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ABSTRACT

The composition and structure of a series of ioneonjugated poly(monosubstituted
acetylene)s prepared via catalyst-free quateroizatipolymerization (QP) of
2-ethynylpyridine (2EP) activated with equimolar amt of alkyl halide [RX = ethyl
bromide, ethyl iodide, nonyl bromide and haxadggegdtyl) bromide] as a quaternizing
agent (QA) have been studied in detail. The perfoi®Ps gave ionic polymers well
soluble in polar solvents, with approximately haff pyridine rings quaternized, which
implies that also non-quaternized monomers werelwed in the process of QP. The
configurational structure of polyacetylene maininhavas suggested based ‘thNMR,

IR as well as Raman (SERS) spectral methods. The iQBulk gave more expected
irregularcisg/trans polymers while the QPs in acetonitrile solutiongaigheis polymers.

A series of prepared symmetrical bi-pyridylacet@debased monomers has been
polymerized via QP approach resulting into a sergds new ionic m-conjugated
poly(disubstituted acetylene) type materials. lthisrefore obvious that the mechanism of
guaternization activation frequently applied on wsubstituted pyridylacetylenes is
efficient also for the polymerization of disubstéd bi-pyridylacetylenes. The structure of
resulting materials can be easily tuned via thecteln of QA. When monofunctional
benzyl bromide was applied the linear iomiconjugated polyacetylene type polymers
were obtained. When bifunctional 1,4-bis(bromomBbenzene was applied, the ionic
polymer networks were obtained. The network stmécis formed by interconnected
conjugated polyacetylene type chains and the ialternating chains. The degrees of
guaternization of prepared materials ranging fro@v@o 1.20, which implies that (i) also
non-quaternized bi-pyridylacetylene monomers avelired in the QP process and (ii) the
structure of monomer (mainly the positional isorsriof N atom of pyridyl groups) as
well as structure of QA affect the resulting degoéegquaternization. Owing to the ionic
nature, all linear polymers were well soluble inngoon polar solvents. Both linear
polymers and polymer networks exhibit photolumimese, furthermore, polymer
networks prepared fromara-pyridyl based monomers strongly emit in visiblgios. Due
to the highly cross-linked structure, polymer netwgo also shown moderate €O
adsorption capacity up to 13.6 toi* (STP) and exceptionally high ethanol vapor capture
capacity up to 24.5 wt% (293 K).



ABSTRAKT

Byla provedena detailni studie sloZzeni a konfignrastruktury série iontovych
n-konjugovanych poly(monosubstituovanych acet§jenpiipravenych kvaternizani
polymerizaci (QP) 2-ethynylpyridinu (2EP) s equidroim mnoZstvim alkyl halogenidu
(RX = ethyl bromid, ethyl jodid, nonyl bromid, healecyl (cetyl) bromid) jako
kvaterniz&niho cinidla (QA). VSechny produkty, daéé rozpustné v polarnich
rozpoustdlech, vykazovaly stupe kvaternizace cca. 0.5, coz nazme, ze i
nekvaternizované monomery byly zapojeny do polyrteriettzce. Na zaklagl vysledki
'H NMR, IR a Raman (SERS) spektralnich metod bykena konfigurani struktura
polyacetylenickychietézci pripravenych polymer. polymery gipravené bez idavku
rozpoustdla vykazovaly vice &kavanou nepravidelnoaistrans konfiguraci, kdezto
polymery gipravené v roztoku acetonitrilu vykazovaly vysolkydf cis jednotek.

Symetrické bi-pyridylacetylenické monomery, kterglyb v ramci této studie
nasyntetizovany, byly polymerizovany metodou QP vzaiku série novych iontovy
disubstituovanych polyacetylenickych mataridflechanismus, ktery je pouzivan zejména
k polymerizaci monosubstituovanych pyridylacetybdyich monomet je tedy efektivni i
v piipadt symetrickych disubstituovanych pyridylacetylenickymonomei. Vybérem QA
Ize také snadno ovlivnit strukturu vyslednych miatér Pokud byl vyuzit monofurdni
benzyl bromid jako QA, byly ziskany iontové linearkonjugované polymery déé
rozpustné v polarnich rozpodadtech. Pokud vSak byl pouzit bifuérki
1,4-bis(bromomethyl)benzen jako QA, produktem QB Imgrozpustné polyacetylenické
polymerni si&. Vysoce zesbvana struktura, je v tomtoripad vysledkem vzajemného
propojeni dvou typ retézci: polyacetylenického a alterdr@ho iontovéhaetézce. Stupe
kvaternizace fipravenych materiélse pohyboval od 0.27 do 1.20, coZ n&uj, Ze také
nekvaternizované bi-pyridylacetylenické monomeryybyapojeny do polymerizaiho
procesu a stupekvaternizace zavisi jak na struktumonomeru, (a to zejména pozici N
atomu pyridylu —ortho nebo para) tak i funkcionali& zvoleného QA. Jak linearni
polymery, tak i polymerni sitvykazovaly fotoluminiscenci. Polymerni &iptipravené
z para-pyridylickych  monomek dokonce sild emitovaly ve viditelné oblasti. U
polymernich siti byla také prokdzana mirna adsurpkapacita zachytu GO
[13.6 cn? g ' (STP)] a vysoka adsarpi kapacita zachytu par etanolu, ktera dosahovala a
24.5 wt% (293 K).
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1 INTRODUCTION

1 INTRODUCTION

Presented doctoral thesis deals with the preparativaracterization and the detailed
study of properties of ionig-conjugated polyacetylene type linear polymers polgmer
networks prepared via catalyst-free quaternizgdaigmerization of ethynylpyridine based

derivatives. Here, the general introduction tofbk/acetylene type polymers is provided.

1.1 Polyacetylene type polymers

Conjugated polymers (CPs) and Conjugated polyeleabtytes (CPES)

Materials labeled as-conjugated polymers (CP)s include in their stretalternating
double C=C bond and single C-C bond which allowdekcalization oft-electrons along
molecular backbond-{gure 1). The properties originating from the electronogalization
open up wide variety of applications,[1-7] includitight-emitting diodes (LEDS),[8]
light-emitting electrochemical cells (LECs),[9] pt& lasers,[10] solar cells,[11]
field-effect transistors (FETsS)[12] The best knowatonjugated polymer is the classic
insoluble polyacetylene, discovered in 1976 by &t@wa and co-workers.[13] Discovery
of the conjugated polymers led to the 2000 Nob&ePm Chemistry awarded to Alan
Heeger, Alan MacDiarmid, and Hideki Shirakawa. By tmid-eighties, many research
teams in both academia and industry were investigatconjugated polymers for their
nonlinear optical properties and their semiconahgctproperties and thus the field of
plastic electronics and photonics was establishéfl.|

The m-conjugated structure could be also found in maleriderived from
poly(arylene)s, poly(paraphenylenevinylene)s, qyé-phenyleneethynylene)s,
polyanilines, polypyridines, polythiophenes etcwéwer, polymers discussed in presented
doctoral thesis are based on polyacetylene derestexclusively. According to the
substitution of hydrogen atom of main chain theypoétylenes could be divided into three
categories: (i) non-substituted, (ii) monosubstititand (iii) disubstitutedHgure 1).
Non-substituted acetylene is represented only agsatal polyacetylene polymer prepared
by Shirakava. The insolubility and difficult prosadbility exhibit the main problems for
the further application of this material. The imuation of poly(monosubstituted

acetylene)s resulted in a considerable improvenwnpolymers properties. Despite
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unquestionable progress in the chemistry of poly(@sobstituted acetylene)s, these
promising materials still suffer mainly from limdestability.[15-17] On the contrary, their
disubstituted counterparts are reported to be nmiate stable with respect to oxygen and
elevated temperature.[18] Particular problem camogr preparation of substituted
polyacetylenes derivatives is partial changes i@ tasulting polymer properties (for

example conductivity loss).

non-substituted monosubstituted disubstituted
polyacetylene polyacetylene polyacetylene

Figure 1 The structure ok-conjugated polyacetylene chain.

Although the polymerization of acetylene was reparin 1866 by Berthelot and linear
polyacetylene was prepared in 1929 by Champetr,flo efficient polymerization
procedure was developed and only low molecular npasducts were prepared by the
traditional radical or ionic polymerizations till idqfifties.[20] The interest in
polyacetylenes has increased after the Natta ekeatribed the synthesis ofconjugated
polymers with relatively high molar mass using ZeggNatta catalyst in 1957.[19]
However, Ziegler-Natta catalysts could only polymer sterically unhindered
monosubstituted acetylenes into insoluble polyna@ior soluble oligomers. The demand
on effective polymerization procedure led to thgndicant growth of interest in this area.
Thus, during last few decades, transition-metattasatalytic systems have been studied
in details and an effective polymerization processeere established. Methods of
coordination polymerization applying either metaikecatalysts or insertion catalysts are
used for the preparation of these materials.[5@1E%spite a number of new catalytic
systems prepared and tested, the coordination m@oigation using transition-metal
catalyst still suffers from low tolerance to thdgyayroups and the sensitivity for moisture
and oxygen. The later discovery of the functiogaiierant organorhodium based
catalysts[29,30] was a thrilling advance in theaatmut the catalysts work for only limited
types of monomers, e.g. arylacetylene derivatilesugh an insertion mechanism.[31]
Since the polyacetylene chemistry is an important pf polymer science, a number of

10



1 INTRODUCTION

articles and reviews dealing with the new polymedian approaches are published every
year. For example, reviews compiled by Percec,k8]g[1,32-34] or Masuda[5,35] were

published on this topic.

Polymers compriser-conjugated main chain and ionic and/or ionizableugs are
labeled as ioni@-conjugated polymers or asconjugated polyelectrolytes (CPE). Unlike
the majority of neutral CPs, CPEs additionally é&xh(i) solubility in polar solvents as
water, agueous solutions, alcohols, and othersr@amwientally friendly solvents,[36,37]
[38] (i) amphiphilic nature, which gives CPE magcrolecules capability of
self-assembling in solutions and ability to intérgpecifically with particular species
inducing measurable optical and/or electrical resps and (iii) simultaneous electronic
and ionic conductivity[39] reducing the electrofeiction barrier from high work-function
metal electrodes into polymer based optoelectratewices.[40,41] These properties
predetermine CPEs as promising optically and/omoxedesponsive materials for the
construction of various devices and sensors.[4B]|cla-conjugated polyacetylenes are
mainly prepared by postpolymerization modification$ conjugated polymers via
ionization of polymer side groups. The direct swsis of ionic n-conjugated
polyacetylenes is used rarely, mainly due to thesisigity of the polymerization catalysts

(initiators) to the ionic groups of the monomer swilles.

Polymer networks

Porous polymer networks have attracted signifitaterest due to the broad field of the
potential applications. Porous networks for the gagrage and separation,[43-45]
heterogeneous catalysis,[46] sensors and detetio4§]] have been prepared by various
methods. The-conjugated porous polymer networks are of paricirterest.[49-51] The
spf and sp hybridization of the carbon atomstinonjugated porous networks stands for
the rigid character of the network segments thatrdmutes to the formation of the porous
texture of the networks. Moreover, the delocalizbectronic structure of-conjugated
chains enables them to exhibit strong absorptiah emission in UV/vis region, which
opens variety of applications in the field of opémtronics and sensors.[52,53,48]

The preparation of conjugated polymer networks astiy performed as step-growth
homo-coupling, cross-coupling and polycyclotrimatian,[32,34] or chain-growth

polymerization[32,35] of monomers with higher fuoaglities e.g. multiethynylarenes,

11
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multihaloarenes, multiazidoarenes. As mentioneithénpart dealing with the-conjugated
polymers, most of the synthetic pathways requmedition-metal catalysis, which exhibit
limited compatibility to the monomer structure. Mover, the efficient purification of the
insoluble polymer networks is difficult and the exéls could be contaminated by catalyst
residues. Obviously, the direct, transition-metalatyst free preparation afconjugated
polymer networks would be beneficial for the pradparity and would open up a new

opportunity for the applications of these materials

Reactivity of triple bond

The polyacetylene type polymers are prepared mauidy polymerization of the
acetylenic monomers — monomers containing intesnaérminal triple bond. Triple bond
is shorter (120.3 pm) compared to the double b@B8.9 pm), on the other hand, the triple
bond exhibits higher dissociation energy. The epeeguired for homolytic bond cleavage
at 298 K, which is by definition the bond dissoiatenthalpy of the molecul@H,qs, also
called bond-dissociation energy was determined aiwgtylene (HECH) and ethylene
(H2C=CH,) to DHgg = 230 kcal/mol an®H,g95 = 174 kcal/mol respectively.[54] However,
the triple bond is not completely dissociated dgrine polymerization process and thus
the acetylenic monomer reactivity is determinedtheyn-bond energy and by the triple
bond electron density. Acetylene has a 54 kcalftrobnd energy, whereas for ethylene it
is of 65 kcal/mol. Moreover, due to the sp-type rjilzation, the carbon atoms in
acetylene are less distant from each other thathylene. This peculiarity, together with
the cylindrical symmetry ot-electron distribution with respect to the molec\dais, lead
to an increase of the triple bongelectron density. Consequently, theelectron
polarizability decreases; electrophilic attackret triple bond is hindered and nucleophilic
attack is favored. These are reasons for the a&ret\d ability to forme-complexes and
metal acetylides. Therefore, acetylenes should @& masily polymerized by coordination

polymerizations.[26]

12



1 INTRODUCTION

Polymerization of ethynylpyridines

Although the polymerizations of various acetylemonomers are broadly explored and
efficient approaches were established, the polyraton of ethynylpyridines is still not
sufficiently probed, mainly due to N atom that cdicgte the application of commonly
used transition metal catalysts.

