2CHPhA. The
same trend was observed in both T#hFand CDCl, solventsH NMR monitoring of
reaction systems showed that the poor ;BBIA polymerizability was not due to the
suppression of the initial stage of catalyst tramsftion (Table 3) and that the
bulkiness of Ck substituent in the vicinity to the monomer triflend most probably

impeded the propagation stage of polymerization.

Table 3: Yield of polymersY(P), weight-average My), and number-averagey),
molecular weight of polymers achieved in polymeiiaof PhA, 2FPhA and 2GPhA
with [Rh(nbd)(acac)] at room temperature for vasisaaction times. Initial monomer
concentration = 0.6 mol/l, initial catalyst conaatibpn = 6 mmol/l. fyacac =
[Hacac]/[[Rh(nbd)(acac)] - fraction of acac ligand released as acetylagetivam
catalyst determined by in sitti NMR measurement.

No. Monomer Solvent tinh  fiacac Y(P)in% 10°M, 10°M,

1 PhA CDCl; 3 0.13 ~100 380 84
2 PhA THFd 3 ~0.05 ~100 300 89
3 2-FPhA CDBCl, 3 nd 88 660 260
4 2-FPhA THFeg 3 ~0.05 90 650 230
5 2-CRPhA CDCl, 3 0.66 16 7.7 4.1
6 2-CRPhA CDCl, 24 0.87 21 8.0 4.1
7 2-CRPhA  THFds 3 0.24 8 8.6 4.7
8 2-CRPhA  THFds 24 0.45 24 10 4.7

' polymer precipitated from GiZl, reaction mixture, however, it was soluble in THF
after the isolation

To evaluate the activity of [Rh(cycloolefin)(acacdmplexes in polymerization of
alkylacetylenes (AlkAs) we polymerizedh-butylacetylene rBuA) as a model
monomer. The results showed that [Rh(nbd)(acacfliepp in THF and CHKCI,
transformednBuA to poly(-butylacetylene) (RBuA) with yield only up to 20%. No
polymer was formed either in THF or in @El, with complexes containing cod or cot
ligands. The enhanced catalytic activity of [Rh(j{adac)] complexes was observed in
the bulk polymerization (fBuA yield = 28 %). SomeiBuA (yield up to 8%) resulted

even from the bulk polymerizations catalysed wiin{cod)(acac)] and [Rh(cot)(acac)].
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Based on the results obtained in polymerizationrnBtA we polymerized four
different AlkAs: n-butylacetylene rBuA), tert-butylacetylene tBuA), (4-
chlorobutyl)acetylene (CIBuA) and cyclopropylacetye (cPrA) either in THF or in
bulk under the catalysis of [Rh(nbd)(acac)] (Tadle The replacement ohBu
substituent in the monomer by bulkBu substituent or heteroatom-containing CIBu
substituent caused the decrease of the monomempadBability. The polymer MW
increased in the following monomer order: CIBUA ®rA < nBuA < tBuA.
[Rh(nbd)(acac)] complex applied as polymerizatiatatyst always showed higher
efficiency in the bulk polymerizations than in tleerresponding polymerizations
performed in THF. This fact is manifested by valeésurn over numbers (labelled as
nuu/Nrp IN Table 4) that were significantly higher in bydklymerizations compared to
polymerizations in THF. Moreover, even the PAIKAslgs of the bulk polymerizations

were 1.5 - 4 times as high as the yields of polyna¢gions in THF.

Comparison of results in Table 4 and Table 1 cjeahows that [Rh(nbd)(acac)]
catalyst polymerized AlkAs less readily than ityookrized PhA.

Table 4: Yield of polymersY(P) and weight-averageyl(,), and number-averagevif),
molecular weight of polymers in polymerization olkydacetylenes (AlkAs) with
[Rh(nbd)(acac)] complex in various solvents at rommperature. [Rh(nbd)(acagi

24 mmol/l, reaction time = 24 myu/nry represents the number of monomeric units
incorporated into poly(alkylacetylene) chains pee onolecule of submitted catalyst.

No. Monomer Solvent [AIKA] o[moll] Y(P)[%] nwu/nrn 10°M,, 10°M,

1 nBuA THF 2.4 18 18 20 12
2 nBuA bulk 8.7 28 102 27 13
3 tBUA THF 2.4 5 5 a7 26

4 tBuA bulk 8.1 19 64 73 44

5 CIBUA THF 2.4 6 6 3.3 1.8
6 CIBuA bulk 8.3 15 52 7.4 3.2
7 cPrA THF 2.4 10 10 6.0 2.0
8 cPrA bulk 11.8 20 98 11 6.0

The systemtBuA/[Rh(nbd)(acac)]/THFds was suitable for th&H NMR monitoring

aimed at the study of the initiation stage of padyrmation. This monitoring showed
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thattBuA was quite efficient in liberation of Hacac fraime catalystf(iacac= 0.71 after
24 hours). Evidently, the low polymerizability tBuA is to be ascribed to the low
reactivity of tBuA in subsequent stages of the polymerization §egbent steps of
initiation and/or propagation). The same concluseams to be probable also for other
AlkA-containing polymerization systems from Table Bhe low polymerizability of
AlkA monomers (compared to the polymerizabilityRiiA) may reflect the insufficient
acidity of AlkAs acetylenic hydrogen for its effesit transfer in the initiation and/or

propagation step of the reaction.

The results of copolymerization aBuA, CIBUA and cPrA with two arylacetylenes
(ArA): PhA and (4-biphenylyl)acetylene (BPhA) parited in THF under
[Rh(nbd)(acac)] catalysis are summarized in Tabl€He polymerizability of BPhA in
[Rh(nbd)(acac)] catalysed homopolymerization wasilar to the polymerizability of
PhA in the same reaction (Table 5). However, thendmolymer of BPhA, poly[(4-
biphenylyl)acetylene] (PBPhA) was completely ingddu(contrary to PPhA).

Table 5: Yield of copolymers (with respect to thas® of both comonomersy(C),
weight-average,My), and number-averageyi{), molecular weight of copolymers in
copolymerization of alkylacetylenes (AIkA) with dagetylenes ArA catalysed with
[Rh(nbd)(acac)] complex in THF at room temperatfRh(nbd)(acac)] = 24 mmol/l,
[AIKA] o= 2.4 moll/l, [ArA]o= 0.6 mol/l, reaction time = 24 h.

Conversion _ Copolymer
Y(C) Conversion N 3 3
No. AIKA ArA of AIKA® composition 10°M,, 10°M,
[%] of ArA? [%)]
[%] -AlKA-/-ArA-
1°) - PhA  ~100 - ~100 0/100 300 89
2» -- BPhA 91 - 91 0/100 it nd”
3 nBuA PhA 28 13 77 40/60 48 23
4 nBuA BPhA 29 nd nc nd” ncf nd”
5 CIBuA PhA 27 17 73 48/52 61 25
6 CIBuA BPhA 38 20 86 48/52 93 27
7 cPrA PhA 24 13 51 50/50 27 11
8 cPrA BPhA 41 22 69 56/44 30 11

) conversion of monomer into monomeric units of dpp@r
®) homopolymerization of ArA
° product was insoluble
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Molecular weights of soluble AIKA/ArA copolymers wee always higher than
molecular weights of corresponding AIkA homopolysiécompare Table 4 and Table
5). The conversion of CIBUA and cPrA in copolymatians with BPhA was even
higher than their conversion in copolymerizationshwPhA (Table 5). Described
copolymerizations of BPhA with either CIBuUA or cPshowed a way for incorporation
of the units derived from BPhA into soluble polygtene chains. This approach is
promissing for incorporation of other bulky-substitd and/or functionalized ArAs

(forming insoluble homopolymers) into soluble pagtylene copolymers.