In 1964, 2-ethynylpyridine (2EP) was firstly thediggolymerized by Okamoto to give
a low vyield of polymer with low molecular weightdp The polymerization of 2-, 3- and
4-ethynylpyridines were also briefly mentioned bynt®nescu and Percec in the book
“Progress in Polymer Science”,[19] unfortunatelye toriginal articles are not available
even in printed version. Polymerizations of 2EPuret by transition metal (Pd, Pt)
chloride and organoaluminum compounds were pregantarticle published in 1988, in
the journal “Polymer Korea” but article is writtém Korean language.[56] Since there is
no further citation associated to the mentionedlartwe assume that published results
were not astonishing. It's worth to mention thatnsition-metal catalysts (W and Mo
based - working in metathesis mode) were also tmetthe copolymerization of 2EP with
phenylacetylenes and various halogen-substitutetylanes. Reported copolymers were
obtained only in low to moderate yield. The homgpmtrization of 2EP is also mentioned
in this article, however, the closer description pblymerization procedure and
characteristics of resulting poly(2EP) is missimly **C NMR spectrum of poly(2EP)
with characteristic three distinguished maxima masented.[57]

However, a few papers reporting the polymerizatioh ethynylpyridines using
transition-metal catalyst have been published. dlkeetro-optical properties of poly(2EP)
prepared via polymerization of 2EP using the catabf WCE-EtAICI; is described in
article written by Gal et al.[58] Prepared polymeas soluble in polar solvents and
exhibited photoluminescence with maximum located&t nm. Also polymerization of
3-ethynylpyridine (3EP) using Rh based catalyst h[g®d)CIp, [Rh(nbd)CIp or
Rh[n°-CsHs(nbd)B(CsHs)s]] gave linear polymers (PPyA), which were consetiye
modified via quaternization into corresponding ®mpolyelectrolytes type polymers
(CPE). The authors proposed that fully quaternidethethyl-meta-ethynylpyridinium
halides (PPyA-MX) were obtained via reaction of RRyith methyl iodide and methyl
bromide.[59]

13



1 INTRODUCTION

Polymerization of vinylpyridines

As the quaternization polymerization of vinylpynds is also discussed in the
introduction in  connection with quaternization puolrization, the traditional
polymerization approaches of vinylpyridines shoblel also briefly mentioned. From a
large number of derivatives of vinylpyridine, ontiiree monomers, 2-vinylpyridine,
4-vinylpyridine and 2-vinyl-6-methyl-pyridine havbecome commercially important.
Poly(vinylpyridine)s are of particular interest bese they can act as polyelectrolytes and
furthermore, because they can form complexes ab#is& nitrogen atom. Vinylpyridine
shows a polymerization tendency similar to thateobsd for styrene and thus can be
polymerized via radical polymerization initiated pgroxides or azo compounds. Also free
radical polymerization in emulsion and controlledlical polymerization in presence of
TEMPO [(2,2,6,6-tetramethylpiperidin-1-yl)oxyl or 2,@,6,6-tetramethylpiperidin-1-
yh)oxidanyl] were described in the literature. Diethe high electronegativity of nitrogen
atom, vinylpyridine can also undergo anionic polyixetion. The polymerization can be
initiated by carbanions, by electron-transfer atiis, electrochemically, by sodium in
liquid amonia, by magnesium (mainly Grignard redgemeryllium, and lithium
compounds, or by transition-metal allyl compour®3] [

1.2 Menshutkin reaction and quaternization polymerizations of

vinylpyridines

1.2.1 Quaternization reaction

Nitrogen is an element gi-group with electron configuration 48< 2p° carrying 5
valence electrons. Most of the bonds in nitrogemaaing compounds are formed by the
electrons of 2p orbital. However, the lone pair of 2orbital is crucial for the
guaternization reaction. In 1890, Russian chemigioldi Menshutkin discovered the
reaction of converting the tertiary amine into @uaary ammonium salts
(Scheme 1[61,62] Nowadays, in his honor, this reaction ksown by his name.
Menshutkin reaction is a special kind gf2nucleophilic substitution) reaction where the
reactants are uncharged, in contrast to the mastl U2 reaction where one of the

reactant is charged.[63] In this process, theamrtamine is reacted with alkyl halide,

14



1 INTRODUCTION

which withdraws one of the electron of the lonerpafi nitrogen atom resulting in
positively charged ammonium and the negatively gbahalide.

R3 X_ R3
N+ RX iR
4 —_— ol 4

R "R, R \Rz

Scheme 1Quaternization reaction, also labeled as Menshu#taction.

The tertiary amines are also included in the nérogontaining aromatic heterocyclic
compounds e.g. azirene, azete, pyrrole, pyridizepiae, quinoline etc. Because of its
chemical properties, the pyridine is broadly use@ aaw material in the chemical industry
and thus the most examined nitrogen containingbeyéc compoundFigure 2).

X

-
N

Figure 2 Structure of pyridine with lone electron pair.

Similarly to benzene, pyridine has conjugated systé n-electrons delocalized over
the ring. As the nitrogen atom containé-bgbridized lone pair, the electron density is not
equally distributed. Lone pair does not contribtdethe aromatic system, however, the
lone pair influences the chemical properties amdtreity of pyridine. Due to the lone pair,
pyridine could easily undergo e.g. protonation ar raentioned earlier, Menshutkin
reaction. In this reaction is pyridine reacted waikyl halide and théN-alkylpyridinium
halide is obtained as a produSicheme 2.[64] Pyridinium salts compounds are referred to

be used in various areas ranging from biologicahdustrial applications. [63,65]

X X

| + RX — - @

= + =

N 'Tl X
R

N-alkylpyridinium halide
Scheme 2Quaternization of pyridine with alkyl halide retsuin N-alkylpyridinium halide.
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1 INTRODUCTION

1.2.2 Polymerization of activated vinylpyridines

When the pyridinium salt is formed, the positiveude on the nitrogen atom influences
the n-conjugated system and the electron density isstlolited over the pyridine ring.
The redistribution of electron density affects pgusitional reactivity of pyridine ring and
also the reactivity of pyridine pendants. In th&é@®Russian chemists Kargin and Kabanov
applied this phenomenon on the pyridine derivadinenylpyridine (4VP).[66] The double
bond of vinyl group of 4VP is in conjugation withet delocalizedt-electron structure of
pyridine ring. Thus, when 4VP is reacted with alkglide and\N-alkyl-4-vinylpyridinium
halide is formed, the electron density of the deuind of vinyl group is also influenced.
Consequently, partial charges @@andp carbons of double bond are formed. The reaction
of 4VP with alkyl halide is depicted ftacheme 3

+§ -9
H,C=CH H,C=CH
activation
| X + RX _— | X
= + =
N ’il x_
R

Scheme 3 Quaternization of 4-vinylpyridine with alkyl hakd results in
N-alkyl-4-vinylpyridinium halide accompanied witheéhormation of partial charges on

vinyl group.

The quaternized form of 4VP is denoted as activageties. For further discussion,
more precise labeling is an activated monomer. @dye the chemical activation of a
monomer is ascribed to the redistribution of etmttdensity among the intramolecular
bonds caused by the interaction between monomeaetndation agent, in this case alkyl
halide. As the activation proceeds as Menshutkimctien resulting into quaternized
species, the activation agent is generally labatequaternizing agent (QA).

When Kargin and Kabanov had reacted 4VP with dtlafide, the high-molecular mass
amorphous substances, which do not contain frealipgr base groups was obtained
instead of monomeric quaternary salts. Thus, tbatsmeous polymerization of 4VP takes
place, which was later labeled as quaternizatidpnperization (QP). According to Kargin
and Kabanov, the mechanism of QP of vinylpyridim@glves three steps: activation,
initiation and propagation.[66,67] Activation stgpoceeds as mentioned above, by

16



1 INTRODUCTION

Menshutkin reaction in which thg-alkyl-vinylpyridinium salt is formed$cheme 3. The
activation could be caused by the alkyl halideytHe strong acid.[68]

As a result of the electron density redistributadter the quaternization of N atom of
pyridyl, n-electrons of the double bonds are appreciablylatisp towards the pyridine
ring. This is being accompanied by a sharp incredigbe electrophilicity of the double
bond. The activated monomer now readily reacts ewgénweak nucleophilic agents. The
role of such agent in the initiation step is fléfd by the anion Xresulting into the

zwitter-ion as depicted iBcheme 4

+5 -0 _
H,G=CH X—CH,—CH
fﬁ initiation ‘ N
+ NG
i ;
R R

Scheme 4nitiation of activated monomer with halide anion.
The propagation is proposed as a chain-growth paligation, where the activated

monomer reacts with the zwitter-ionic form of morenand the polymer chain with ionic

pendants is formedS¢cheme %

X—CH,~CH  H,C=CH X—CH,~CH-CH,~CH

fj n fj propagation fj ﬁj
+ + + Xt
N N N™ _ N
| | X | X
R R

Scheme SPropagation proceeds via reaction of initiated artdzated monomers.

When strong inhibitors of radical polymerization eflzoquinone,
diphenylpicrylhydrazyl, and/-oxides) were added into the reaction mixture,etandation
of the reaction and no affect on the viscosity @pared polymers were observed. Thus,
the radical mechanism of polymerization was exaud&hen the reaction of 4VP and
ethyl bromide was carried out in acrylonitrile andstyrene, the resulting polymers do not
contain nitrile and styrene units, respectively.deinthe reaction conditions both styrene

and acrylonitrile behave as solvents and do noblyoperize with 4VP. Thus, it could be
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possible to eliminate the usual anionic and cationechanisms. In the presence of the
excess of 4VP over the alkyl halide, the formatadrthe polymer occurred until the all
alkyl halides have been used up and unreacted évined in the system. Therefore, the
specific mechanism, where only monomers activatgd Menshutkin reaction were
polymerized, was proposed. The formed polymer wadly fquaternized with general
formula shown inFigure 3. The obtained polymer contains charged pendantiseomain
chains, thus, according to the IUPAC classificatitms material could be regarded as
polyelectrolyte.[69] The ionic character stands ttoe good solubility of polymer in the
polar solvents.

Figure 3 The general formula of ionic poly(4-vinylpyridin@yepared via quaternization

polymerization of 4VP activated with alkyl halide.

In accordance with the mechanism examined abovepuld be expected that of
3-vinylpyridines and its derivatives exhibited lawgéendency towards spontaneous
polymerization, due to the electron density redistion over the pyridine ring. Really, the
polymerization reactions of 2-methyl-5-vinyl-pynigi with ethyl bromide, methyl iodide,
dimethyl sulphate, and others QA in organic solsdatetone, ethyl acetate, etc.) did not
occur and only crystalline pyridinium salts werdadbed.[66]

In 1967, the mechanism of the QP of 1-methyl-2-\dggidinium methylsulphate and
1-methyl-4-vinylpyridinium methylsulphate in aqueowsolution was described. The
authors proposed that the monomeric slats creatkerent aggregates, which are
consequently polymerized into the polymers.[67] Baee assumption is applied on the
“matrices” polymerization reported in the articB8] The 4VP is reacted with
polystyrenesulphonic acid (PSSA) in agues solutRfBSA act as matrices for the nascent
polymers composed of vinylpyridinium units. Similato the usual QP, 4VP is activated
with QA, in this case —SgBl and the resulting polymer is a stoichiometricfsalt. The
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authors proposed that initiated 4VP monomers hatecient mobility to migrate along
the chain of the PSSA macromolecules. However; $ndants of the PSSA could be
also compensated by the®f cations and thus the length of the poly(vinylpiidm)
chain is determined by the number of the neighlgod¥P fixed on the PSSA. The model
of PSSA and 4VP is depicted iigure 4 and the structure of prepared ionic polymer is
depicted inFigure 5.

L f

so;  sof o, 505 soS

Figure 4 The “matrice” polymerization of 4VP activated wiglolystyrenesulphonic acid
(PSSA). The mechanism proposed certain mobility}dP to migrate along the PSSA
chain. (Kargin, Kabanov; 1967)[68]

| i —\ |

CH SOzH—N; CH

CH, CH,

| | 1a
Figure 5 The proposed structure of ionic polymers prepatad'matrice” polymerization
of 4VP activated with PSSA.

As mentioned above, vinylpyridine monomers couldabgvated with alkyl halide or
with strong acids. When the strong acid is usedraactivation agent, the polymerization
mechanism depends on the concentration s'Hons in selected media. When highly
concentrated solution of acid is used, the polyMayridinium salt) is obtained. However,
when diluted solution of strong acid is applied, lypwerization leads to the
poly(1,4-pyridiniumdiylethylene salts) in which thpyridinium units are involved in the
polymer main chain §cheme & This process appeared to be a step-growth
hydrogen-transfer polymerization which gave low ewolar weight ionene
polymers.[70,71] (lonene polymer is polyquaternamymonium compounds with the

ammonium ion integral in the backbone of the polyst&in — author’s note)
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-

H,C=CH concentrated H*

S

| =
N _ . —
\ diluted H *{CH cH 4<:>N+
2—CH, \ y
B

Scheme 6The QP of 4VP activated with strong acid. Whencemtrated solution of strong

acid is used, the poly(vinylpyridinium salt) is foed (product A). When diluted solution
of strong acid is used, the poly(1,4-pyridiniumdiylylene salts) is formed (product B).

A number of articles concerning the influence @& thaction conditions on the product,
the detailed studies of the matrices polymerizatiomth various polyacids or the
mechanism of inhibition were published.[66,72-76] os¥ly 4-vinylpyridine or
2-vinylpyridine and their derivatives were usedaastarting materials. Reported reactions
were carried out in various organic media (e.g.zbee, nitrobenzene, acetonitrile,
dimethyl sulfoxide, sulpholane and methanol) orthe aqueous solution in the case of
polymerizations of vinylpyridines activated withratg acid. Various-alkyl halides (e.g.
ethyl bromide, butyl bromide, methyl iodide, etbgnzyl halides, low molecular weight
acids (hydrochloric, sulphonic, hydrobromic, peocid or acetic acid, etc.) and poly-acids
were used as QA. The reactions were performed lysimakealed glass ampoule under
inert atmosphere at the temperature from -5 °QtdC The products of QP reaction were
characterized mainly by means of UV/vis spectrogcapd viscosimetry or rarely by the
GPC (reported by Salamone et al.[70]).

Polymerization of vinylpyridinium salts

In order to synthesize fully quaternized ionic pobr with tunableN-alkyl moiety, the
polymerization of variety of stabld-alkyl-4-vinylpyridinium trifluoromethanesulfonates
salts was performed. In this case, the polymennatiof activated vinylpyridinium slats
were initiated by the elevated temperature or wattical (AIBN - azobisisobutyronitrile )

or base (pyridine) initiators.[77,78]
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Kinetic study of the quaternization reaction

Fuoss and coworkers have proposed a kinetic mddileoquaternization reaction of
pyridine with various QA. According to obtained aathe reactions followed second order
kinetic with no evidence for side products.[65,7Bowever, the kinetic of the
guaternization polymerization, unlike the simple atpnization reaction, was not
consistently described. In articles[66,80] is tleaation described satisfactory by a first
order kinetic equation with respect to monomer \\ggridine). The first order kinetic
illustrated mainly the initiation of the QP. Howeyalternative kinetic model has been
proposed later in article, where the second ordeetk was suggested.[67] The QP
activated with low molecular weight acids followtdrd order kinetic with respect to the
monomer. In contrast, second order kinetic was ipusly found for quaternization

matrices polymerizations.[76]

Preparation of polymer networks via one step quaterization polymerization

The quaternization polymerization of 4-vinylpyridiractivated with 1,4-dibromo-2-
butene in the absence of organic solvents was mexsen article written by Mondal et
al.[81] The bifunctional character of quaternizangent caused the cross-linking of product
and consequent network formation. Prepared ionlgnper networks exhibited superior

ion exchange, antibacterial properties and highthéstability.

Modifying of the poly(vinylpyridine)s — postpolymerization modification via

quaternization reactions

Postpolymerization modifications are generally swanged in the book: “History of
Post-Polymerization Modification“.[82] The postpoigrization modification is not the
topic of the presented work. However, let us hyiediscuss the main features of the
modification by the quaternization reaction. Théemtion was focused mainly on the
modification of the poly(vinylpyridine)s prepareg tadical polymerization. For example,
the kinetic and the rate constant of the quatetiozanodification were studied.[83] The
results of reactions with various QA and at a uaiooncentrations and temperatures were
analyzed according to the neighboring-group modhbis kinetic model is based on the

guantity of already reacted (quaternized) neighlfoosild be 0, 1 or 2) indicate that the
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retardation of the quaternization is predominactysed by the steric effects. Later, the
kinetic studies with variety of QA and solvents weeported, e.g. in articles.[84-88]

In comparison with quaternization polymerizatione tquaternization modification of
prepared polymer allows the superior polymer charaation, especially the length of the
polymer chain: (i) molecular weight is controllegt the proper polymerization method
and, (ii) the characterization of the polymers dobé performed by means of traditional

methods (e.g. SEC chromatography).

Cross-linking of poly(vinylpyridine)s

The quaternization modification of existing poly{yipyridine)s with bifunctional QA
(e.g. dichloroalkane) leads to cross-linking ofymoér chains and consequent network
formation.[89] Polymeric core-shell stars with avab fluorescent, cross-linked and
swollen core was prepared by the postpolymerizatiodification of di-block copolymer
(polystyreneb-polyvinylpyridine). The poly(vinylpyridine) blocksvere quaternized with
propargyl chloride, which activated the ethynylppbpargyl resulting in the cross-linking
of poly(vinylpyridine) blocks and the network fortian.[90]

Application of poly(vinylpyridine)s
It has been reported that cationic polymers of @uary ammonium salt-type possess

excellent flocculation, corrosion inhibition, antémslization functions, which open up the

broad variety of applications.[91,92]

22



1 INTRODUCTION

1.3 Quaternization polymerizations of ethynylpyridines

This section deals with the quaternization polyzegion of ethynylpyridines. The
guaternization polymerizations reported in therditere are summarized iRigure 11
(Quaternization polymerization charf)able 1 (for characteristics of reported polymers)
and Table 2 (for elemental analysis of reported polymers). better clarity, the reported
polymers are labeled witiPNo. (Polymer number), which refers to the mentioned
Figure 11, Table 1andTable 2

A new polymerization method for substituted acetylees

In 1964, W.A. Little presented the review on th@egonductive polymers. Proposed
polymer model contained extensively conjugated acdyylene chain with repeating units
in which one of the hydrogen atoms was substitutitl a positively charged side group.
The positive charges were reached by the quateionzaf the nitrogen atoms of the side
groups and compensated by the negative chargeedhahde. The proposed structure is
shown inFigure 6.[93]

R = CszfNi CH ;N—

Figure 6 Model of superconductive polymer proposed by eittPolymer contained

conjugated main chain with charged pendants.

In 1991, based on the study of superconductivippred by Little et al., Blumstein and
Subramanyam synthesizedconjugated polyacetylene type polymers bearingtipeb/
charge side groups with similar architecture to tme proposed by Little. Prepared
materials were briefly mentioned in the book “Onga8Superconductivity’[94] and then
discussed in detail in article.[95] To prepare tkiad of polymers, Blumstein and
Subramanyam used the quaternization polymerizatiethod frequently applied on the
vinylpyridines: via one-step quaternization polyimation, the polyacetylenic type

polymers containing:-conjugated backbone, bearing various ionic persjaiso labeled
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as conjugate polyelectrolytes (CPE)s, were obtawé#d general structure depicted in
Figure 7.

A series of mono- and bi-pyridylacetylene based onoers was activated with various
guaternizing agents and mainly the linear polymeese obtained KNo. 1-57, 8).
However, when 1,2-bis(4-pyridyl)acetylene was redct with
nonena-1,9-bis(methanesulfonate) the insoluble seioked product was obtained
(PNo. 75. The reaction of 1,4-bis(4-pyridyl)butadiyne with-bromododecane also
resulted in a insoluble, highly cross-linked polyn{ENo. 9. Prepared materials were
characterized by means of elemental analysis, IR/vid and photoluminescence
spectroscopies, TGA and DSC analysis and by theramh viscosity in methanol.
Moreover, according to the Sondheimer,[96] theti@abetween the absorption maxima
Jmax @and the number of C=C double bonds in conjugatipbased on the Lewis-Calvin
equation[97] was proposed.[98] Detailed study oappration and characterization of
prepared ionic polymers was published later ircksi[95,99]

Figure 7 Structure of ionic polymers prepared via quatertan polymerization of
mono-pyridylacetylene based monomers (A) and bidglacetylene based monomers (B)

activated with quaternizing agent YX.

Blumstein presented this approach as a novel mettowd polymerization of
2-ethynylpyridines (2EP) and 4-ethynylpyridines R)Esimilar to that applied by the
Kargin and Kabanov on the quaternization polymeioraof vinylpyridines.[66] The
reaction involved a quaternization reaction follow®/ spontaneous, rapid polymerization
resulting in ionic t-conjugated polyacetylenes that were highly soluiplethe polar
solvents. This method provide a powerful tool falymerizing acetylenic triple bonds
attached either directly or via a sequence of gmtpd carbon-carbon double bonds to
nitrogen atom capable to undergo a quaternizateaction. The molecular weights of
polymers prepared from ethynylpyridines were higihan those obtained from the QP of

vinylpyridines.

24



1 INTRODUCTION

Proposed mechanism of quaternization polymerizatiof ethynylpyridines

A free-radical mechanism of the QP was precludedil@ly to the radical mechanism
for the quaternization polymerization of vinylpyinds[67]) due to the observations:
() inhibitors of free-radical polymerization (su@s oxygen) do not interfere with the
polymerization process and (ii) only quaternized noraeric species were found to
participate in the polymerization process. The mbekind of ionic polymerization
mechanism, similar to the mechanism described bygiHaand Kabanov for the
polymerization of vinylpyridines, was proposed. @elly, the quaternization
polymerization could be described via three-stepcharism involving activation,
initiation and propagation. The activation step aiiaternization polymerization is
represented by the formation of-alkylpyridinium salt via a Menshutkin reaction as
depicted inScheme 7 The redistribution of electron density due theatguization of N
atom of pyridyl ring causes the polarization ofbmars of ethynyl group. Blumstein et
al.[100] assumed that&-carbon of &C bond carries positive partial charge and the
S-carbons of €C bond carries the negative partial charge. However worth to mention
that also opposite partial charges oeQCcarbons were proposed in the process of
quaternization polymerization.[101]

H

H
-3
I ol
| NN + Rx activation | N ﬁ /'?
Z F X

Scheme 7 The activation of 2EP with alkyl halide (RX) andorihation of

N-alkylpyridinium salt.

The initiation step involves a nucleophilic attamka-carbon of GC bond of activated
monomer (monomeric salt) by either the nitrogenmatf unreacted 2-ethynylpyridine
monomer and/or the halide anion of quaternizingnag@®cheme 8 When halide anion
take place in this step, the molecule contains tws is formed. Since this type of
molecule is labeled as zwitter-ion, the quatermrapolymerization is also labeled as
zwitterionic polymerization in the literature.[40]
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Py+ /
H
R
‘ ‘ initiation by Py ‘ \Itl/
X
/
R
\Rj/ H
. :
\ initiation by X X /
S
/

Scheme 8 Initiation step of quaternization polymerizatioi BEP. The initiation of
monomer could proceeds via unreacted monomer (BPyesent pyridyl group of

non-quaternized monomer) or by the halide anian X

Propagation step involves a nucleophilic attackhef resulting carbanion on the triple
bond of quaternized (activated) monomer molec@ehéme 9. Moreover, the authors
assumed that the vinylic carbanion could also wwlalkylation by the quaternizing
agent, which would result in chain terminations}[9%is mechanism was described in
detail in article reported by Blumstein et al.[108¢cording to Gal et al. the activated
monomer could be initiated by addition of nucledghisuch as pyridines, halide anions
and also by the tertiary amines. Thus the quatatioiz polymerization seems to proceed

via anionic mechanism.[102]
H

H
- ! .
+ P - Si-R
Py / ‘ ‘ \ /Nx‘ =
n
R R ropagation propagation + R
‘ \R‘l/ + ‘ \R‘l/ propag ‘ \N/_
X X X

Scheme 9The propagation steps of quaternization polymé&dmaof 2EP, in which

initiated monomer reacts with activated monomeultesy into ionic polymer.
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Quaternization polymerizations of ethynylpyridines activated with molecular
bromine and strong acid

Mainly alkyl halides were used for the activatiohtlee monomers via quaternization
reaction. However, the alternative quaternizingg®ere also reported. The formation of
a donor-acceptor complex between the pyridine mrigthe monomer and bromine
provided sufficient activation of the acetyleniciple bond allowing spontaneous
polymerization PNo. 1Q 11).[100] The extensively conjugated ionic polyacend
bearing protonated pyridinium side groups was gsepared by the spontaneous
polymerization of the acetylene bond in 2-ethynyiighpe in concentrated hydrochloric
acid (PNo. 12.[98] The polymer structure formed by the actigatiwith molecular
bromine (Bg) was analogous to the structure of ionic polynuitained via the activation
with alkyl halides, however, the alkyl was repladsdthe bromide in this cas€igure 8).
This assumption is also in good agreement withBh& mole ratio 1.83 of resulting
polymer (sedable 2, PNo. 10, which indicates that major part, but not allnednomeric

units bound two Br atoms.

R
\ n
Br R=H or Si(CHs);
AL
| Br

AN
Figure 8 Proposed structure of ionic polymer prepared waternization polymerization

of 2EP activated with Br

On the contrary, the different composition of thelymer was obtained from the
reaction with the strong acid. The side reacti@p shcorporated between activation and
initiation steps was proposed in this case.[103¢ Hutivated (quaternized) monomer
reacted with the non-quaternized monomer resultii)g dimer, which contains two
monomers activated with one hydrochloric acid malecThe mechanism proposed in the
mentioned article regards the dimer as a single, wvhich undergoes initiation and
propagation steps according to the mechanism peagpts the QP activated with alkyl
halide. Therefore, the polymer with a structure eireonly 50% of pyridine rings in the
polymer contain quaternary nitrogen is obtaineds Thalso in good agreement with CI/N
mole ratio 0.43 for resulting polymer (sdable 2, PNo. 13. [95,99,100,103] The
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mechanism of polymerization of 2EP activated witydrochloric acid is depicted in
Scheme 10

activation /
‘\Ni + Ho Y/ ‘\N+

H H H H
I | I I
N M N\, dimerization PaXh
N | N ———— | SN IS
‘ P cl P P Cl_‘ P
H H
T | :
Py
\NfH"-"’r?1+ \\_ _initition
| ~ ¢ | =
H H
I | :
_ o
AN + 5{'% propagation cl
Z ‘ = clr ‘ =

Scheme 10 Quaternization polymerization of 2EP activated hwiHCI. Unlike the

traditional mechanism of QP, the authors propokeddrmation of dimer after activation

step.

Polymerization of ethynylpyridinium salts

In the presented polymerization process, the aetivanonomers (ethynylpyridinium
salts) are unstable intermediates that are diffitulisolate due to competition between
polymerization and\-alkylation. With the aim to obtain product withghier molecular
weight, it was desirable to separate the overlappyoaternization (activation) and
polymerization (propagation) processes. The sufdess isolation of
N-methyl-2-ethynylpyridinium triflate antl-methyl-2-[(trimethylsilyl)ethynyl]pyridinium
triflate salts was presented in article.[104] Téalated salts were characterized and further
polymerized via initiation by nucleophiles such @gidine PNo. 13, via free-radical

initiator such as AIBN (azobisisobutyronitrile)Po. 14 or by means of thermal
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polymerization by heating at 170 °@No. 15. The conjugation extent based on spectral
data for the ionic polyacetylenes obtained via dbed nonspontaneous method was larger
(n>16) compared to those obtained by methods Img spontaneous
processes.[95,99,100] Kinetic and mechanism ofentesl system was later proposed
based on the UV/is, IR and NMR experiments. [10tle same monomeric salt,
N-methyl-2-ethynylpyridinium triflate, was used faynthesis of amphiphilic block
copolymer with styrene. At first, the polystyrenbathr was formed by the living
polymerization initiated withsecbutyllithium which was further used as macroiriia
(polystyrene L) for the polymerization of the monomeric pyridimiusalt.[105] It was
also proposed that the ionic 1,4-bis(4-methylpynigiin)butadiyne triflate salts create
organized aggregates, due to the charged moietiegh undergo polymerization at
temperature of 210 °C for 10 hours into correspogdpolymer.[106,107] Later, the
isolation, characterization and consequent polyra&on of
N-ethynyl-4-ethynylpyridinium triflate salts initietl by the elevated temperature was also
published.[108]

Thermal polymerizations of several substituted phosium phenylacetylene monomer
using a weak base (pyridine, picoline) as initiatoder elevated temperature were also
reporter. The quaternization of phosphonium chartigeselectron density of the ethynyl
group in the similar way as in the case of quarehiethynylpyridines, which makes the
activated phosponium phenylacetylene monomer paigee in presence of pyridine.
Since this approach does not involved ethynylpgedbased monomers we don’t discus
these reactions in detail.[109]

Preparation of ionic polymers via quaternization pdymerization approach

Gal and co-workers had paid great attention to plbé/merization of variety of
acetylenic compounds. Mostly transition-metal gathl(e.g. WG, MoCls, PdC}, etc.
systems) were used for the preparationt-@onjugated polymers based on mono- and
di-substituted acetylenes.[110-114] Since the ttimmsmetal catalyst were used for the
polymerization of various propargyl monomers[11B]llthe propargyl monomers
containing N atom in their structure (amine growpgre also tested by Gal et al.
Compounds such as propargylamine,[119] 1,1-dietbpigrgylamine,[119]
tripropargylamine,[120] were successfully polymedzby catalyst derived from Mo and
W.