'H NMR spectroscopy confirmed the high microstruetuniformity with prevailing
cistransoid main-chains configuration for all the homopolymepsepared with
[Rh(cycloolefin)(acac)] complexes. The broadenirfga *H NMR signals in the
spectra of copolymers reflected the random copofgmeharacter of the analysed

samples.
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4.2. Molecular weight and configurational stability of high -cis

polyacetylenes

Ageing of two polyacetylene-type polymers, highk-poly(phenylacetylene) and
high-cis poly[(2,4-difluorophenyl)acetylene] is discussadhis chapter. Polyacetylenes
were prepared by insertion polymerization of re§gecmonomers catalysed with
[Rh(cyclodiene)(acac)] complexes (discussed inGhapter 4.1.1.). Polymer samples
were aged mostly in THF solution exposed to theoaphere and diffuse daylight.
Changes in polymer MW and configurational structwere monitored by following
techniques: SEC, DLS and UV-vis, FTIR, NMR and EdplRectroscopies.

Studies discussed in this chapter were focussenlyredt

* Revealing the interconnection betweeis-to-trans isomerization and oxidative
degradation that proceed in the course of ageindnigii-cis polyacetylenes in

various conditions.

* Revealing the origin of significant changes in M\igtdbution accompanying the

oxidative degradation of higtis polyacetylenes.

e Evaluation of the mechanism proposed for haghpoly(phenylacetylene) ageing by
Percec et al.

* Evaluation of the influence of the parent polyatetg MW on its MW and

configurational stability.

« Evaluation of the power of individual techniquesedsfor the study of

polyacetylenes ageing.
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4.2.1. Molecular weight and configurational stabiliy of high-
cis poly(phenylacetylene)

This chapter is based on the results reportedeipéper:

Trhlikova O., Zednik J., Vohlidal J., Sett& J.: Molecular weight and configurational

stability of poly(phenylacetylene) prepared with &dtalyst, Polymer Degradation and
Stability, 2011; 96; 1310-1320.

Studied polymer, poly(phenylacetylene) (PPhA), (= 37 000,M,, = 89 000,cis
double bonds content = 92%), has been preparedlyynprization of PhA catalysed
with [Rh(cod)(acac)]. This polymer was allowed ean THFdg in contact with the
atmosphere and diffuse daylight at room temperature

The representative SEC chromatograms recordeceiedhy stage of PPhA sample
ageing showed the decrease in the PPhA moleculgghtvand formation of 1,3,5-
triphenylbenzene (1,3,5-TPB) (Figure 5). The MWitrdisition of the sample passed
through a significant maximum (the highéstalue = 6.5).

3 Oh 1,3,5-TPB

T T T
20 30 40
retention time (min)

Figure 5: SEC chromatograms of PPhA aged in TklBelution for various times and

SEC chromatogram of 1,3,5-triphenylbenzene (1,EB)Tstandard. (UV detection at
254 nm)
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Figure 6:'H NMR spectra of PPhA (non-fractionated polymergddor various times
in THF-dg solution.D is dispersity determined by SEC.

The primary results ofH NMR monitoring of PPhA ageing in THsare shown in
Figure 6. Spectrum of freshly dissolved PPhA cdadi®f sharp signals in region 6.7 —
7.0 ppm (aromatic protons) and a sharp singlet@&ppm (main-chain protons on the
monomeric units witltis configuration) (Figure 6), the sharpness and gasdlution
of signals testify to the high degree of microstuue uniformity and predominarats
configuration of the main-chain double bonds. Theadening of all signals and
decrease in the intensity of the signal correspando the main-chain proton ams
monomeric units caused by this-to-trans isomerization is obvious with the increasing
ageing time (Figure 6). The SEC atd NMR monitoring confirmed that PPhA had
undergone the simultaneously proceeding oxidatiegrabation andcis-to-trans
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isomerization during the ageing in THk- Figure 6 confirms also the pass of the width
of MW distribution of PPhA through a maximum in tkeurse of polymer ageing.
Detailed inspection ofH NMR spectra revealed that despite the progressizge of
isomerization (and degradation as well) the origstaarp signals were still evident
(spectrumt = 118 h in Figure 6). These signals disappeareaptately only in the very
late stage of ageing (Figure 6). This fact indiddteat even in the progressive stage of
ageing some sufficiently long microstructurally enpirbedcis sequences and/or chains
were present in the system. With the aim to inges#i the distribution of unperturbed
sequences/chains along the MW distribution of thedaPPhA sample, a preparative
MW-based fractionation of partly aged PPhA sampées werformed. For this purpose,
THF solution of PPhA aged for 48 hours under atrhesp conditions at room
temperature was used. Characteristics of parthyd @&@@hA just before fractionation
were:My= 24 000 M, = 3 800cis content ~ 50 %.

)
sy
o
o
1

300

200

detector response (AU

100

T T T

2 30 retention time (min) 4

Figure 7: SEC chromatograms of: freshly dissolvedept PPhA (curve P), non-
fractionated aged PPhA (curve A) and individualcti@ans obtained by preparative
fractionation of the aged PPhA (curves F1, F2, k@ B4). Ageing conditions: THE=
48 h, solution of PPhA was kept in contact with #timosphere and diffuse daylight at
room temperature.

The MW fractionation from the solvent system metiarHF provided three
polymeric fractions (F1, F2 and F3, Table 6) and ohigomeric fraction (F4, Table 6).
SEC chromatograms of individual fractions are shawnFigure 7, together with
chromatograms of non-fractionated PPhA recordetl$0d h and fot = 48 h.
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Table 6: Molecular-weight and configurational cltaeaistics of non-fractionated PPhA
aged in THFdgand in THF. Ageing conditions: exposure to the aphere and diffuse
daylight, concentration in aged solution 1 mg/mk 48 h. Molecular-weight and
configurational characteristics of PPhA fractiortstained by fractionation of PPhA
aged in THF.

MeOH/THF Content in

_3 0 .

Sample (VIV) Wt 96 10° My D YocCis
PPhA aged in THFelg - - 18 5.8 ~50
non-fractionated
PPhA aged in THF - - 24 6.4 nd
non-fractionated
Fraction F1 51/100 17 53 1.5 91
Fraction F2 137/100 33 15 1.8 56
Fraction F3 400/100 17 4.3 1.4 <50
Fraction F4 b) nd 1.5 2.2 <50

Weight fractions of isolated F1, F2 and F3 caladatith respect to the total mass of
PPhA submitted for the fractionation.
®) |solated by solvents evaporation.

It is clearly seen fromH NMR spectra of individual fractions and non-fiaoated
PPhA aged in THF (Figure 8) that the NMR signals were being broadened and the
signal ofcis main-chain protons was diminishing in the intensiith decreasing MW
of the fraction. ThéH NMR spectrum of the highest MW fraction (F1) wdsntical
with that of the freshly dissolved non-fractionedhiA sample (Figure 6). Thus, despite
the ageing for 48 h, the highest MW fraction cotssexclusively of microstructurally
unperturbed PPhA macromolecules. On the other hartleH NMR spectrum of the
lowest MW polymeric fraction (F3) the sharp signafsmicrostructurally unperturbed
sequences/chains were almost absent i.e. predottyindeeply isomerized PPhA
macromolecules formed the fraction F3. The fractihrepresents “an intermediate
state” between F1 and F3. The sharp signafHilNMR spectrum of the oligomeric
fraction F4 (region from 7.2 to 7.8 ppm) well capended to signals of 1,3,5-TPB
standard (Figure 8). Thudd NMR spectroscopy confirmed the formation of 1;3PB

in the course of PPhA ageing.
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Figure 8:'"H NMR spectra (in THRg) of: (i) non-fractionated PPhA isolated after the
ageing in THF (A), (ii) individual fractions obtaéd by preparative fractionation of the
aged PPhA (F1, F2, F3 and F4) and (iii) 1,3,5-TRBdard. Ageing conditions: THE,

= 48 h, solution of PPhA was kept in contact whk atmosphere and diffuse daylight
at room temperature.