29



1 INTRODUCTION

After the Blumstein published the quaternizationlypeerization approaches for
preparation of ionic polyacetylene based polym@i,inclined to the preparation of ionic
polymers. The transition-metal (e.g. PgaPtCh, RuCk) catalyzed polymerizations of
various  propargylpyridinium  slats (e.g.  propargylginium  bromide,[121]
dimethylphenylpropargylammonium  bromide,[122]  2y&iyl-N-propargylpyridinum
bromide,[123,124] 4-dimethylamind-propargylpyridinium bromide[125]) gave ionic

polymers soluble in polar solvent in moderate tghhyield Scheme 1L

Br
HC=C-CH,-N+ _catalyst_ =c
\ |
R
Br N

\

Scheme 11Transition-metal catalyzed polymerization of pnapdpyridinium bromide
into ionic polyacetylene type polymer.

Later, Gal and coworkers used the spontaneouslysaface approach reported by
Blumstein, for the synthesis of various ionteconjugated polymers. First published
reaction was the quaternization polymerization BP2vith propargyl bromide as QA. The
resulting ionicr-conjugated polymers bearing propargyl side chaiase well soluble in
polar solvents, e.g. watePNo. 24.[126,127] Since that, Gal has published a nunaber
articles dealing with the quaternization polymetima of ethynylpyridines activated with
various QA. The polymerizations were mostly focused?EP and there was no intention
to test alternative pyridylacetylene based monomewmvever, the systematical study of
QP provided comprehensive overview concerning @actconditions, polymer
characterization and polymer testing. The discussabbout particular quaternization
polymerizations is however unnecessary, since t@orted articles exhibit similar

procedure and characterization of products.

The quaternization polymerizations reported in likerature are summarized in the
Quaternization polymerization charthingure 11 Here, we provide the general discussion
about the reaction conditions of quaternizationyp@rizations and characterization of

prepared materials.
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1.3.1 Reaction conditions

General procedure of quaternization polymerization

The quaternization polymerizations reported in literature were performed mainly
under inert atmosphere (e.gz M) in glass ampoule. The products of quaternaati
polymerization were purified as follows: the resdt polymer solution was diluted with
additional solvent and precipitated into an exas®unt of less polar solvent (e.g. ethyl
ether), followed by filtration. The product was lested as dark (black, brown, red, etc.)
powder and dried under vacuum at elevated tempergtig. overnight at 40 °C, to

constant weight).

Reaction temperature

The quaternization polymerizations were performeginhy at elevated temperature.
The only exceptions was the polymerizations aatgatvith bromine (Bf) and acids
(PNo. 11 12), which were performed at 0 °C. The activated yeae triple bond of
N-alkyl-2-ethynylpyridinium halide was found to besseptible to the polymerization
under mild conditions (polymerization precededeamperature of 50 °C). However, many
QP did not proceed fully when the reaction tempeeatvas set below 90 °C.[128-137]
Thus the quaternization polymerizations were testathly at the temperatures from 90 °C
up to 130 °C. The temperature dependence on tHd giethe product obtained was
investigated in the case of quaternization polyragion of 2EP by using
3-(6-bromohexyloxy)methylthiophene as QRNo. 39. The reaction did not proceed at
temperature of 60 °C. When the reaction was caougdht temperature 80 °C for 24 hours,
the yield of polymer reached 53%. When the reactemperature was elevated up to
110 °C, the polymer yield was 86% and the inhevestosity increased (0.21 dL/g). When
the reaction temperature was set to 130 °C, thgnpal yield increased up to 89% and the
inherent viscosity was 0.22 dL/g. It was assumed ¢tjuaternization reaction (activation)
of monomers did not proceed bellow the temperavfii@0 °C in this case, moreover, the
bulky QA may also limit the incorporation of actied monomers into polymer chains
under mild conditions.[133] The influence of theeBon temperature on polymer yield
was also investigated in the polymerizations of 2€Rvated with 4-(methylthio)benzyl
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bromide  PNo. 43,[138] 2-thiophenecarbonyl  chloride PNo. 44[102] or
2-(bromomethyl)-5-nitrofuranRNo. 479[122] with the similar results. Generally, botleth
guaternization (activation) of monomer and alsogblymerization of activated monomers
require elevated temperature (e.g. thermal polyzagdn of ethynylpyridinium salt). It
was assumed that the polymer vyield increases witlieasing reaction temperature,
however, only in the limited range. The polymerlgiencreased approximately by 25%
when the temperature is elevated from 60 °C to °@)0but only negligible increase of
polymer yield was observed (5%) when temperature imereased from 100 °C to 130 °C.
Moreover, the structure of monomer and QA may besidered: it was reported that
considerable amount (35%) of product was insoliblerganic solvent in the case of the
guaternization polymerization of 2EP with benzollatide at temperature at of 100 °C,

which was probably caused by the thermal crossdgkf side pendant$(No. 48.[139]

Reaction time

The quaternization (activation) of monomer is cdastd to be the rate determining
reaction in the quaternization polymerization. Huotivated monomer is then polymerized
in the propagation step into the polyacetylene tygodymer. However, as the both
reactions proceed simultaneously (if we do not wmrs the polymerization of
ethynylpyridinium salts) the quaternization polymation could be seen as complex
process. The polymerization of 2EP activated wiN&arbazolyl)hexyl bromide (DMF,
90 °C) PNo. 25 was monitored by UV/vis spectroscopy and thedywhs determined
after 1, 3, 6,12, 24 and 48 hours. The band atrardi381 nm was well observable in
UV/vis spectra at time 1 hour. The intensity ofstiiand has increased up to 24 hours,
when reached the maximum at 383 nm with absorgdge around 750 nm. The polymer
yield was developing alike: 12% at 1 hour, 25% dto@rs, 40% at 6 hours, 60% at
12 hours and 75% at 24 hours, no further polymeldyincrease was observed up to time
48 hours.[128] The same results were obtained v2tgh was polymerized via activation
with 4-(methylthio)benzyl bromide (DMF, 60 °C)PNo. 43. This polymerization
proceeded well within the first hour (yield = 56%he polymer yields after 3 and 6 hours
were 89 and 93%, respectively, and a plateau (388s)reached after 12 hours.[138] The
same trend could be observed in the case of poiyatem of 2EP activated with
2-thiophenecarbonyl chloride (DMF, 60 °@®No. 49. The polymer yield increased in the
time: 12 hours (67%), 24 hours (79%) and sameret #8 hours and 72 hours (81%).[102]
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The polymerization of 2EP with 5-[(5-bromopenthaxgthyl]-2-norborene RNo. 49
reached the polymer yield of 50% even within thistfnour.[140] The similar dependence
was also reported in the polymerization of 2EP vatéd with
2-(bromomethyl)-5-nitrofuran ~ RNo. 47,[122] 1,3-propandiol cyclic  sulfate
(PNo. 5)[141] or benzoyl chlorideRNo. 4§.[142] From the obtained data, it could be
concluded that the quaternization polymerizatioocpeds in the range of hours and the
maximum yield could be reached within the 24 hou#ewever, the kinetic of the
quaternization reaction is affected by the var@dtyactors, e.g. reaction temperature, type

of solvent (or in the bulk), or the nature of reatgebulkiness, polarity).

Solvent

Quaternization polymerizations were carried outvarious polar organic solvents
(dimethylformamide, methanol or dimethyl sulfoxidegc.) or in bulk (without solvent).
Due to the variety of reagents used in the quatatioin polymerizations, it is complicated
to summarize the direct influence of the used sub/en resulting polymer. We can
speculate that the quality of solvent may play nolehe packing of nascent polymer,
which could influence yield, viscosity, degree ofaternization and the conjugation extent
of formed polymers. A series of quaternization podyizations of 2EP activated with
2-thiophenecarbonyl chloride (60 °C, 24 hourBN¢. 49 was carried in the various
solvents and the final polymers yields and inherestosities were compared. The
polymer yield increased in the solvent series: aedh (64%), acetonitrile (67%), pyridine
(70%), N-methyl-2-pyrrolidone (71%), dimethylformamide (79%nd dimethyl sulfoxide
(83%). The inherent viscosity increased in theeserpyridine (0.09 dL/g), acetonitrile
(0.11 dL/g), methanol (0.12 dL/g), N-methyl-2-pyrrolidone (0.18 dL/g),
dimethylformamide (0.20 dL/g) and dimethyl sulfogid(0.21 dL/g).[102] Similar
investigation in case of the polymerization of 2&Rh benzoyl chloride RNo. 4§ was
published in the article.[139]

Initial concentration of monomers
The polymer yield was also monitored with the resge initial concentration of the
monomer. The polymerization of 2EP activated witfméthylthio)benzyl bromide (DMF,

60 °C) PNo. 43 was performed at initial monomer concentratiorb00.0.75 and
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1.00 mol/l (the QA/monomer mole ratio was 1 intak reactions). The resulting polymer
yields were 82%, 95% and 99% respectively andrtherent viscosity was 0.15, 0.18 and
0.20 dL/g, respectively.[138] The same trend cdagdbbserved in case of polymerization
of 2EP activated with 2-thiophenecarbonyl chlor{@MF, 60 °C, 24 hours)RNo. 44.
The polymer vyield increased in the series of ihiieonomer concentration: 0.5 mol/l
(65%), 1.0 mol/l (79%), 2.0 mol/l (83%) and 2.5 m@B5%).[102]

Positional isomerism of pyridylacetylene based momoers

Although mainly 2EP or 4EP were used as a stamimopomers, the reactivity of
3-ethynylpyridine (3EP) was also studied in thetguazation polymerization activated
with pentyl iodide (PI) PNo. 6). The authors described the lower reactivity of
metapositioned ethynylpyridine based monomers in thaternization polymerization
compared to itortho-positioned counterpart. The prepared polymers wheracterized
by absorption and emission spectroscopies. Congp#rgmaximum wavelength values of
UV/vis and photoluminescence data and absorptige edlues, poly(3EPPPI) was clearly
blue-shifted up to 100 nm compared to poly(P2ERPHII spectral data. This observation
was explained by the electronic effect of link piosi between conjugated polyene and
pyridinium group. Both polymers have the same gidmips, but it includes the different
link position between conjugated polyene and pgiidin moiety. Thus, both polymers
have different electronic effect based on resonancencept (mesomeric
effect).[95,143,144] The low reactivity ofmetapositioned ethynylpyridine based
monomers was also reported in the case of polyrevarks formation. No product was
obtained from the reaction of 3EP activated withd-dis(bromomethyl)benzene
(PNo. 78.[145]

Initial reagents mole ratio and the degree of quatization of products

One of the basic characteristic of the ionic polggris the degree of ionization. In the
case of discussed polymers, the ionic characteaused by the formation of quaternized
species via the Menshutkin (quaternization) reacttberefore it is denoted as degree of
quaternization. Most general expression could Hmelé by the mole ratio of Nto total
amount of N expressed as/flIN*+N). As it is assumed, the formation of i caused by

the withdrawing of one electron of lone pair by theaternizing agent (QA) accompanied
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by the formation of pyridinium salt. The positiveactge of pyridinium is compensated by
the negatively charged moiety of QA. As the alkglithes are mainly applied as QA, the
negative charge is carried by the halide atom. dfbee, the degree of quaternization of
resulting polymers could be expressed as mole catialide to nitrogen X/N.

If the quaternization polymerization of ethynylglines containing one pyridyl group
activated with alkyl halides is considered, therdegof quaternization may be equal to
unity, X/N = 1. This assumption was widely acceptadl only quaternized monomeric
units were assumed to be present in the polymeweMer, the results of elemental
analysis of polymers reported in the literaturegasy that the X/N mole ratio can drops
under 1. For results of elemental analysis of reggbpolymers sed@able 2 This may
indicate that not strictly quaternized monomeriétsiwere present in the polymers. Two
possible explanations could be suggested: (i) dhmdtion of fully quaternized polymer is
followed by the dequaternization of monomeric unds (i) also non-quaternized
(activated) monomers are involved in the polymeitra process. As the quaternary
ammonium salt is consider to be stable, the dequatgion of polymer is not probable to
occur, therefore, the later theory may cause teateon of degree of quaternization.[95]

The initial QA/monomer mole ratio was mostly 1 inaternization polymerizations
reported in the literature. If monomer with two oyt groups was applied, the initial
QA/monomer mole ratio was set to 2, which correspianthe initial X/N mole ratio 1 (X
is halide of QA and N is nitrogen atom of pyridj8p,99] However, also alternative initial
QA/monomer mole ratios were reported. The QA/monomele ratio 0.1 was applied in
the polymerization of 2EP withgeneration dendritic benzyl bromideNo. 60. Thus,
the resulting ionic polymer was assumed to contaily 10% of quaternized monomeric
units.[146] The various X/N mole ratios were apglaso in the preparation of polymer
networks from 4EP activated with a series of bietional QA in article reported recently
by our group.[145]

The counter ion could be also involved in the gpdadant as it is demonstrated in the
QP of 2EP and 1,4-butanesultoneScheme 12 Thus, the monomer units with positively
and negatively charged parts are obtained. This dfgpolymer is denoted as zwitterionic
polymer or as a self-doped polymer. The quaterrmzabf monomer proceed by the
simultaneous ring opening of quaternizing agent
(PNo. 29 42, 49, 51, 57)[130,137,141,147,148]
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Scheme 12The quaternization polymerization of 2EP with bi#tanesultone resulting into

self-doped ionic polymers.