The'H NMR analysis of PPhA fractions proved that thedigon-fractionated PPhA
was not microstructurally uniform along the MW disttion and that it exhibited
decrease iis main-chain double bond content with decreasing MW& same way as
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'H NMR spectra, also the FTIR spectra of individfrattions confirmed the decrease
in content of main-chainis double bonds in the order F1 > F2 > F3. Moreowethe
FTIR spectra of F2 and F3 a new weak band wasndisihable at about 1730 ¢m
This band can be ascribed to carbonyl groups thatcansidered as products of

oxidative degradation of polyacetylenes. [43;12%]13

The MW of all macromolecules of the microstructlyrainperturbed fraction F1 falls
well within the interval of MW values of parent PRhThe fraction F1 can be thus
interpreted as containing the parent macromoledinas survived the ageing without
changes in MW and configurational structure anaf@cromolecules that might be
formed by degradation from the higher MW ones, hawewithout isomerization. The
fraction F3 can be interpreted as consisting predantly of macromolecules that were
not present in the parent sample and that wereddrby degradation and progressive

isomerization from the higher MW ones.

The described microstructure analysis of partlydaB®hA revealed this sample to
contain both deeply isomerized and microstructyrafiperturbed macromolecules. We
propose the following explanation for this findinghe course ofcis-to-trans
iIsomerization may be influenced by a “domino effecte. once a particular double
bond of a PPhA chain is isomerized the probabdftisomerization of the other double
bonds of this chain is increased. This mechanismg lead to the presence of both
microstructurally unperturbed and deeply isomerimestromolecules in the partly aged
sample. It is evident that the content of the faromes should decrease in favour of the
latter ones with the ageing time. Assuming ¢heeto-trans isomerization to proceed (at
least partly) via the rotational scission of theimaghain double bonds, this process
should be accompanied by an increase in the comteninpaired electrons on the
isomerized PPhA chains. [95;96;101;102;136;137] Thsomerized PPhA
macromolecules should be thus more prone to theatixe degradation in comparison
to the higheis microstructurally unperturbed macromolecules vathower unpaired
electron content. The difference in rates of degtiad of microstructurally unperturbed
and isomerized PPhA macromolecules can be consdidsreesponsible for (i) the non-
uniform distributions of these two kinds of macrdewules along the MW distribution
of the partly aged sample and (ii) broadening ef MW distribution in the initial stage
of ageing. Because of the low MW-stability, the plgeisomerized macromolecules
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rapidly degrade and thus predominate in the low&V Kdactions of the partly aged
sample while the highest MW fraction of this samptmsists of microstructurally

unperturbed higltis macromolecules that are more degradation-resistant

As already discussed, the ageing of (non-fractemhathigheis PPhA was
accompanied by formation of symmetrical cyclotrim&s3,5-TPB. The formation of
1,3,5-TPB was observed also if the PPhA fractiohsd F3 were separately submitted
to the ageing experiments in which they were allbvwe age in THFds solution
exposed to the atmosphere and diffuse daylighb@trtemperature. The amount of
1,3,5-TPB formed during the ageing of PPhAs (paneon-fractioned sample and
fractions F1 and F3) was quantified on the basgh@precise SEC detector calibration.
For the evaluation of changes in PPhA/1,3,5-TPB mmsition of the sample during its
ageing the parametensg):, (Xtpe): and &w): were defined by Equations 12 - 14.

(WTPB)t = ((r:]nTPB))t Equation 12
M /0
M,) .
(X ) - (nTPB)t — (WTPB)t( n/o Equatlon 13
e (nM )o (M TPB)

(xu), = o, )(tn;)(:M )] = m\j:;ﬂ[l— (Wypg), ] -1 Equation 14
(mw)o Is the original mass of PPhAtat 0, (mreg): is the mass of 1,3,5-TPB found at
timet, (My)o and My); are the number-average molecular weight of PPiA 00 and
for a given timet, respectivelyMtpg is the relative molecular weight of 1,3,5-TPB
(Mtpg = 306,41), itrpe); is the amount of 1,3,5-TPB molecules in the samagled for
timet, (hw)o and @w); are the amounts of PPhA macromolecules of varieuogths in
the sample at = 0 and at a given ageing time respectively. Parametemn{pg):
represents the weight fraction of 1,3,5-TPB in tgedasample. ParametersHg): and
(xw): have the meaning of increase [relativeri@){] in amount of substance of 1,3,5-

TPB molecules and PPhA macromolecules, respectively.

The SEC monitoring revealed that in the case oftallisd samples (parent non-
fractioned PPhA and fractions F1 and F3) about 2%tof PPhA submitted to the
ageing was transformed into 1,3,5-TPB at the terhsteme of ageing experiment=<
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1000 h). The ageing time dependence»afd): and &wv): parameters are shown in
Figure 9 (the non-fractioned higiis PPhA) and in Figure 1(ig/trans fraction F3).
Figures 9 and 10 show that the values»@fd); were about twenty times lower than
corresponding values ofy): in the whole period of experiment and that the){(Xrps):
ratio did not depend on thas double bonds content in the sample submittedHer t

ageing.

T T

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

Figure 9. Ageing time dependencies of compositi@ameters Xrpg): and &u):.
Sample submitted for the ageing: parent non-fraetoPPhA, M.)o = 37 000 My)o =
89 000. ForxXree): and &w): definition see Equations 13 and 14.
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Figure 10: Ageing time dependencies of composifiamameters Xgpg): and &w):.
Sample submitted for the ageing: PPhA fraction (F8,)o = 3 100 My)o = 4 300, see
Table 6. ForXrpg): and &w): definition see Equations 13 and 14.

We discussed the observed relatigief); << (xv): from the point of view of the
mechanism proposed by Percec et al. for the degpadaf high<is PPhAs. The
mechanism of Percec [99;126] assumes the intramlalecyclization of a PPhA chain

followed by the chain cleavage with the releasa df3,5-TPB molecule. If the chain
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cleavage proceeded exclusively via this mechanfsnfdarmation of each new PPhA
macromolecule should be accompanied by a formatfame 1,3,5-TPB molecule (in
other words, the values of parametexg){ and &rpg): should be equal). The non-
equality &rpg): << (Xw): found in our study indicates that the PPhA degradgunder
the conditions of our study) may obey this mechanimly partly. Either only a small
part (up to 8 %) of particular PPhA chains cleagagjenultaneously gave rise to 1,3,5-

TPB molecules or 1,3,5-TPB was formed independently
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4.2.2. SEC/DAD and'H NMR study of molecular weight
and configurational stability of poly[(2,4-
difluorophenyl)acetylene] and poly(phenylacetylene)
prepared with Rh catalyst

This chapter is based on the results reportedeipéper:

Trhlikova O., Zednik J., Vohlidal J., Set& J.: SEC/DAD and'H NMR study of
molecular weight and configurational stability oflyj(2,4-difluorophenyl)acetylene]
and poly(phenylacetylene) prepared with Rh catalMstcromolecular Chemistry and
Physics, 2011; 212; 1987-1998.

When the detailed ageing study of hige-PPhA dissolved in THF and THdfz-kept
in contact with the atmosphere and diffuse daylight done (see Chapter 4.2.1.), the
idea had arisen to study the time course of agelisg for a more stable derivative of
PPhA. Based on the results published recently loygoaup [43] we have proposed and
prepared a new higtis poly[(2,4-difluorophenyl)acetylene] (PdFPhA). Rmahary
experiments showed that this polymer exhibitedi)increased stability (owing to the
F substituent in the ortho position on the Ph riagdl (i) good solubility (supported by
the F substituent in the para position on the RQ)riBy a proper selection of Rh
catalyst and solvent, similar MW characteristics nefwly prepared parent higis
PdFPhA were obtained as those reported for higf*PhA in the previous Chapter 4.
2.1. This allowed us to reliably compare the bebtawof higheis PAFPhA and higlais
PPhA in the course of their ageing. This comparisaghe main subject of this chapter.
For the clarity of this comparison some data onRR&A ageing (given already in the
previous Chapter 4.2.1.) had to be repeated algosrChapter.