1.3.2 Characterization of ionic =m-conjugated polyacetylene type

polymers

Elemental analysis (EA)

Since the classical polyacetylene contains onlypbaarand hydrogen atoms, the
elemental analysis do not provide any importantrattaristics of these materials.
However, to prepare ionic polymers via quaterngratipolymerization mechanism,
monomers containing pyridyl group(s) (N atom) andaternizing agent containing
(mainly) halide(s) (X atom) are required. Thus, ¥I& mole ratio of product can imply
the basic compositional characterization of pregparaterials. Although the X/N mole
ratio provides important information about the proil the results of elemental analysis
were not available for all ionic polymers prepandd quaternization polymerizations
reported in the literaturd.able 2 summarizes the results of elemental analysis pdrted
guaternization polymerizations found in the literat Its worth to mention that the data

were available only for 23 from 84 reported proguct
Fourier transform infrared spectroscopy (FT-IR)

Prepared ionic polymers were typically charactefibg the FT-IR spectroscopy. Since
the quaternizing agents used in the quaternizapotymerizations posses various
pendants, it is not meaningful to discuss all IRdsa Thereby, only IR vibration common
for all ionic polymers are discussed here. The &irom of polyacetylene type polymers is
supported mainly by the absence of(CH and GC stretching vibration, which are
present in the IR spectra of monomers from 31208280 cnt (C=C-H stretching
vibration) and from 2090 to 2110 ¢h{C=C stretching vibration). A new absorption bands

of double bonds of conjugated system are obsermethe IR spectra from 1634 to
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1590 cni', or this absorption bands were more intense thaset ascribed to C=C and
C=N stretching vibrations of 2EP itself. Thé=3C stretching vibration of pyridiniumyl
units are observed in the region from 1620 to 1684. The broad absorption band around
3400 cmt' is assigned to C=C-H stretching vibration of cgjted polymer main chain.
Peaks at 3032 and 1572 ¢rare assigned to C-H and C=C stretching vibratiorthef
pyridinium rings.[149]

Nuclear magnetic resonance spectroscopy (NMR)

'H NMR and **C NMR experiments were carried out in polar solsemhainly in
DMSO-ds. Similarly to the FT-IR spectroscopy, only the ¢oon characteristics for all
polymers are discussed here. The pyridyl protomkstha vinyl protons of the conjugated
polymer backbone are demonstrated'thNMR in the range from 3.7-4.8 ppm[150] to
5.5-10.8 ppm.[151] The poly(2-ethynylypridine) paeed using transition-metal catalyst
exhibits>C NMR spectrum with three characteristic maxirRare 9).[57] The signals
in the region 118-126 ppm are assigned {aa@d G carbon atoms, signal at 136 ppm is
assigned to the {arbon atoms and signal at 148 ppm is assign#tet@s carbon atoms
of pyridine ring. The signals at 111 ppm and 126 @ye assigned to thg ansand to the
Cs-cis carbon atoms. The broad band from 151 to 159 passigned to thesGis, Co-trans
Coecis aNd Gtrans
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Figure 9 **C NMR spectra of poly(2-ethynylpyridine) prepareg using transition-metal
catalyst. (Leben, Koller; 1994)[57]

However, the structure of the ionic polymers prepavia spontaneous quaternization

polymerization is not controlled by any catalystidahus the significantly broadened and

barely resolved NMR spectra are obtaing@.NMR spectra of ionic polymers showed the
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multiple peaks at the region of 105-157 ppm, wladlginate from the aromatic carbons of
pyridyl moiety and the vinyl carbons of conjugatalymer backbone. Generally, due to
the nonuniform structure of main chain, the sigmalsIMR spectra were fairly broadened

and the detailed assignment was complicated.

Absorption spectroscopy (UV/vis)

UV/vis spectroscopy represents an important methmd the characterization of
n-conjugated system of polyacetylene mains chaihs. dbsorption spectra of monomers
used in the quaternization reaction exhibited gtismr edge at around 380 nm. Contrary,
the absorption spectra of prepared ionic polymamsved a continuous absorption with
absorption edge up to 750 nm originating from #he* transition of then-conjugated
polymer backbone. The absorption in the region fr8ad® nm to 400 nm is usually
ascribed to the charge-transfer (CT) absorption tleé ion pairs composed of
N-alkylpyridiniumyl/halide anion.[152] The charactef absorption spectra of prepared
polymers was influenced by (i) the counter ion édhe N-substituent of pyridinium and
its ability of interfere with the conjugation ofdhpolymer main chain. The nature of
guaternizing agent may also influence the backbwms (dihedral angles) due to steric

factors leading to reduced conjugation.

Photoluminescence (emission) spectroscopy

The photoluminescence spectra of reported ionicyguettylenes showed broad
low-energy band with maxima from 454 to 720 nm. sTphenomenon was explained
mainly as an intramolecular excimer formation iy the pendant pyridine rings. The
stacking between neighboring aromatic side gromgscantrary the backbone twist due to
steric factors plays also important role in emissioroperties.[100] Pendant groups
stacking seems to be large due to a strong eléatiomteraction of each counterion with
two adjacent pyridinium rings.[98] Moreover, theopdluminescence spectra may be
affected by main chain conjugation length, whichyrba also influenced by ionic strength
of pyridinium ion because of interaction betweenrigigium ion and conjugated

polyene.[153]
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X-Ray diffraction (XRD)

The morphology of prepared ionic polymers was aisestigated by X-Ray diffraction
analysis. Because the peaks in the diffractionepativere broad and the ratio of the
half-height width to diffraction angle\@6/20) was greater than 0.35, it was concluded that
prepared ionic polymers are amorphous.[133] Thisckusion is also in good agreement
with the polymerization mechanism: since the polyragion proceeds without any
catalyst that may control the configuration andfoomation structure of polyacetylene

main chain, the resulting polymer are highly normfarm.

Cyclic voltammetry (CV)

In order to investigate the electrochemical prapsrbf prepared ionic polymers, the
cyclic voltammetry experiments were performed draldxidation and reduction potentials
were determined. Cyclic voltammograms showed thatraterials exhibit stable redox
process. It was assumed that electrode kineticelibetrochemical redox reaction on the
electrode is controlled by either the electron ¢fan or the reactant diffusion process.
From the data obtained it was concluded that kisetf the redox process is very close to
a diffusion process.[133,138]

Thermogravimetric analysis (TGA)

The thermal stability of prepared polymers was stigated by the TGA analysis. The
thermal decomposition was measured mainly undeogenh atmosphere with a step
10 °C/min. The polymers weight loss under 100 °G waainly assigned to the residual
moisture in the sample. The decomposition of polgnstarts at around 200-300 °C by
releasing of quaternizing agents followed by thecodeposition of main chain at
temperature range 400-800 °C.[140] The thermalselioking of reactive side pendants of
acetylenic main chain may also increase the thestaaility of materials (residual mass up
to 40%) at higher temperatures (700-800 °C).[1331481]
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Differential Scanning Calorimetry (DSC)

The thermal processes were also investigated WealDISC. However, the results were
not discussed in details.[131,140,154]

Surface enhanced Raman spectroscopy (SERS)

The Raman spectroscopy analysis of prepared mmonjugated polyacetylene type
polymers is complicated due to their luminescenbekwis strong enough to preclude the
use of conventional techniques. This problem wasumvented by Surface Enhanced
Raman Spectroscopy (SERS) approach using collcifizr particles.[155] The SERS
characterization of poly(2-pyridinium hydrochlori@epyridylacetylene) and poly
ethyl-2-ethynylpyridinium iodide) colloidal systenwith silver nanoparticles was
performed, which allowed an improvement in the bassignment of vibrational spectra of

prepared ionic polymers.[103,156]

1.3.3 The molecular mass characterization

The determination of molar mass of ionic polymeyscomplicated due to the ionic
nature of polymers, which causes strong interaaiiche prepared polymers with standard
GPC columns, which could bias obtained results.ddwer, the strongly colored solution
of reported ionic materials limits the traditioright scattering characterization method.

Thus the alternative approaches were applied.

Estimation of molar-mass characteristics of prepard ionic polymers using Lewis-

Calvin equation

In 1939 Lewis and Calvin proposed the correlatiebween the number of conjugated
-CH=CH- bondsp, in molecule and its absorption spectra.[97] Thsoaption spectra of a
series of diphenylpolyenes containimg conjugated -CH=CH- bondsn €& 1-7) were
measured in mixture ether/alcohol (diethyl ethédabl, author's note) at -196 °C. The
absorption maximan.x were better resolved under these conditions coedpéo the
absorption spectra measured at room temperaturehdcilitated thé\,,x determination.
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The correlation betweemandih.x Was described by the equation:
)\maxz =kn

whereima? is @ square of wavelength of absorption maxikia, coefficient anch is the
number of -CH=CH- bonds in conjugation. From theown n of a series of
diphenylpolyenes the valudsranging from 15 000 to 22 000 were calculated.[Bfis
equation was applied on a series of conjugatedepely with defined of -CH=CH- bonds

in conjugation 1§ = 3-10). Then-values have been plotted against the squares eof th
wavelength for each of the maxima. The straightdimvere obtained as far as- 7 and
only slight deviation occurs far = 8-10. The Lewis-Calvin equation was therefotied
fairly well.[96]

According to the Lewis-Calvin equation, Blumsteiroposed the conjugation length
fromn = 6[157] up ton = 16[98-100,104] using thevalue 17 532. Th&ax values plotted
versus number of conjugated C=C bomjl &re shown inFigure 10.[99] However, the
absorption spectra of prepared ionic polymer exéibigenerally nearly continuous
absorption from 300-750 nm with barely distingugmeaxima. Thus, the identification of
maxima and calculation of the number of -CH=CH- d®im conjugation is complicated
and could be partly biased. Nevertheless, the wizm effective conjugation length may
not refer to the length of polymer chain direcilye can speculate that prepared polymers

contain more than one conjugated sequences irotjagetylene chain.
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Figure 10 Plot of UV/vis absorption maxima versus the nunidfetonjugated bonds for

unsubstituted polyenes. (Subramanyam, Blumstei& ){99]
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Viscosimetry

The intrinsic viscositys]] of a polymer in a certain solvent can be coresatith the
molar mass M:[158]
[1] = Ky M?

This dependence is also referred as the]-M-relationship or the
Kuhn-Mark-Houwink-Sakurada equation (KMHS-equatiarhereK|,; anda are constants
for a given polymer under selected conditions. €kponenta is related to the solvent
quality and therefore for the solution structurehad dissolved polymer. The knowledge of
Ki; anda allow the easy determination of the molar mass pblgmer by measuring the
intrinsic viscosity. This method provides the visitp average molar mass,Mwhich lie
between the number average molar magsa the mass average molar mass Whe

intrinsic viscosity §] is defined as:
[ =1lim (7, /c)

where 7 IS relative viscosity and c is the concentratidnpolymer limiting to zero.
However, the determination of constalfs anda is complicated and mentioned constants
are typically not known. This fact limits the amltion of KMHS equation on the prepared
ionic polymers and consequently determining thevilues.

Thus, the ionic polymers reported in the literatare characterized mostly by the

inherent viscosity defined as:

Ninh = (INrer)/C

where In 5 is the natural logarithm of the relative viscoséymd c is the mass
concentration of the polymer in g/dL. Thus, theerdnt viscosity is given in dL/g. The

relative viscosityye is defined as:

Nrel = nino

wherey is the viscosity of polymer solution anglis the viscosity of solvent.[158]
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Generally, the inherent viscosity measurements weréormed in polar solvent e.g.
dimethyl sulfoxide or dimethylformamide at conceibn of 0.5 g/dL. The inherent
viscosity obtained for the reported ionic polymeranged from 0.11dL/g to
0.29 dL/g.[159,160] However, we can speculate abibet relation between inherent
viscosity and real polymer length (molecular masgroduct) due to the phenomena as
coil formation, which distort the viscosity of iapolymer.

Vapor pressure osmometry

Molecular weight was also determined by vapor presssmometry in chloroform at
30 °C or in THF at 45 °C. Calibration was done witkv molecular weight polystyrene
(M, = 2000).[98,157]

Gel permeation chromatography — multi angle laseright scattering (GPC-
MALLS)

GPC-MALLS system was used to determine the molecolass of the polymer
prepared from the polymerization of pyridine wittopargyl bromide. GPC with two PL
mix-D columns was equipped with four detectors (W¥/ viscosity, refraction index, and
multi angle laser light scattering), using DMF witiBr (2 mg/ml) as eluent at a flow rate
of Iml/min at 80 °C.[161] However, as already meméd, the ionic nature of prepared
polymers may bias the mechanism of GPC method tladesults may be seen only as

apparent.

1.3.4 Structure of ionic polyacetylene main chain and macular

dynamic simulations

Since the conformation of polymers prepared by spwous QP is not controlled by
any catalyst, we can speculate about the structiufermed materials. The conformation
of monosubstituted ionic polyacetylenes was catedlaby the means of molecular
dynamic simulation.[162] The poly[(M-methylpyridiniumyl)acetylene bromide] and its
uncharged counterpart poly(4-pyridyl)acetylene hbmintaining 10 monomeric units, were

investigated by this method. The charge distributad the lone monomer unit was
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calculated and changed arbitrary according to matieicture of polymer. The results
shows that the preferred chain conformations of esahstituted polyacetylene with ionic
side groups that are associated with counterioms planar and highly extended, which is
in complete contrast to uncharged, monosubstitptdgacetylene. Moreover, the fact that
the charged polymer model displayed a long-waveétefigorescence band in its emission
spectrum due to intramolecular excimer formatiotwieen the pendant aromatic rings is
indicative that thetrans-transoid conformation is favored over theis-transoid and
trans-cisoid conformers in these ionic polyacetylene. The obadrgide groups with the
associated counterions in the ionic polyacetylgrag a significant role in the stabilizing
an extended, planar backbone in such system. # dase, the electrostatic attractive
interactions override the steric repulsion intamactbetween side groups. Contrary, the
repulsion of bulky, uncharged substituent may cabsdormation of non-planar structure
of uncharged system. However, the model systemsnatoconsider the defects in
guaternization of side groups, which may causessrconformation alteration. Therefore,
the results of the molecular dynamic simulation rsagnificantly differ from the native
structure of obtained materials. It was concludet many factors (e.g. the position of N
heteroatom in the pyridyl group, the nature of @#g degree of quaternization, etc.) play
role in the final polymer structure.