Samples of higltis PAFPhA ()= 120 000, Mn)o = 60 000 Chigh-cis = 92 %)
prepared with [Rh(cod)(acac)] in GEl, and higheis PPhA (M,,)o= 89 000, )0 = 37
000, Chigh-cis = 92 %) prepared with [Rh(cod)(acac)] in THF wettowed to age
separately in THFg in contact with the atmosphere and diffuse dayligh room
temperature under monitoring by SEC/DAD aftl NMR techniques. Two facts are
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obvious from the representative SEC chromatograusrded in the course of ageing
for both polymers: (i) the decrease in the polynid due to the degradation and (ii)
passage of the width of MW distribution through fignificant maximum (for PAFPhA

see Figure 11 anidr PPhA see Figure 12).
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Figure 11: SEC chromatograms of PdFPhA aged in digisoelution for various times
(in hours). Solution of PAFPhA was kept in contadh the atmosphere and diffuse
daylight at room temperature during the ageing.

In the case of PAFPhA ageing (contrary to PPhAnagehe original unimodal
MW distribution was gradually transformed into thenodal one (middle period of
ageing) and the bimodal distribution was reconkrback to the unimodal one

positioned at a higher retention tintg, (late stage of ageing).
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Figure 12: SEC chromatograms of PPhA aged in TkiBelution for various times (in

hours). Solution of PPhA was kept in contact with atmosphere and diffuse daylight
at room temperature during the ageing.
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The rate of degradation was considerably slowednd@empare Figures 11 and
12) and the position of maximum Bfvs.t dependence was shifted to the higher ageing
time in the case of PAFPhA compared to PPhA (Fig3)e The maximal values @
determined in the course of ageing were similabfmth samplest{ = 7.5 for PAFPhA
andd = 6.3 for PPhA, Figure 13).
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Figure 13: Ageing time dependencies of dispemBityesulting from the experiments in

which PdFPhA and PPhA (dissolved in Tidg-were allowed to age (separately) in
contact with the atmosphere and diffuse dayliglmbam temperature.

'H NMR spectrum of freshly dissolved PdFPhA (Figur4) consisted of well
resolved multiplet in the region 6.70 — 6.60 ppmof@atic protons of pendant 2,4-
difluorophenyls) and a singlet at 5.75 ppm (maiatgstprotons witlcis configuration).
As already discussed in Chapter 4.2.1., #HHeNMR spectrum of freshly dissolved
PPhA (Figure 15) consisted of well resolved mudtigh the region 7.00 — 6.70 ppm
(aromatic protons) and a singlet at 5.90 ppm (nch@min protons withcis
configuration). Sharpness and good resolution ghads testify to the high degree of

microstructure uniformity of both polymers.

In the course of ageing the following continuousirales in*H NMR spectra of
PdFPhA and PPhA were observed: broadening ofgilbss, decrease in the intensity of
the signal corresponding to the main-chain protmmeis monomeric unitsdfs-to-trans
iIsomerization) and appearance of small sharp sgmathe region of 7.9 — 7.0 ppm

(oligomeric products).
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Figure 14:'H NMR spectra of PdFPhA aged for various timesh@urs) in THFég
solution. Solution of PdAFPhA was kept in contacthwihe atmosphere and diffuse

daylight at room temperature.

Detail inspection ofH NMR spectra revealed that despite of the progresgage of
ageing the parent sharp signals including thosgsaiain-chain protons had been still
persisted ifH NMR spectra of both samples (diminished in thensity). The sharp
signals disappeared completely only in the caskmg-time aged PPhAt & 300 h)
(Figure 15), in the case of PdFPhA, the sharp fsgware apparent in the spectrum
even after 1000 h of ageing (Figure 14). This fadicated that even in the progressive
stage of ageing some sufficiently long microstruaiy unperturbedis chains (denoted
as “high<is’) had been present in both samples. The continbooadening of parent
signals of main-chain protons in the spectra ofhbsamples indicated the gradual

formation of chains containing randomly distribut@d and trans main-chain double

bonds (denoted asi¥/trans’).
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Figure 15:'H NMR spectra of PPhA aged for various times (irursd in THFdg
solution. Solution of PPhA was kept in contact witie atmosphere and diffuse daylight
at room temperature.

The integration ofH NMR spectra recorded in the course of PdFPhA RRHA
ageing allowed determining the ageing time depetidenof content ofttis double
bonds in higheis chains, i.e. the paramet&gn.cis defined by Equation 3 (see
Introduction). Comparison of the ageing time depenkes ofCygn-cis for PAFPhA and
PPhA ageing in THFg reveals that the process afs-to-trans isomerization was
significantly slower for PdAFPhA compared to PPhAg(ife 16). Evidently, the higher
MW stability of PdFPhA was accompanied by an enbdnctability of the

configurational structure of this polymer.

The distribution of higheis and cig/trans chains (along the MW distribution) in
partly aged PdFPhA and PPhA samples was revealethdans of the preparative
fractionation. For the more precise descriptiontlug approach see Chapter 4.2.1.
Samples partly aged in THF were submitted for fitastionation (PdFPhA ageing time
240 h and PPhA ageing time 48 h). Both samplessimaiiarly broad MW distributions

before the fractionation as it is evident from Eabl
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Figure 16: Ageing time dependencies of paramélggn.cis resulting from the
experiments in which PdAFPhA and PPhA (dissolvediHifr-dg) were allowed to age in
contact with the atmosphere and diffuse daylightoam temperatureCpigh-cis — the

content of monomeric units in higls chains determined b{H NMR. For Chigh-cis

definition see Equation 3, in Introduction.

Two fractions resulting from the fractionation aich PdFPhA and PPhA samples
are reported in Table 7: the low-MW fractions (ldda® R (parena) and R pphay
respectively) and the high-MW fractions (labellegpfrrnayand Fipenay respectively).
SEC chromatograms of PdFPhA fractions, aged nanidrzated PdFPhA and parent
freshly dissolved PdFPhA are shown in Figure 17, p&EC chromatograms of PPhA
fractions, aged non-fractionated PPhA and par@shfy dissolved PPhA are shown in
Figure 18, part I. The MW characteristics a@glgh-cis values of PdAFPhA and PPhA

fractions are summarized in Table 7.

Table 7: MW characteristics and content of monomemits in higheis chains
(according to Equation 3, in Introduction) for PdiAP(aged for 240 h) and PPhA (aged
for 48 h) and for fractions isolated from partlyedgpolymers.

Sample 1@ Mw b Chigh-cis (in %)
PdFPhA - aged 71 6.5 79
Fiearpha) 75 2.3 96
FL(dephA) 50 1.7 <50
PPhA - aged 18 5.8 ~50
Friepha) 53 15 01
FLPPha) 4.3 1.4 <50

The *H NMR spectra of individual polymer fractions andnAfractionated aged

polymers are given in Figure 17 part Il (PdFPhAY an Figure 18, part Il (PPhA).
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Figures 17 and 18 revealed that the distributiomigh-cis andcisg/trans chains along
the MW distribution of partly aged PdFPhA and PRte&l not been uniform. Thigd
NMR spectra obtained forufparpnayand Fepnaywere nearly identical with those of the
freshly dissolved non-fractioned PdFPhA and PPleapectively (Figures 14 and 15).
Thus, despite of the ageing in THRy@arrha)and Fepna) consisted predominantly of