This is partly confirmed by the *CNMR spectra of poly(2-
ethynylpyridine hydrochlorideo-2"-ethynylpyridine)  PNo. 19 and poly[(2N-
octylpyridinium)acetylene bromide] PNo. 17.[163] First mentioned polymer was
prepared by the spontaneous polymerization of 2ERvaded with concentrated
hydrochloric acid (mechanism see 8cheme 1) in bulk (without solvent). In the
activation step a complex (dimer) is formed and #u¢hors assumed that complex is
locked in thecis configuration geometry which sustain during théypeerization process
and polymer with highlycis-cisodconformation is formed. The two peaks at 149,5 and
136,9 ppm assigned to the main chain carbogi®fjeometry (according to Masuda et
al.[20]) were well manifested in tH&C NMR spectra of this product. On the contrary, no
such signals were manifested'ic NMR spectra of poly[(N-octylpyridinium)acetylene
bromide] prepared by the spontaneous quaternizapbmerization of 2EP activated with
1-octylboromide and therefore, the random geomeftraduct is assumed. The discussion
about the polymer main chain configuration was alsmeported for
poly[(2-N-bromopyridiniumyl)acetylene bromide] prepared fr@EP activated with Br
(PNo. 10. However, the evaluation of thes andtrans content of backbone from C=C
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stretching bands for the presented polymer was toatpd by the fact that the fairly
intense band around 1015-1019'cftrans C=C) could also arise from symmetrical ring
vibration of the side group pyridine rings upon gbexation with bromine. The 740 ém
band €is C=C) is, however, very weak, implying very sn@adl content.[100]

The atomic charge and dipole contribution using evolar orbital theory were
calculated for 2EP. The authors reported that ttwgen with atom electron density
5.1339 on pyridyl ring increases the electron dgnsi p-carbon of ethynyl up to
4.1688.[57]

1.3.5 Special quaternization reactions

lonic polyacetylene type polymer networks via one tep quaternization

polymerization

The intention to synthesize the ionic interpeneigatpolymer network containing
n-conjugated structure led to the modification of tlquaternization polymerization
process. The polymer network could be obtained whentionality of monomer and/or
QA is enhanced. When 1,2-bis(4-pyridyl)acetylene swareacted with
nonena-1,9-bis(methanesulfonatepNe. 75 the insoluble cross-linked product was
obtained. The reaction of 1,4-bis(4-pyridyl)butadiywith 1-bromododecan@o. 9 also
resulted in a insoluble, highly cross-linked polyrf85,99] The polymerization of 2EP
activated with mixture of 1-bromobutane and 1,4ralibbobutane PNo. 2] resulted also
into insoluble network. The cross-linking of protlweas caused by the bifunctional QA,
1,4-dibromobutane, which can simultaneously aativeto monomers. The extensive
conjugation was revealed by the absorption extenttirthe visible range in this case.[149]
Polymer networks were also prepared via the poligagon of 2EP and 4EP activated
with a series of bis(bromomethyl)arenes reportedobly group PNo. 77-83. Obtained
ionic polymer networks were investigated in a viefvphotoluminescence behavior and

CO, capture capacity.[145]
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Modification of counterion (ion-exchange reactions)

The various ionic polymers were prepared by the -sitep quaternization
polymerization, however, the properties of origipalymer could be modified by the ion
exchange of negatively charged moiety compensapiagjitively charged pyridinium
pendant. Thus, the new ionic polymers were prepai@dhe ion exchange reaction of
former polymers. The ion exchange reactions wergethout mainly in methanol under
the mild conditions. Poly(2-ethynylpyridinium brote) with propargyl side chain
(PEP-Br) prepared by the direct reaction of 2EFhvatopargyl bromide was used as a
starting material for the ion exchange reactiorhvabdium tetraphenylborate (NaBjPh
(PNo. 39, sodium perchlorate (NaCip(PNo. 35 and sodium azide (NaN(PNo. 36.
The prepared corresponding ionic polymers wereddorbe mostly insoluble in water and
methanol, whereas the original polymer was comlyleseluble in above-mentioned
solvents. The counter anions, moreover, influere WV/vis and photoluminescence
properties.[164] The pol-methylpyridinium iodide) was treated with sodium
tetraphenylborate to obtain paNAmethylpyridinium tetraphenylborate)
(PNo. 2§.[165,166] Sodium tetraphenylborate was also agdi for the preparation of
corresponding ionic polymers from poly[2-ethymNA{p-hydroxyphenylethyl)pyridinium
bromide] PNo. 59,[167] poly[N-(6-azidohexyl)-2-ethynylpyridinium iodide]
(PNo. 55[136] or poly(N-benzoyl-2-ethynylpyridinium chloridePNo. 62.[168]

As a modification of counter anion could be alsasidered the deprotonation of ionic
polymer poly(2-pyridinium hydrochloride-2-pyridylatylene) by the KOHRNo. 20Q. The
deprotonated form exhibited lower conjugation léngiompared to the protonated form.
Reduced conjugation presumably originated from beaok twist introduced upon
deprotonation and was not due to a change in thaipym pendent groups. The
backbone twist may be attributed to the absencelaftrostatic interactions between the
counterions and the pyridinium rings that were @nésn the protonated form and thereby

the steric interaction between the side groupsieapa dominating factor.[98]

Two synthetic pathways to almost identical polymers

The experiment, where poN{octadecyl-2-ethnylpyridinium bromide) was syntlzesi
via two different approaches was reported in afjitb7] At first, 2EP was polymerized

via one step quaternization polymerization actidatgth 1-bromooctadecan®No. 22,
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second approach include thermal polymerization BP 2into poly(2-ethynylpyridine)
which was further modified by the postpolymerizatioquaternization with
1-bromooctadecanélNo. 23. Polymer prepared vie one step QP was assumieel fially
quaternized, on the contrary, the polymer prepai@dhe modification of already existing
polymer was assumed to be quaternized from 25% &0d therefore was considered as a
random copolymer of 2-ethynylpyridine amgtoctadecyl-2-ethynylpyridinium bromide.
The low degree of quaternization of the polymer wabably caused by sterical repulsion
between the pyridine ring and the long alkyl chafnl-bromododecane. However, the
elemental analyses of both polymers were not pladtisand we can only speculate about
the real degree of quaternization.

In light of this discussion, we can speculate alyoabability of postpolymerization
quaternization of polymer containing pyridine pemdeyroups. Frere and Gramain
investigated the postpolymerization quaternizatiari poly(4-vinylpyridine).[169]
According to the reported conclusions the sterieat$ play the most important role, which
are influenced mainly by the quality of solvent atiet volume of alkylating agent.
Moreover, other factors as temperature or neighigogroup effect (seModifying of the
poly(vinylpyridine) — postpolymerization modifiGati via quaternization reactionfn
sectionl1.2.2 are involved in the process. The authors propdsectoil formation which
may complicate or retard the quaternization pogtpetization process. The coll
formation was also supported by the changes ofosigc during the quaternization
reaction of 4-vinylpyridine which passes throughxmaum at reaction extents 15-30% and
then decreases to lower values.[170] Despite thet féhat backbone of
poly(ethynylpyridine)s is more rigid compared thelygvinylpyridine)s, the similar
behaviors could be expected concerning the stexféadts.

To conclude the postpolymerization quaternizativmp models could be assumed:
() the quaternization of not fully quaternized ydl-alkylethynylpyridine halide)s and
(i) quaternization of uncharged poly(ethynylpynid)s. The first modification is not
probable, due to the sterical effects and coil ftion of polymer chain. In the second
case, the quaternization of already prepared palyraencharged) is broadly reported in
the literature, but it is not the topic of presehtbesis. However, here we provide few
examples of postpolymerization quaternizationsysidine and ethynylpyridine containing
compounds. A series of pyridine/pyridinium contagi monomers, oligomers and
polymers was quaternized with methyl iodide or rngktkriflate to improve the

delocalization of =n-electrons along the polymer backbone.[171] Sindyjar
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poly(3-ethynylpyridine) was quaternized with methigdide PNo. 73 and methyl
bromide PNo. 74 to improve the solubility and processability ofrher polymer.[59]

1.3.6 Associated reactions

Polymerization of propargyl halides via activationof triple bond

The reaction of pyridine and propargyl tosylatetie methanol did not give any
polymeric products, but gave only propargylpyridimi tosylate. This means that the
propargyl functional group does not undergo polyration reaction by the simple attack
of pyridine.[160] Similarly, the reaction of progst chlorides and bromides with
pyridines and substituted pyridines gave no polyenaioducts, but only the corresponding
pyridinium salts were isolated.[99] Consequentlyyas presumed that the polymerization
occurred inefficiently. However, Chen et al. repdrthe reaction of propargyl bromide
with pyridine in methanol (60 °C, 100 hours) thateg the high molecular-mass polymer
according to the GPC. The product was charactergedneans of elemental analysis,
'H NMR, FT-IR, GPC-MALLS and the fluorescent spestiopy.[161] The reaction of
propargyl bromide with quinoline and acridine (DM&) °C, 100 hours) led also to the

ionic polymers containing conjugated main chair2]17

Thin layer film

The thin layers using Langmuir-Blodgett and layg+doyer techniques were prepared
from the amphiphilic ionic polyacetylene, pdWtoctadecyl-2-ethynylpyridinium
bromide). The IR studies indicate that the tramsfempolymer multilayers are organized
with the conjugated backbone chains oriented mrédi the substrate. The thickness
measurements suggest that the polyacetylene bagklawa sandwiched between layers of

interlinked octadecyl groups.[173]

Star-shape copolymers

The quaternization polymerization approach was iegphlso on the star shape
architecture copolymers preparation, in which thellswas formed by rigid conductive
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ionic polyacetylene and the dendrimer core by ffiteemoidal, aliphatic poly(amidoamine).
The polymerization of 2-ethynylpyridinium triflatevas initiated with amino group on
poly(amidoamine) on a surface of the core unitredfuge the ionic polyacetylene chains
emanate from the core. The authors proposed timi¢ @rms contained from 1 to 16

monomeric units.[40]

Preparation of nanocomposites

The spontaneous polymerization of 2EP induced By-@antmorillonite (Ca-MMT) in
benzene resulted in nanocomposite of Ca-MMT withying amounts of intercalated
2EPs. In this case the Ca-MMT did not act only asthmatrix for the interaction of
polymer but also as a surface initiating agent tfee formation of ionic conjugated
polyacetylene.[174] The alternative approach opgration nanocomposite from 2EP was
described in articles.[175-177] lonig-conjugated polyacetylene prepared from 2EP
activated with hydrochloric acid and exfoliated ralnosilicate nanoplatelets (saponite)
were deposited through electrostatic layer-by-lageposition technique. The same
approach was also used for preparation of PbR(2-ethnylypyridinium bromide)
(R = hexyl, dodecyl, octadecyl) and saponite nmaygkr nanocomposite.[178,179]
Mentioned multilayer nanocomposite materials wareestigated with the purpose of
application as an hydrophobic membranes. The meguitydrophobic barrier efficiently
blocked transport of the water molecules and hestemved substantially high barrier
properties.[180]

The surface initiated “grafting-from” method was@lapplied on the preparation of the
water-soluble single-walled nanotubes (SWNT). SWNvere functionalized with
4-(2-aminoethyl) pyridine, which act as an initiatdor the polymerization of
N-methyl-2-ethylpyridinium triflate into ionic congated polyacetylene chain.[181] The
same approach was used for the preparation of-walted carbon nanotubes (MWCNTS)
covalently functionalized with poly(2-ethynylpyritg).[182] Graphene nanosheets
functionalized with ionic polymers were also pregghrby catalyst free quaternization
polymerization of 2EP activated with thionyl chiiei moiety bounded to the
graphene.[183]
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Surface brushes

The concept of self-templating surface-initiatedypwerization for the synthesis of
ionic conjugated polymer brushes serving as swgmatted molecular wires. A newly
synthesized bifunctional monomer was used in thetrotbed photoiniferter-mediated
polymerization resulting in the formation of mulomomer surface-grafted chains with
polymerizable ethynylpyridine pendant groups (Irde is a chemical compound that
simultaneously acts as initiator, transfer agent] germination agent, hence the name
ini-fer-ter, author’s note). These groups align@ldng the template chains were
subsequently polymerized using catalyst-free goaation polymerization activated with
ethyl iodide, leading to charged ladder-like brisshewith conjugated

poly(N-ethyl-2-ethynylpyridinium iodide) chains.[184]

Complexation with metals

A water-soluble ionic polyacetylene, poly(2-ethyiNAoentylpyridinium iodide)
(PEPPI), was prepared by the quaternization polgagon of 2EP activated with
1-iodopentane RNo. 45.[143] PEPPI-iron(lll) chloride complex was preedrby the
reaction of PEPPI and iron(lll) chloride in DMF aitd properties were characterized.
However, the closer discussion about the modeseotdérdination to the polymer was

missing.[185]
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Figure 11 Quaternization polymerization chart. The quateatan polymerizations

reported in the literature. Proposed structure —nob reflect real composition and

structure. Reactions conditions (Rc:) are takemftioe original articles. If more conditions

provided — more reactions with the same reactardgee vperformedPNo. — Polymer

number used in this work; For reference numbehefariginal article se€able 1

Linear polymers

PNo. 1
Rc: acetonitrile, 50 C, 72 hours.

X
N®—: + BrCHpuCH; — = P

\+‘ Br
N

(éHz)nCHa
PNo. 2
Rc: acetonitrile, 50 C, 72 hours.

N X
/7\ - +  Br-(CHpyCHy —— ~ ﬁ/(CHQ)HCHG
N ‘ Br
PNo. 3
Rc: acetonitrile, 50 T, 72 hours.
_ (CH2)11CHy

Br

/ _
VAR — () + 2BrCHcH: ——

PNo. 4
Rc: acetonitrile, 50 C, 72 hours.

7\ T
= + 2 I-CH,CH A
N \ /N 2CH3

PNo. 5
Rc: acetonitrile, 50 C, 72 hours.

N/ \ = \7/N

+  CH3S03(CH2)sCHs

CH;SO.

by
3
~ (CH2)6CHs4

PNo. 6
See Polymer networks

PNo. 7
Rc: acetonitrile, 50 T, 72 hours.

7
I S— R
N,

N

Br

/N

PNo. 8
Rc: acetonitrile, 50 T, 72 hours.

/N b
V= +  ICHCH;, — -

- Kl _CH,CH3

\"7

PNo. 9
See Polymer networks

PNo. 10
Rc: bulk, 0 C.

N

N
/ A — —+ BFQ _— .
— Z N

\\

PNo. 11
Rc: bulk, 0 C.

Si(CHa)

/N h
Q%Si(CHa)s + Bry - N

\‘Br

PNo. 12
Rc: bulk, 0 C.

N
&= + HCl
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PNo. 13
Rc: acetonitrile (DMSO), 20 C, 24 hours.

CHs i
J N CHsSOs - ~
% + | ——  Lom
_ \N N B
S I chys0,

PNo. 14
Rc: 70 C, 15 hours.

LHs

VN CH3S05

- J chyso,

PNo. 15
Rc: 170 <, 1 hour.
CHs ) N
) cHsso;
PNo. 16
Rc: acetonitrile (DMSO), 20 T, 24 hours.
cH, Si(CH3)3
/ N<+ C'ES'O_S‘ @ N
@Tswcws + J T f‘/CHg ]
S CH3S0,4
PNo. 17

Rc: bulk, 60 €T, 72 hours.

/ \
\ c
= + Br-(CHQ)7CH3 — 7 ﬁ/(c 2)7 3
§ ‘ Br

PNo. 18
Rc: bulk, 60 C, 72 hours.

/ x
)=+ BrCH)uCH, P
g

~(CH2)17CH3

Br

PNo. 19
Rc: ice cooling.

N
[/ N= + HCl

PNo. 20
See Postpolymerization modifications
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PNo. 21
See Polymer networks

PNo. 22

Rc: THF (toluen, bulk), 80 C, 120 hours.

/N -
7\ — + Br-(CH2)17CH3 ~ ﬁ/(CHz)wCHa
N ‘ Br

PNo. 23
See Postpolymerization modifications

PNo. 24

Rc: methanol, 24 hours.

/N b
V= + Br-CHy= —_— A CH
— P _\
N Br

PNo. 25

Rc: DMF (DSMO, nitrobenzene), 90 T,
24 hours. (5 reactions)

@E + Br(CH2)6—»P%V(CHZ)6 O
SRS

PNo. 26
Rc: DMF (NMP, DMSO), 120 <. (series of
reactions)

N X
/N .
— N

R B ——
7
N ‘ Br
R = —(CHy);p—0 NZNOCOQH
PNo. 27
Rc: methanol, 70 C.
N AN
[ N — + I-CHy  —— _cH
— N3
N I

PNo. 28

See Postpolymerization modifications

PNo. 29
Rc: DMF, 130 <C, 24 hours.