microstructurally unperturbed higtis macromolecules.
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Figure 17:(Part 1) SEC chromatograms of: freshly dissolved parent#Pd(curve P),
non-fractionated aged PdFPhA (curve A) and twotibas obtained by preparative
fractionation of the aged PdFPhA (curves+high-MW fraction and F— low-MW
fraction). (Part 1) *H NMR spectra (in THRs) of non-fractionated PdFPhA isolated
after the ageing in THF, A, and fractions &d k. Ageing conditions: THR, = 240 h,
solution of PAFPhA was kept in contact with the @gphere and diffuse daylight at
room temperature.
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On the other hand, in tHel NMR spectra of Fparenayand Fepha) the sharp signals
of microstructurally unperturbed sequences/chaiesevabsent, i.e. the Fyrpna) and
FLernay fractions consisted predominantly of deeply isope®t cigtrans
macromolecules of PAFPhA and PPhA, respectivelg.mibchanism has been proposed
in Chapter 4.2.1. explaining the non-uniform disition of higheis and cis/trans
chains along the MW distribution of the partly ageBhA. The same non-uniform
distribution of higheis andcig/trans chains along the MW distribution was revealed in
the partly aged PdFPhA despite the enhanced MWcantigurationl stability of this
polymer (compared to PPhA). Evidently, the acceilenaof the oxidative degradation
by the precedingis-to-trans isomerization (see Chapter 4.2.1.) plays an ingombntole

in the course of ageing of both polymers underystud
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Figure 18:(Part I) SEC chromatograms of: freshly dissolved parentAPRlrve P),
non-fractionated aged PPhA (curve A) and two foadi obtained by preparative
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fractionation of the aged PPhA (curveg ¥ high-MW fraction and F- low-MW
fraction).(Part Il) *H NMR spectra (in THFs) of non-fractionated PPhA isolated after
the ageing in THF, A, and fractions; and k. Ageing conditions: THFt = 48 h,
solution of PPhA was kept in contact with the atpiwse and diffuse daylight at room
temperature.

SEC/DAD technique used for this study provided ooly the standard SEC
chromatograms (reported here as UV detector respatrd54 nm vs. retention tiney)
but allowed also the monitoring of UV/vis specttang the MW distribution of a SEC-
fractionated polymer sample. A possible depictidnS&C/DAD results is given in
Figures 19 and 20. The insert part of each fighos the standard SEC chromatogram
and the main part of each figure provides UV/visctma of several SEC fractions of
analysed polymer. The curve labelled M expressesiépendence of the wavelength of
absorption maximum in the vis regiohax Onte: and was accessible only for fractions
with distinguishable absorption maximum in the nagion. Curve labelled E expresses

the dependence of the wavelength of absorption, égge onte:.

UV/vis spectra of PAFPhA and PPhA always consiefel UV band with maximum
at about 250 nm (absorption of pendant Ph groupd)abroad UV/vis band in the
wavelength region from 300 to 600 nm* transition in the conjugated main chains).
The former band was almost independent on the ggeme of a sample and on the
MW of the analysed SEC fractions. Thus, only thenges in the vis part of spectra are

discussed in the subsequent paragraphs.

There are two simultaneous processes proceediting ioourse of ageing of PAFPhA
and PPhA in THRs: degradation andis-to-trans isomerization. The degradation
proceeding by itself leads to a shortening of tlannehains resulting in the reduction of
the main-chain conjugation. This should be marg@sby a blue shift in the vis
spectrum providing that the degree of polymerizatad macromolecules formed by
degradation is comparable to the effective conjogatength of studied polymer.
Isomerization proceeding by itself should lead tonfation of more conjugated
cigtrans main-chain sequences that should be manifested bgd shift in the vis
spectrum. [95;96;101;102;136]
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Figure 19: SEC/DAD results obtained for PAFPhA aiged@HF-dg for: O h (A), 337 h
(B) and 1177 h (C). The solution of PdAFPhA was kaptontact with the atmosphere
and diffuse daylight at room temperature in thersewf ageing. UV/vis spectra are
labelled with PAFPhA MW. Each series of UV/vis dp@ds completed with SEC
chromatogram recorded at 254 nm; curve M - deparedef the wavelength of
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absorption maximum in the vis region dp; and curve E - dependence of the
wavelength of absorption edge

Results for almost microstructurally uniform higts-(freshly dissolved) PdFPhA are
shown in Figure 19A. The values éf.x were not influenced by MW of analysed
fractions £max = 404 nm resulted for MW ranging from 15 000 t®4®0). The values
of Zedge€Xhibited a slight red shift with decreasing MVéttimdicated the presence of a
small amount otigtrans chains in low-MW fractions of the analysed sampigure
19B shows the results of partly aged PdFPhA forcivia bimodal SEC chromatogram
was obtained. As evident, bothax VS. tretand/edgeVS. tret dependencies passed through
maxima. While for the fraction corresponding to #pex of high-MW SEC peak (MW
= 230 000) values Ofnax= 404 nm andegge= 502 nm were determined, for the fraction
corresponding to the apex of low-MW SEC peak (MV¥0=000) values ofyax = 422
nm and leqge = 587 nm resulted. The described finding evidentylected the
microstructural non-uniformity of the partly agedMPhA that has already been shown
by *H NMR spectroscopy. The higher-MW part of sampléFigure 19B consisted of
highcis macromolecules, the lower MW part of sample comdi predominantly
isomerizedcigtrans macromolecules. The increase in conjugation of itoenerized
cigtrans macromolecules (compare to higis- ones) evidently overwhelmed the
decrease in conjugation due to the shortening eflehgth of these macromolecules.
Figure 19C shows the SEC/DAD results for deeplymisozed low-MW PdFPhA
sample (aged for 1177 h). Results reflected justddxcrease in conjugation due to the

decrease in MW.

The results for almost microstructurally unifornglmcis PPhA (Figure 20A) showed
a marginal blue shift of the vis band with decregdiW of fractions. The blue shift of
vis band with decreasing MW of fractions was prarmad for PPhA aged for 26 h in
THF-dg (Figure 20B). Nevertheless, an imperceptible maxmmappeared on the E
curve. For the higher ageing times only pronouneeshotonous blue shift of the vis
band with decreasing MW of SEC fraction was obsgrv@companied by
disappearance of vis band maximum. The characteiso$pectra of PPhA was thus
predominantly governed by the polymer MW while domfigurational structure played

a marginal role in this case.
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Figure 20: SEC/DAD results obtained for PPhA agedF-ds for: 0 h (A) and 26 h
(B). The solution of PPhA was kept in contact viltk atmosphere and diffuse daylight
at room temperature in the course of ageing. UVépisctra are labelled with PPhA
MW. Each series of UV/vis spectra is completed v88C chromatogram recorded at
254 nm; curve M - dependence of the wavelengthbsbigption maximum in the vis
region ont,; and curve E - dependence of the wavelength ofrpben edge oty

The described successful application of SEC/DADhtéegue for the study of
PdFPhA microstructure shows this technique as @&npiat powerful tool for the
monitoring of structural differences along the M\&tdbution also in the case of other

conjugated (coloured) polymers.
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4.2.3. Degradation andcis-to-trans isomerization of poly[(2,4-
difluorophenyl)acetylene]s of various initial moleclar weight:
SEC, NMR, DLS and EPR study

This chapter is based on the results reportedeipéper:

Trhlikova O., Zednik J., M&jficek P., Hordek M., Sedléek J.: Degradation aruis-to-
trans isomerization of poly[(2,4-difluorophenyl)acetylgn®f various initial molecular
weight: SEC, NMR, DLS and EPR study, Polymer Degtath and Stability; DOI:
10.1016/j.polymdegradstab.2013.05.020.

Ageing of poly[(2,4-difluorophenyl)acetylene]s ofriaus initial

molecular weight in THFeg solution

Proper selection of (i) catalysts of the generamida [Rh(cycloolefin)(acac)] and
(i) polymerization solvents [138] enabled us to nthesize poly[(2,4-
difluorophenyl)acetylene]s (PdFPhA(H), PdFPhA(M)daRdFPhA(L)) with initial
weight-average molecular weightyl()o, ranging from 2.2x10to 9.7x10 (Table 8).
Sharpness and good resolution '6f NMR signals testified to the high degree of
microstructure uniformity and prevailinglyis configuration of the main-chain double

bonds of all prepared polymers.

Table 8: Yields of PAFPhAY(P), initial weight-averages molecular weigh¥],jo and
initial number-averages molecular weigh¥l,Jo, achieved in polymerization of dFPhA
with Rh-based catalysts. Initial concentration afnomer, [dFPhA]= 0.6 mol/l, initial
concentration of Rh-based catalyst, [(h]6.0 mmol/l, room temperature, reaction time
3 hours Chigh-cis— content of monomeric units in highs chains of PAFPhA.

Catalyst Solvent Y(P)% 10 (Mw)o 10°(Mp)o Chighcis% Polymer code
[Rh(nbd)(acac)]  THF 60 970 100 90 PdFPhA(H)
[Rh(cod)(acac)] CkCl, 87 120 60 92 PAFPhA(M)
[Rh(cot)(acac)] ChCl, 50 22 11 90 PAFPhA(L)
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PdFPhAs were allowed to age separately in Tglfer THF) in contact with the
atmosphere and diffuse daylight at room temperaftore50°C). '"H NMR spectra
confirmed thecis-to-trans isomerization during the samples ageing in Tddsolution
(Figure 21) (discussed in previous chapters). [Ediir allows a qualitative conclusion
that the extent ofH NMR spectra changes (for a given ageing timejeased with
increasing MW of the parent sample in the orderFF®A(H) > PdFPhA(M) >
PdFPhA(L).
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Figure 21: Representativel NMR spectra of PAFPhA(H), PAFPhA(M) and PdFPhA(L)
aged for 0, 240 and 575 hours in THé&solution. Solutions of polymers were kept in
contact with the atmosphere and diffuse dayliglmbatm temperature.

The representative SEC chromatograms recordeceicdbrse of ageing confirmed
the decrease in polymer MW due to the degradatayufe 22A, 22B and 22C). In the
case of PdFPhA(H) and PdFPhA(M), the original urdaloMW distribution was
gradually transformed into the bimodal one (74 h RdFPhA(H) and 240 h for
PdFPhA(M), Figures 22/and 22B). On the other hand, only a slight indaratof
bimodality of MW distribution was observed durifgetageing of PAFPhA(L) (Figure
22C).

SEC chromatograms of all progressively aged PdFRioAsained two peaks in the
low-MW region. The first one corresponded to thiveot peak (Figure 22, labelled S).
The retention time of the second one (a shouldéngéanain peak) corresponded to that

of 1,3,5-tris(2,4-difluorophenyl)benzene standakerified by SEC analysis). We
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estimated the content of 1,3,5-tris(2,4-difluoropyigbenzene in the aged PdFPhA

samples to be around 1 wt. % in the terminal std@ggeing.
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Figure 22: The representative SEC chromatogranRPlBPhA(H) (part A), PAFPhA(M)
(part B) and PAFPhA(L) (part C) aged in Tld§solutions for 0, 74, 240 and 575 hours.
Solutions of polymers were kept in contact with gtemosphere and diffuse daylight at
room temperature during the ageing. S denotesalluers peak.
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The integration ofH NMR spectra recorded in the course of PdFPhAsnggie
THF-dg solution allowed us to determine the ageing tirapethdence of the content of
cis double bonds in highis chains,Chighcis (S€€ Equation 3, in Introduction and also
Chapter 4.2.2.). Values oEhighcis Obtained for the freshly dissolved PdFPhA(H),
PdFPhA(M) and PdFPhA(L) did not depend on eithes Hamples MW or the
conditions applied for the sample synthesis (T&)leAs the time of PAFPhAs ageing
increased, th€gh-cis values decreased. The rateGajyn-cis decrease strongly depended
on the initial MW of the PdFPhA submitted for thgeag experiment. The
isomerization rate decreased with the decreasiiigliMW of PdFPhA in the order:
PdFPhA(H) > PdFPhA(M) > PdFPhA(L) (Figure 23).
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Figure 23: Dependencies of parame@ign-cis vS. t for ageing of PAFPhA(H) (1),
PdFPhA(M) (2) and PdFPhA(L) (3) in THiE solution. Solutions of polymers were
kept in contact with the atmosphere and diffusdighalat room temperature.

Figure 24 shows th®l,/(My)o vs.t dependencies for PAFPhAs samples under study
(M, stands for the weight-average MW obtained for dlgeing timet, (My)o is the
weight-average MW of the parent polymer). The conspa of theM,/(My)o drop of
particular samples clearly shows that the rateegfraidation decreased in the samples
order. PdFPhA(H) > PdFPhA(M) > PdFPhA(L) (Figure).28ummarizing the results
from Figures 23and 24 we can conclude that both the rateisfo-trans isomerization
and the rate of degradation decreased with deage@4i,), of the parent samples.

Dependencies in Figure 24 allowed to determineiries ¢, , ,,) necessary for

(Mw)o of individual samples to fall to half its valuedi to My)o/2] and (ii) valus of

Chigh-cis(m,), 72 1-€- the content of monomeric units in higk-chains in samples aged for

68



the timet,, ,,, (Table 9 No. 1-3). As evident, the values ®f, _ ., /. did not

exhibit any systematic dependence on the initial l\ihe parent samples (Table 9 No.
1-3). It means that the fall of,)o to half its value was accompanied by a similar

change in the configurational structure in the a#sal studied PAFPhA samples.
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Figure 24: Dependencies of paramdtky/(My)o vs.t for ageing of PAFPhA(H) (1),
PdFPhA(M) (2) and PdFPhA(L) (3) in THiE- solution. SymbolM,, stands for the
weight-average molecular weight determined at gaggémet, symbol M,,)o represents
the weight-average molecular weight of the frestligsolved sample. Solutions of
polymers were kept in contact with the atmospherd diffuse daylight at room
temperature.

Table 9: Degradation of PdFPhA samples exposedhéoatmosphere and diffuse
daylight under various conditiondV)o is the weight-average molecular weight of the
parent samplet, , , is the time necessary foM{)o to fall to half its value.

Chigh-cis(m, ),z Stands for the content of monomeric units in hegh<hains in the

degraded samples of weight-average molecular weghal to My)o/2. KeistransiS the
slope of 1X; vs.t dependencies fais/trans polymer fractions, r.t. = room temperature.

\o. Polymer 10° Conditions of  tw.) ;2 Cugrasmoyorz  Keistrans
code (Mu)o ageing (h) (%) (min™%)
1 PdFPhA(H) 970 THR, r.t. 74 69 9.4 10
2 PdFPhA(M) 120 THR, r.t. 310 63 7.0 16
3 PdFPhA(L) 22 THRdg, r.t. 510 65 8.310
4  PdFPhA(M) 120 THFg, 50°C 58 63 nd
5 PdFPhA(H) 970 solid state, r.t. 4300 88 nd
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With the aim to investigate a possible influencetloé ageing temperature we
monitored also PAFPhA(M) ageing in THigat 50°C. The rate of both degradation and
cisto-trans isomerization increased due to the temperaturee@se. As evident, the

value of t,, ,, of PdFPhA(M) decreased, however, no change invdee of

Chigh-cis(m, ), ;2 WaS observed due to the change of temperaturde(Bablo. 2 and 4).

Evidently, regardless of the ageing temperaturefaieof (My)o to half its value was
accompanied by the same extent of the configurakistnucture change.
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g 20 cisltrans
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u
0.6- .l.
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Figure 25: Dependencies of parametef,¥/s. t of cis/trans and higheis fractions of
PdFPhA(H) (part A), PAFPhA(M) (part B) and PdFPhA(art C). Solutions (in THF-
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dg) of polymers were kept in contact with the atmasphand diffuse daylight at room
temperature.