0]
N (O
</ Yo 4 U\\O

A

7 ﬁ/\/\/so3

<




PNo. 30
Rc: methanol, 80 C, 24 hours.
N X
/7\ — 4 Br-(CHpsCHs N CHas o
N ‘ Br
PNo. 31
Rc: methanol, 80 C, 24 hours.
N X
[ Y=+ r(CHcHs A (CHsCHs
N I
PNo. 32

Rc: DMF, 80 <C, 24 hours.

/N h

N\ _

)=+ Br(CHCH; G ot
N ‘ Br

PNo. 33
Rc: DMF, 80 T, 24 hours.

AN
N
[ N—= & Br-(CHyiCHs Ay (CHaCH
— N | Br
PNo. 34

See Postpolymerization modifications

PNo. 35
See Postpolymerization modifications

PNo. 36
See Postpolymerization modifications

PNo. 37
Rc: DMF, 120 <, 24 hours.
N A
/7\ = + Br-R — R
N ‘ Br_

R= (CHQ)SO

o

N

PNo. 38
Rc: DMF, 100 <, 24 hours.

AN
[N= & E— . R

R= —(CHZ)S—O@—N:NOCN S Br
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PNo. 39
Rc: DMF, 110 <, 24 hours.
/N — + BrR _— D
_ AN R
R= —(CHp)s—O e
Rs
S
PNo. 40

Rc: methanol, 60 C, 24 hours.

N X

( )=+ HCHNs g s
<

PNo. 41
Rc: DMF, 100 <, 24 hours.

N X
/7\ = + CFR — gy ‘ﬁ/R
PNo. 42

Rc: DMF, 85 C, 24 hours.

[eNgye)
= + O - . .
_ Z N
0
N s0;

PNo. 43

Rc: DMF (DMSO, pyridine, NMP), 80 T

(60 C), 24 hours.

s
S

A
= T
+ oo ] S

PNo. 44
Rc: DMF, 60 C, 24 hours.

N (0] N
N cr

PNo. 45
Rc: DMF, 80 C, 24 hours.

a -
N = —
+  ICHy)4CH; —— / N/(CHZ)A’CHS
Uk
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PNo. 46
Rc: DMF (DMSO, NMP), 80 <C, 24 hours.

N AN
/N

S —_— Z K‘/(C\Hz)s
+ Bf*(CHz)fo% s 0&

PNo. 47
Rc: DMF (DMSO, NMP), 65 € (80 C,
90 ), 24 hours.

N
— o) _ +,CHA1/
+ Br—CHZUNOZ ‘N .
N Br

PNo. 53
Rc: DMF, 80 T, 24 hours.

N N

72

o — = ’:l/(CHz)z
T O U

OH

PNo. 54

See Postpolymerization modifications

PNo. 48
Rc: DMF (DMSO, NMP, methanol), 80 T,
24 hours.

s oF

PNo. 55
See Postpolymerization modifications

Rc: DMF, 70 <, 24 hours.

PNo. 49
N o
N 6N

PNo. 56

PNo0.50
Rc: DMF, 100 € 24, hours.

X
/N v

AN R

Rc: DMF, 100 <, 24 hours.
N 0 N
/7\ = 4 Brf(CHz)w'C\OH P /(0@1(;:0
§ J & on
PNo. 57
Rc: DMF, 130 C, 24 hours.
X
N
O/ \0 \ é?;o

Br—R E——
‘ -
R= 7(CH2)9*04©*N:N4©*CH3 N

PNo. 51
Rc: DMF, 70 T, 24 hours.

/N\f+ @

0.0

X
— S AN
d o i/\<
N

o]

O

PNo. 58

Rc: methanol, 75 C, 24 hours.
SN

Q Q
+ ACHQ*O*ﬁOCHa
)

7N\ _/

PNo. 52

Rc: methanol, 24 hours.

7N\ o
- 0 QIR

PNo. 59
Rc: methanol, 75 C, 24 hours.

A
/ N\ - + Br/\</0 - . N
= p o
X /\</
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PNo. 60
Rc: DMF, 60 T, 24 hours.

N A
[ = +  BrR — AR
. N | Br
R=
HsCO HaCO
HsCO o o Q o OCH,
HaCO' { "OCH, HyCO” ]V\ “OCHj
PNo. 61
Rc: DMF, 80 €C, 24 hours.
N X
[ VY= & rCHaCH, N
\ N\(CHz)A*CHs
PNo. 62

See Postpolymerization modifications

PNo. 63
Rc: DMF, 80 T, 24 hours.

PNo. 64
Rc: DMF, 60 T, 24 hours.

N

/N

— ~
+ Br—(C Hz)z’N<;‘

N

—
/ ‘Kl/(CHz)z’NQ
A

Br

PNo. 65
Rc: DMF, 90 C, 24 hours.

/N

X
- P ﬁ/(CHz)zO56a Na
+ Br*(CHz)z@*SbaNe; g

PNo. 66
Rc: DMF, 80 C, 24 hours.
N X
/7\ = + I —_— !
x ! |
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PNo. 67
Rc: DMF, 70 C, 24 hours.

PNo. 68
Rc: DMF, 60 C, 24 hours.

e S
"+ Br-CH—=—Si(CHy)s SiCHa)s
N
P 0
oy
PNo. 69
Rc: methanol, 60 T, 24 hours.

N
/N CHs
[ CH N CH.
— CHs /( 2)2~ 3
T Sy Br
+ Br(CHz N—CHs

CH3 Br

PNo. 70
Rc: DMF, 80 €, 24 hours

/ A
Br CHy O cH
( >7: - = = ﬁ 2
N Br
OCH3

|
OCH;

PNo. 71
Rc: DMF, 80 T, 24 hours.

CNF

PNo. 72
Rc: DMF, 0-65 T, 3 hours.

N 0. F
/ — \ H
= 4+ F L
<;/ HO ": 7N F

PNo. 73
See Postpolymerization modifications

PNo. 74
See Postpolymerization modifications

PNo. 75
See Polymer networks
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PNo. 76
See Polymer networks

PNo. 80
See Polymer networks

PNo. 77
See Polymer networks

PNo. 81

See Polymer networks

PNo. 78
See Polymer networks

PNo. 82

See Polymer networks

PNo. 79
See Polymer networks

PNo. 83
See Polymer networks
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Postpolymerization modifications

PNo. 20
Rc: water, KOH, 12 hours.

x
+ KOH _— AN
g |
PNo. 23
Rc: THF + toluen, 80 €, 150 hours.
A N IS
A + Br-(CHp)17CHy —— A i~ (CH217CHs
~ ‘ S /N J o
PNo. 28

Rc: methanol. lon exchange reaction.

A Q Na AN
e T Qé@ T o

\‘I_ N

PNo. 34
Rc: methanol. lon exchange reaction.

A
Lo @5@ -

\‘B

PNo. 35
Rc: methanol. lon exchange reaction.

N
+ NaClO4

X

. CH
Z T‘ 2\
x

clo4”

= KI'CHZ

/

\‘Br_

PNo. 36
Rc: methanol. lon exchange reaction.

AN IS
- CH, + NaN3 ~—— s CHy
N Br ~— N3

PNo. 54
Rc: methanol. lon exchange reaction.

X
Lo + @5@ —»%
g Q

i QB@ °“

<

PNo. 55
Rc: methanol. lon exchange reaction.

X
g CreNs F %@ - CH2)6 Ny
<

PNo. 62
Rc: methanol. lon exchange reaction.

A

T o ©N£ o
G O50 — it
(U & U

\@E@

PNo. 73
Rc: methanol, 55 <C.
A X
N + I—CHj _— N
NN \ N\CHa
PNo. 74

Rc: methanol, 55 <C.

N

/ + Br—CHs; E— _
|

NN * “CHs

7\ _/
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Polymer networks

PNo. 6
Rc: acetonitrile, 5£) T, 72 hours.

+ CH3S03-(CHy)11CH3

Cross-linked
polymer network

PNo. 9
Rc: acetonitrile, 59 T, 72 hours.

+  Br(CH»1(CH;

Cross-linked
polymer network

- -

+ Br—CHz—QCHfBr

PNo. 78
Rc:DMF, 70 C, 72 hours.
PN
. —— no product
+ Br*CHzOCHZ*Br
PNo. 79
Rc: DMF, 70 C, 72 hours.
Cross-linked

polymer network

PNo. 21
Rc: toluen, 70 <, 72 hours.

N
</ \> _ + Br-(CH)4-Br
— Br-C4Hg

Cross-linked
polymer network

PNo. 75
Rc: acetonitrﬂe, 50 C, 72 hours.

+ CH3S03—(CH2)g~03SCH3

Cross-linked
polymer network

PNo. 80

Rc: DMF, 70 <, 72 hours.

+ BrCHQ
CHszI’

- -

Cross-linked
polymer network

PNo. 81

Rc: DMF, 70 T, 72 hours.
+ Br—CHchfBr

_—

Cross-linked
polymer network

PNo. 76
Rc: toluen, 70 <, 72 hours.

N .
(= srowes —— e
PNo. 77

Rc: DMF, 70 C, 72 hours.

Cross-linked
polymer network

= R

+ Br—CHz—OCHfBr

PNo. 82
Rc: DMF, 70 T, 72 hours.

N</ \> _ O CHo—Br
+
oo )

Cross-linked
polymer network

PNo. 83
Rc: DMF, 70 T, 72 hours.

N:/ \> — CO CH,—Br
: ()
ol )

Cross-linked
polymer network
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Table 1 The characteristics of polymers prepared via qoetation polymerization
reported in the literatur&No.— Polymer number used in this work (1-83) reldatethe
Quaternization polymerization chafigure 11); Code — code of polymer used in the
original article; Yield — yield of reported polymé¥); Anax — absorption maxima of
reported polymer (nm), two values indicates two mmax edge — the absorption edge (if
determine); Plax — photoluminescence maxima of reported polymer){two values
indicates two maxima; Inherent vis. — inherent o8ty (;inn) of reported polymers
(dL/g); Solubility — solvents which dissolve repedt polymer under the standard
conditions; Charact. — characterization methodiadpn the reported polymer; TGA —
thermogravimetric analysis of reported polymer (fhkie in % determines the residual

mass fraction at given temperature); Ref — refexenunber; n/a — data no available

. Inherent
PNo. Code Yloeld Amax PLmax vis. Solubility Charact. TGA Ref.
(%)  (nm) (nm)
(dL/g)
ethanol, THF, IR, UV/vis, degraded at
1 2 n/a n/a n/a 0.2-0.5 chloroform, TGA, XRD, 250 T, 20% [95]
acetone DSC at 800 T
ethanol, THF,
2 4 70 447 n/a 0.2-0.5 chloroform, IR, UVlvis n/a [95]
acetone
ethanol, IR, UV/vis Deg. at 240
3 6a 94 450 n/a 0.2-0.5 methanol, polar TGA, XRD, T comp. [95]
organic solvents DSC deg. at 800C
4 6b na 488  nja 0205 “Watenmethanol g s nia [95]
ethanol
ethanol, .
5 6¢c 69 n/a n/a n/a methanol, polar lR'T%\XV'S n/a [95]
organic solvents:
6 8 n/a n/a n/a Cross-  Insoluble polymer IR, UV/vis n/a [95]
linked network
ethanol, THF,
7 10 n/a 401 n/a 0.5 chloroform, IR, UVlvis n/a [95]
acetone
ethanol, THF .
J ’ IR, UVvis,
8 2p 53 447 n/a 0.20 chloroform, XRD, DSC n/a [99]
acetone
Cross-  Insoluble polymer
9 4p 64 n/a n/a linked network n/a n/a [99]
alcohol and IR, UV/vis, degraded at
10 Vip 92 470 560 0.1 DMSO PL, TGA, XRD 100 C [100]
IR, UV/vis
alcohol, DMSO, ! ’ degraded at
11 Vilp n/a 450 n/a 0.1 chloroform PL, TGA, 150 C [100]
XRD
IR, UVvis, 91% at
12 Vilip n/a 530 550, 560 0.2 water, DMSO TGA XRD 150 C [98]
IR, UV/vis, major loss at
13 8pa n/a 598 n/a 0.25 n/a TGA, DSC 360 C [104]
IR, UVvis, major loss at
14 8pb n/a 348 n/a 0.05 n/a TGA, DSC 360 C [104]
15 8pc n/a 900 n/a 0.05 n/a IR, UVivis, major loss at [104]