Partial SEC separation of the original higk-and the newly formedis/trans
fractions was achieved in the case of partly agdfePRA(H) and PAFPhA(M) samples
(Figure 22). This enabled to evaluate the MW tvghanges for these partly SEC-
separated fractions. The apparent value of theegegf polymerization corresponding
to the apex(es) of SEC chromatograXg) (vas chosen as the appropriate parameter for
this evaluation. Only, values corresponding to higis fractions were obtained at the
early stage of ageing of PAFPhA(H) and PdFPhA(M)nwdal MW distribution) while
X, values of both fractions resulted from the chrmgeams at the later ageing stage
(bimodal MW distribution). Only one distinct maximu was evident in the
chromatograms recorded in the whole course of PAABlageing. We assume that the
position of maximum was influenced mainly by thegence of higlais fraction at the
onset of PAFPhA(L) ageing. On the contrary, mathcig/trans fraction affected the
maximum position at the late stage of PAFPhA(L)rage

Figure 25 shows X}, vs.t dependencies obtained on the base of the SEC oniagit
of PdFPhAs ageing in THEs. As evident, theX, values of remaining part of highs
fraction decreased only slowly for all PAFPhA sagsgFigure 25). On the contrary, the
X, values ofcigtrans fraction decreased more rapidly (Figure 25). Tdesrease was
not slowed down even in the late stage of ageingnithe content ofis/trans fraction
only marginally increased due to this-to-trans isomerization of the highis fraction.
Thus, the rapid continuous degradation seems tpréeailingly responsible for the
observed rapid decrease KX, values of thecigtrans fractions. The 2, vs. t
dependencies obtained for ttig/trans fractions of individual samples were represented
by straight lines with the slopes, labelledkasians The values oKsitransWere similar
for all the analysed samples (Table 9). The lingasf 1/X; vs.t found for cis/trans
fractions of partly aged samples is consistent wht random mechanism of polymer
degradation [62]. However, the unambiguous confitoma of randomness of the
degradation ofcig/trans PdFPhAs fractions would required further proofs ke

collected.
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Ageing of poly[(2,4-difluorophenyl)acetylene] in thelid state

The highest MW sample, PdFPhA(H), was allowed te afyo in the solid state
under atmosphere and diffuse daylight exposure@nrtemperature. The ageing was
accompanied by decrease in MW and by a slight lerwad of the MW distribution
(Figure 26). However, the MW distribution was rem@ag unimodal in the whole
course of ageing. The molecular weight of PAFPhAld¥ continuously decreasing in

the whole period of ageing in the solid state, mletdt, , ,, value was two orders of

magnitude lower thag,, , ,, obtained for PAFPhA(H) ageing in THE{Table 9).

254nm

Absorbance

Detector response, 4

log MW
Figure 26: Representative SEC chromatograms of RAfFD aged exposed to the
atmosphere in the solid state (room temperature),fd95 and 1600 days and UV/vis
spectra corresponding to the maximum of SEC chrognatns recorded by SEC/DAD
technique for the parent PAFPhA(H) and PdFPhA(lepdgr 1600 days.

The UV/Nis spectra from the maxima of SEC chromatots for the parent
PdFPhA(H) and PdFPhA(H) aged for 1.6X1fays in the solid state were almost
identical that indicated the preservation of thghhiis configuration of PdFPhA(H)
during the ageing (Figure 26). This fact was conéid also by'H NMR technique.
Within more than 6 years of PdFPhA(H) ageing in sioéid state theChghcis Value
decreased only marginally from 90% to 87%. It cam thus concluded that the
PdFPhA(H) degradation in the solid state was aasetiwith either no or only minor

change in the PdAFPhA(H) configuration structure.
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Study of poly[(2,4-difluorophenyl)acetylene] ageimmg THF-ds
(or in THF) by*C NMR, **F NMR, DLS and EPR techniques

The title techniques represent either less commorhitherto not-applied
techniques for the investigation of polyacetyleagsing.
F NMR and ®*C NMR spectroscopies were used to monitor the ageih
PdFPhA(M) sample in THEs. Figure 27 shows®F NMR spectra of PdFPhA(M)
freshly dissolved in THFs and PdAFPhA(M) aged for 575 h in THE-

C6-F C4-F

T T T T T T T T T
-106 -107 -108 -109 -110 -111 -112 -113 -114
3 (ppm)

Figure 27:F NMR spectra of PdFPhA(M) aged for 0 and 575 hdorsTHF-dg
solution. Solution of PAFPhA(M) was kept in contadth the atmosphere and diffuse
daylight at room temperature.
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Both spectra consisted of two signals belongingwo fluorine substituents on the
pendant phenyl groups of the polymer. A remarkdbteadening was observed at the
basement of these signals in the spectrum of tad agmple that can be ascribed to the
presence of (newly formed) structurally non-unifedhis/trans fraction due to the
sample ageing. Thas-to-trans isomerization of PAFPhA(M) during its ageing in FH
ds resulted in the broadening of all signals'if& NMR spectrum similarly as it was
observed for the signals & NMR and*°F NMR spectra.

The presence of two different polymer fractionPFPhA(H) partly aged in THF
was confirmed also by DLS technique. The polymeutgwis were allowed to age in
contact with the atmosphere and diffuse daylightr@m temperature. Typical
distributions of hydrodynamic radii,JRobtained for various ageing times are in Figure
28. It is clearly seen that only one mode was detedor the freshly dissolved
PdFPhA(H). However, the second mode, faster thanfitbt one, developed in the
course of sample ageing. The slow mode evidentlyesponds to the high-MW
microstructurally unperturbed highs fraction detected also by SEC/DAD technique.
The fast mode revealed by DLS is evidently idehtiwéh the low-MW cig/trans
fraction which was also detected by SEC/DAD.

192 h

S 120 h

11

T.

72h

Oh

%

1 10 100 1000
R, (nm)

Figure 28: Distributions of hydrodynamic radiy, (scattering angle = 90°), obtained
for PAFPhA(H) aged in THF solution (c = 1 mg/mly fy 72, 120 and 192 hours. The
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polymer solutions were allowed to age in contacthwthe atmosphere and diffuse
daylight at room temperature.

The EPR method was applied for the analysis of R&RR). PAFPhA(H) aged for
210 h in THF at room temperature and atmospheresexp was fractionated from the
solvent system methanol/THF. The fractionation ptest two PAFPhA(H) fractions: (i)
high-MW high-cis PAFPhA(H) fractionl,, = 1.4x1G, M,, = 3.7x10) and (ii) low-MW
cistrans PAFPhA(H) fraction M, = 4.3x16, M, = 2.8x16). These fractions were
analysed by EPR method and the same analysis wdsrmped for the parent

PdFPhA(H). Resulting EPR spectra are shown in Ei@9r.

Parent '
PdFPhA(H) ‘

' Aged PdFPhA(H)
high-cis fraction

g = 2.0041

Aged PdFPhA(H) ‘
cis/trans fraction ‘
\

| |
| |
|
| g=2.0052

0 500 1000 1500 2000
H (mT)

Figure 29: EPR spectra of parent PdFPhA(H), lughand cigtrans fractions of
PdFPhA(H). Fractionation was performed after agéam@10 h in THF.

The unpaired electrons were detected in all théysed samples. Values gf(from

2.0041 to 2.0052%0rresponded well to those reported for the ungagtectrons present
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on the main chains of ring substituted PPhAs. [18§]it can be seen from Figure 29,
the samples differed significantly in the contemtuopaired electrons. This content
increased in the polymers order: parent PdAFPhA(H)gh-cis PAFPhA(H) fraction <
cigtrans PdAFPhA(H) fraction. Evidently, the ageing in THEsSulted in the increase of
the unpaired electron content. The comparison & Epectra otis/trans PAFPhA(H)
fraction and higheis PAFPhA(H) fraction revealed that the former fraictcontained
2.4 times more unpaired electrons than the latsetibn. This represents a confirmation
that thecisto-trans isomerization of PdAFPhA(H) caused an increasehén unpaired

electrons content.

In Chapter 4.2.2., we firstly expressed the ideahantight interconnection of
cisto-trans isomerization and oxidative degradation processesthe course of
polyacetylenes ageing under atmosphere. This ideae very briefly summarized as
follows: cis-to-trans isomerization (influenced by a “domino effect”)osiid lead to an
increase in the content of unpaired electrons om idomerized chains. As a
consequence, the isomerized macromolecules degnade rapidly in comparison to
the higheis microstructurally unperturbed macromolecules wéhlower unpaired
electron content. Different degradation rates ghhkiis and cis/trans macromolecules
lead to significant broadening of MW distributiofcor a more comprehensive
description of this idea see Chapter 4.2.2. Residltisis Chapter 4.2.3. support this idea
in the following points: (i) The EPR spectroscopppked for the analysis of
PdFPhA(H) clearly confirmed that tloes-to-trans isomerization resulted in the increase
of the unpaired electron content on the isomerRdBPhA chains. (i) The evaluation
of the MW vs.t changes for the partly SEC-separated lughandcis/trans fractions of
PdFPhAs (Figure 25) clearly showed that the isameercis/trans fractions degraded
more rapidly than the microstructurally unperturlbegh-cis fractions. (iii) The ageing
experiments performed with highhs PdFPhAs of various parent MW showed
simultaneous increase of both the configuration 8\ stability in THFdg with
decreasing MW of the parent samples. It can benasduhat with the decreasing chains
length of the parent higtis polymer the rotation scission of the main chaiulie
bonds (leading tais-to-trans isomerization) is suppressed owing to the deangasi
straining of the polymer chain segments. The deearate of cisto-trans

isomerization impacts the overall rate of degramathat is decreased as well. (iv) The
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degradation of PdFPhA(H) in the solid state wasébto proceed without changes in
the main-chains configuration. The unpaired elexithat are in a small amount present
even on the microstructurally unperturbed PdFPhAairegh are most probably
responsible for the observed degradation. The sgpmn of thecisto-trans
isomerization in the solid state reflects the mization of the motion of the polymer
chain segments that could result in the rotatiossgan of the double bonds. The
suppression of theis-to-trans isomerization is manifested by the preservationhef
unimodal character of MW distribution of PdAFPhA(H)the whole period of ageing in

the solid state.
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5. CONCLUSION

Rhodium mononuclear complexes [Rh(cycloolefin)(ac&dth nbd, cod and cot
ligands exhibited high activity in arylacetyleneslymerization and moderate
activity in polymerization of alkylacetylenes andopolymerization of
alkylacetylenes with arylacetylenes. In the aryigemes polymerization, similar
yields of polymers were achieved in both coordma{THF) and non-coordinating
(CH.CIy) solvents. Complex [Rh(cot)(acac)] prepared in by ligand exchange of
[Rh(ethylene)(acac)] with cot exhibited high polymerization adi even in neat
cot. Contrary to the frequently applied [Rh(nbd)CI] catalyst,
[Rh(cycloolefin)(acac)] catalysts did not need erth cocatalyst or a coordination

solvent for their activation.

The onset of initiation in the [Rh(cycloolefin)(ajimonomer systems proceeded
as the acetylenic proton transfer from the cootéthanonomer molecule to the
acac ligand under the release of acetylacetone@mdination of -€CR ligand to
Rh(cycloolefin) moiety.

The control over polymer molecular weighl{ from 1x1d to 1x1G, M,, from
3x10" to 4x10) was attained in PhA polymerization with [Rh(cyaliefin)(acac)]
by affecting (i) the extent of initiation and (ieéxtent of transfer reactions. The
extent of these processes was controlled by seteofi polymerization solvent and

cycloolefin ligand of the catalyst.

The MW and configurational stability of higtis PPhA and newly prepared high-
cis PdFPhAs dissolved in THF or THIg-was investigated in long-term ageing
experiments in which polymer solutions were keptamtact with the atmosphere

and diffuse daylight.

The tightly connected processes ofgg-to-trans isomerization of the main-chain
double bonds and (ii) oxidative degradation proeeeduring the ageing of both
PPhA and PdFPhA in the solution. Moreover, the ragjevas accompanied by
formation of a small amount (~1-2 wt.%) of corresgimg cyclotrimers. However,

the extent of cyclotrimers formation was too low éxplaining the degradation and

isomerization of polymers in terms of cyclizatioechanism of Percec et al.

PdFPhA and PPhA partly aged in solution were fotmaontain two polymer

fractions: (i) higher-MW fraction of microstructdia unperturbed higleis
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macromolecules with a low amount of unpaired etexdrand (ii) lower-MW
fraction of deeply isomerizeds/trans macromolecules with a higher amount of

unpaired electrons.

For the explanation of the coexistence of highandcis/trans macromolecules in
the partly aged samples the mechanism was pro@ssening that theis-to-trans
isomerization of particular higbs polymer chains was influenced by a kind of
rapid “domino effect”. This process gave rise tcelg isomerizedcis/trans
polymer chains that were enriched with unpaireccted@s (resulting from the
rotation scission of the double bonds). The isoneeitis/trans chains are assumed
to be more prone to oxidative degradation thanntiherostructurally unperturbed
highcis chains with a low unpaired electrons content. Tiféerent rates of
oxidative degradation of isomerized and non-isoregrichains were responsible
for the observed broadening of polymers MW distiiitru and for the non-uniform
distribution of higheis and cigtrans chains along the MW distribution of partly
aged PdFPhA and PPhA samples.

The comparative study in which PPhA and PdFPhA $ssmgf a similar MW were
aged in THF showed significantly higher configusall and MW stability of
PdFPhA compared to PPhA. The observed high PdFekktance to theis-to-
trans isomerization is most probably given by the stesitect of the ortho
substitution of the pendant phenyl groups of tre$ymer. Due to this effect the
rotation scission of the main chain double bondsading to cis-to-trans
isomerization) is suppressed that also leads tatimsecutive suppression of the
oxidative degradation of PdFPhA.

The comparative study in which PAFPhA samples wiiffein MW were aged in
THF showed increase of both configurational and MiAbility with decreasing
MW of the parent samples. It can be assumed thtatthe decreasing length of the
parent polymer chains the rotation scission of iti@n chain double bonds is
suppressed owing to the decreasing straining opttgmer chain segments. The
decreased rate afs-to-trans isomerization impacts the rate of degradation that
decreased as well.

Various techniques were reported for the studyhefrhicrostructure of PPhA and
PdFPhA in the course of their ageing. Among thehoas applied, the SEC/DAD

techniqgue was demonstrated as a powerful tool fer tapid monitoring of
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structural differences along the MW distribution thie studied polymers. This
method seems to be promising also for the charaatem of other conjugated

polymers.
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7.LIST OF ABBREVIATIONS

acac acetylacetonato

AlkA alkylacetylene

ArA arylacetylene

Chigh-cis content of double bonds withs configuration

cod cycloocta-1,5-diene

cot cyclooctatetraene

dFPhA (2,4-difluorophenyl)acetylene

DLS dynamic light scattering

D dispersity definedb = X,/X,

Dw dispersity defined®,, = X/ Xy

EPR electron paramagnetic resonance

fHacac fractions of acac ligand transformed into free Haca
Hacac free acetylacetone

IR infrared spectroscopy

n number of aromatic protons in one monomeri¢ uni
nbd norborna-2,5-diene

NMR nuclear magnetic resonance

M, number -average molecular weight

Mp molecular weight corresponding to the apexBC$eak
My weight-average molecular weight

MW molecular weight

PdFPhA poly[(2,4-difluorophenyl)acetylene]

PFPhA poly[(fluorophenyl)acetylene]

PhA phenylacetylene

PIPhA poly[(iodophenyl)acetylene]

PMeA poly(methylacetylene)

PPhA poly(phenylacetylene)

Shigh-cis area of resonance of the main-chain protons oromeric

units withcis configuration
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Stotal
SEC

TEA
TGA
THF
TPB
Xn

Xw
X
(Xn)o
(Xwo
Y(P)

total integrated area 4fi NMR signals of all protons
size exclusion chromatography

triethylamine

thermogravimetric analysis

tetrahydrofuran

triphenylbenzene

number-average degrees of polymerization i tim

degree of polymerization corresponding to the apéx

SEC chromatogram

weight-average degrees of polymerization iretim
z-average degree of polymerization
number-average degrees of polymerization ie tirs O
weight-average degrees of polymerization iretim O

polymer yield
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