TGA, DSC 360 C
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. Inherent
PNo. Code Yloeld Amax PLmax vis. Solubility Charact. TGA Ref.
(%) (nm) (nm)
(dL/g)
IR, UVlvis, major loss at
16 9p n/a 610 n/a 0.2 n/a TGA, DSC 360 C [104]
13C NMR,
17 3 62 n/a n/a n/a n/a UV/vis n/a [163]
13C NMR,
18 4 57 n/a n/a n/a n/a UV/vis n/a [163]
13C NMR,
19 1 26 n/a n/a n/a n/a UV/vis n/a [163]
13C NMR,
20 2 84 n/a n/a n/a n/a UV/vis n/a [163]
Insoluble IR, UVlis,
21 PB2EPB 80 n/a nla Cross- polymer DSC, SEM,  St@ableupto 1,4
linked 200 C
network TGA
THF,
chloroform, 1HNMR, IR,
480, methanol UVlis, TGA, stable up to
22 PNOEPB 87 . 4iee20 M2 0.19 (partly DSC, 230 C (98%)  1°7]
acetone, osmometry
acetonitrile).
THF,
Cz]lgtrg;()nrg?, THNMR, IR, stable up to
23 P2EPY-g-octa n/a 480 n/a 0.13 (partly water, UV/\gsS,gGA, 230 T (80%) [157]
acetone,
acetonitrile)
water, [126,
24 polymer 95 524 n/a 0.21 methanol, j{_/'/\’,\,lgﬂTR n/a 127,
DMSO, DMF ’ 186]
DMF, DMSO, 1H 13C
nitrobenzene NMR, IR
; S Do 99% at 200 T,
25  poly(CHEPB) 3845' . d3237'50 ‘éi%’ 0.11-0.21 (fgm"? a;t'gr U}){Q"z'n';'- 90% at 265 T,  [128]
9 partly. water, — 1im & 22% at 800 T
acetone, solution,
methanol) TGA, DSC
DMF,
DMSO, N,N- 1H NMR, IR,
26 polymer 53 371 454 0.10-0.14 dimethylaceta UV/vis PL SS n/a [129]
mide, formic and film, XRD
acid
DMSDOMT\iMP L1HNMR, IR,
27 PEMPI 78 487 568 n/a ’ UVlis, PL, n/a [165]
water,
XRD
methanol
1H 13C
NMR, IR, 99% at 170 T,
28 DEVMTES na 379,486 576 a oy e UVAS PL, 94% at200 T, [llgg]'
' XRD, CV, 10% at 700 €
TGA, DSC
water,
methanol,
DMF, DMSO,
N,N- 1H 13C
dimethylaceta NMR, IR,
300, mide, or UVlvis, PL,
29 PESPB 82 edge 770 530 0.26 organic acids XRD. CV, n/a [130]
capable of dielectric
hydrogen constant
bonding with
the sulfonate
anion
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. Inherent
PNo. Code Yloeld Amax PLmax vis. Solubility Charact. TGA Ref.
(%) (nm) (nm)
(dL/g)
methanol, DMF,
DMSO, N,N- 1H 13C
dimethylacetamid NMR, IR,
30 PEHPB 86 300,519 603 0.19 e, formic acid UViis, PL, n/a [153]
(partially soluble XRD, SEM,
in ethanol and CcVv
acetone)
methanol, DMF, 1H 13C
DMSO, N,N- NMR. IR
31 PEHPI 95 300,515 611 021  dimethylacetamid /00 by n/a [153]
e, formic acid,
. XRD, SEM,
(partially: ethanol
CVv
and acetone)
1H 13C
DMF, DMSO, NMR, IR,
32 polymer 85 516 600 0.14 formic acid UVNis, CV, n/a [150]
XRD
1H 13C [150]
33 polymer 95 520 596 0.22 DMF, DMSO, NMR, IR, nia ,
formic acid UVis, CV, [187]
XRD
1H NMR, IR,
34 PEP-TPB nl/a 534 n/a 0.16-0.29 DMF and DMSO UV/vis, PL, n/a [164]
XRD
broad 1H NMR, IR,
35 PEP-PC n/a ! 610 0.16-0.29 DMF and DMSO UV/vis, PL, n/a [164]
edge 650
XRD
broad 1H NMR, IR,
36 PEP-AC n/a ! 720 0.16-0.29 DMF and DMSO UVis, PL, n/a [164]
edge 650
XRD
1H 13C
400, NMR, IR, stable up to
37 PEHSPB 75 edge 800 515 0.15 DMF, DMSO, UVAs, PL, 230 C [131]
DSC
400 1H 13C
! NMR, IR, 95% at 178 C, [132,
38 PEPB 79 edge 542 0,13 DMF, DMSO, UVAis, PL, 90% at 235 C  188]
800
CV
1H 13C degraded at
NMR, IR, 200 T,
39 PETHPB 86 469 510 0.2. DMF,\’IBMSO’ UV/vis, PL, 31% at800 T [133]
TGA, XRD,  (cross-linking at
CcVv high T)
502, methanol, water, Nll\tllFéLSI(I; 97% at 100 T,
40 PAEPI 71 edge 596 0.11 DMF, DMSO, UVViS ’TG’A 91% at 200 C, [159]
790 DMAc . ' 22% at 700 C
DSC
1H 13C
575, DMF, DMSO, NMR, IR,
41 PBEC 83 476 630 0.18 NMP UVis, PL, n/a [189]
CV
water, methanol,
DMF, DMSO,
N,N-
545 dimethylacetamid Nl|\|;||Rl3|CR:’
42 PEPBS 93 395,533 ! 0.21 e, and organic S n/a [147]
585 ' UV/vis, PL,
acids capable of oV

hydrogen bonding
with the benzoyl
sulfonate anion
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. Inherent
PNo. Code Yield Amax PLmax vis. Solubility Charact. TGA Ref.
(%) (nm) (nm)
(dL/g)
1H 13C under 100 T
. moisture
446, Pyridine, DMF, NMR, IR, o ’
43 PEMBPB 99 edge 750 508 0.21 NMP, DMSO UVAvis, PL, 95% at 162 C, [138]
XRD. CV 90% at 241 C,
' 43% at 700 T
1H 13C under 100 €
300 methanol, NMR, IR, moisture,
44  PETCPC 79 doe700 573 0.21 pyridine, DMF,  UVl/vis, PL, 95% at200 T, [102]
9 NMP, DMSO. TGA, XRD, 82% at220 TC,
CV 29% at 800 €
337 515 water and, I\llﬂRlSl(F:e 97% at 100<C,
45 PEPPI 87 ' ' 583 0.14 DMF, DMSO, Y 95% at 200<C, [143]
edge 700 NMP UV/vis, PL, 2506 at 700 T
) TGA, CV
DMF, DMSO, 1H 13C 98% at 189 T,
460 MeOH, N.N- — NMR, IR, 950, o1 205 ©
46 PENPPB 90 , 519 0.18 dimethylacetam UV/vis, PL, ! [140]
edge 800 ) - . 90% at 219 T,
ide, formic acid, TGA, DSC,
water XRD 25% at 700 €
DMF, DMSO, 1H 13C
300, N, N- NMR, IR,
47 PNFMEPB 92 edge 700 593 0.19 dimethylacetam UV/vis, PL, na [122]
ide CV, XRD
300 water, N1 URI 3I(F:{
48 PBEPC 89 ) 509 0.18 methanol, DMF, A n/a [139]
edge 750 DMSO UV/vis, PL,
XRD, CV
water,
methanol, DMF,
DMSO, N,N-
dimethylacetam 1H 13C
338, ide, or organic NMR, IR,
49 PEPPB 86 edge 650 490 0.14 acids capable  UVlvis, PL, n/a [148]
of hydrogen XRD, CV
bonding with
the propionate
anion
1H 13C 95% at 267 C,
359,464, DMF, DMSO, NMR, IR, 90% at 295 C,
50 PEMPB S edge 750 539 0.15 NMP UV/vis, PL, 80% at 338 T, [135]
TGA, CV  29% at 700 C
387 521 water, pyridine, NlGRl?)ICI; 99% at 160 <C,
51 PEPSPB 83 ed é656 525 0.15 DMF, NMP, uv/ s PI'_ 90% at 200 €, [141]
9 DMSO. TG‘Q oy 41%at700T
water, methyl 99% at 105 C
’ g 1H NMR !
alcohol, formic ' 95% at 267 T,
5o  POYEPT- g, 519, 710 029 acid, DMF,  'RrUVNIS, a0 at302 . [160]
P) edge 700 PL, DSC,
DMSO, TGA. XRD 70% at 342 T,
nitrobenzene ’ 50% at 600 C
1H 13C 95% at 232 C
DMF, DMSO !
512, ’ ’ NMR, IR, 80% at 283 C,
53  PEHPB 65 edgegso MOPL 018 r?]‘ﬁ;‘;r;%l UVAis,  40%at379C  [167]
XRD, TGA 27% at 700 C
1H 13C 95% at 232 T,
512, DMF, DMSO, NMR, IR, 80% at 283 C,
54 PEHP-TPB 56 edge 650 no PL 0.20 acetone UV/vis, 40% at 379 T [167]
XRD, TGA 31% at 700 C
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. Inherent
PNo. Code Yield Amax PLmax vis. Solubility Charact. TGA Ref.
(%) (nm) (nm)
(dL/g)
502, UVAs, PL,
55  PAHEP-TPB n/a edge 750 599 n/a n/a oV n/a [190]
1H 13C
502, DMF, DMSO, NMR, IR,
56 PUEPB 82 goetso 598 017 vt Wivis. L nia [136]
XRD, CV
389, 480, DMF, DMSO, UVAis, PL,
57 PESPB 82 Cgge6zg 511 013 v iy nia [137]
methanol, l\ll|\|;||R13|g 99% at 165 C,
502, pyridine, T 95% at 223 T,
58 PEGPT 52 edge7so 10 015 pOyE NwP, lTngAVIS[')gIc_' 90% at 277 C, 1194
DMSO Gy 22%at700 T
DMF, DMSO,
MeOH, N,N-
515, dimethylaceta IR, UVlvis,
59 PEGPB 91 goeroo 598 025 e v nia [191]
acid, and
water
methanol, 1H 13C 99% at 100 C,
500, pyridine, NMR, IR, 95% at 173 T,
59 PEPBG 82 cdgesoo 7?5 925 pMENMP, Uvnis, PL, 90%at204C, 9%
DMSO TGA,CV  27% at 700 T
1H 13C
499, 516, DMF, DMSO, NMR, IR,
60 PEPBDBM 80 . o0 ggs 015 vt Wivie. L nia [146]
cv
1H 13C
344, 429, DMF, DMSO, NMR, IR,
61 P3EPPI 65 ggesos 534 010 vt Wivis. b nia [144]
CV, EDX
1H 13C
poly(Bep- 389, 259, DMF, DMSO, NMR, IR,
62 TPB) ma  qge7so 620 015 NMP  UVAis, PL, na [168]
XRD, CV
1H 13C
NMR, IR,  99% at 100 T,
63  PEPBPC 75 233':88006 627 0.3 DMF,\'ME/)”'\D"SO' UVAvis, PL, 90% at200 T, [151]
g TGA, CV, 52% at 700 T
XRD
1H 13C
98% at 100 <,
64  PEPEPB 70 382471 554 gqq  DMRANMP, NMR, IR, gg00 5000 € [193]
edge 730 DMSO UV/vis, PL, 6% at 800 C
XRD, TGA
,\}&'F{lﬁg 98% at 100 C,
382, 469, IR 9506 at 200 T,
65  PESEPB 87  odge720 545 013 DMF,DMSO Q\R/gns_l,_ gk, g @ [194]
O 16%at700 T
1H 13C
513 DMF, DMSO, NMR, IR,
66 PEIPI 87 edge800 L. 014 NMP, UVAis, PL, n/a [195]
acetone XRD, CV,
EDS
1H 13C
451, water, DMF,  NMR, IR,
67  PETPPB 89 gias0 518 016 FEEHIMP  Uvive PL nia [196]
cv
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. Inherent
PNo. Code Yield Amax PLmax vis. Solubility  Charact. TGA Ref.
) om)  om) G
410, 490 DMF, Nlul'\}slg
68 PEFPC 81 ’ . 578 0.17 DMSO, Y n/a [102]
edge 750 NMP UVlvis, PL,
CV, XRD
methanol, 1H 13C
327,510, DMF, NMR, IR,
69 PBCEPB 85 edge 800 n/a 0.15 DMSO, UV/vis, n/a [197]
water XRD, CV
methanol, 1H 13C
325, 458, ridine, NMR, IR,
70 PEMMCPB 5 odge 70 512 n/a Df\’AVF’ NMP. UVivs, PL. nia [198]
DMSO XRD, CV
332, 1H 13C
71 PNESPEC 65 edge 584 0.15 D'VI'DFMgOMP' U'\\'/%'i_"s' 'FFfl'_ n/a [199]
700 XRD, CV
1H 13C
300, 513, chloroform, NMR, IR,
2 P2EPF 2 edge 700 550 n/a benzene  UVMis, PL, n/a [200]
XRD
methanol, 1H 13C 95% at 310 C,
73 PPyA-MI 99 n/a n/a n/a DMF, NMR, IR, 60% at 400 € [59]
DMSO TGA 38% at 700 C
water, 1H13C  95% at279 T,
74 PPyA-MBr 97 n/a nla n/a meDtkl\‘AaF”O" NMR, IR, 60% at360 T  [59]
DMSé TGA 38% at 700 €
Cross- Insoluble
75 n/a n/a n/a n/a linked polymer n/a n/a [95]
network
Insoluble
76 PB2EPB 80 470, nla Cross- polymer IR, UVAis, n/a [149]
edge 600 linked network
Cross- Insoluble  13C NMR,
77 EPyNetl 61 700-720 529 linked polymer IR, UV/vis, n/a [145]
network PL, Sget
78 No product n/a n/a n/a n/a n/a n/a n/a [145]
(E%Tgé (ig Cross.  Insoluble  13C NMR,
79 EPyNet3 50 600-750 535 linked polymer IR, UV/vis, n/a [145]
network PL, Sget
EPyNet5) 79)
Cross- Insoluble  13C NM_R,
80 EPyNet6 82 650-750 529 linked polymer IR, UV/vis, n/a [145]
network PL, Sget
Cross- Insoluble 13C NMR,
81 EPyNet7 82 650-750 529 linked polymer IR, UV/vis, n/a [145]
network PL, Sger
Cross- Insoluble  13C NMR,
82 EPyNet8 82 700-720 535 linked polymer IR, UV/vis, n/a [145]
network PL, Sget
Cross- Insoluble 13C NMR,
83 EPyNet9 82 700-720 529 linked polymer IR, UV/vis, n/a [145]
network PL, Sget
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1 INTRODUCTION

Table 2 The results of elemental analysis of polymers megbin the literature. The
results of EA were available only for 23 from 8% weted polymers in the literature.
PNo. — polymer number used in this work; Code — codeaimer in the original
article. lon (X) — the counterion (X of quaternigimgent), or the atom which
corresponds to the degree of quaternization; Inki&l — initial X/N mole ratio in the
reaction feed; C, H, N, X, O — the mass fractiomaspective chemical element (in %);
Total — summation of all mass fractions (in case@alymers 13, 14; 16 and 59 all the
elements were not determined); X/N — degree ofajnaation expressed as X/N mole
ratio calculated from EA; O/N — the mole ratio ofygen to nitrogen; Ref — reference

number; n/a — data not available.

lon Initial

PNo. Code X] SIN C H N X O total XIN O/N  Ref.
1 2 Br 1 64.49 821 493 2268 100.31 0.81 [95]
2 4 Br 1 65.84 8.12 542 20.44 99.82 0.66 [95]
3 6a Br 1 63.29 887 6.18 18.77 97.11  0.53 [95]
4 6b I 1 3895 3.78 572 51.49 99.94  0.99 [95]
7 10 Br 1 56.6 254 348 32.86 95.48 1.65 [95]
10 Vip Br 2 3391 21 5,57 58.19 99.77 1.83 [100]
12 Vilip Cl 1 70.25 482 118 1275 99.62 0.43 [96]
13 8pa S 1 4255 3.9 6.19 n/a 52.64 n/a [104]
14 8pb S 1 39.04 313 512 11.98 59.27 1.02 [104]
16 9p S 1 4353 359 6.63 n/a 53.75 n/a [104]

[126,
24 polymer Br 1 54.01 354 6.03 36.15 99.73  1.05 127,

186]
25 poly(CHEPB) Br 1 712 6.03 3.5 19.27 100.00 0.96 [128]
52  poly(EPT-P) S 1 6495 480 511 10.21 1493 100.00 0.87 256 [160]
59 PEPBG Br 1 52.13 4.10 6.65 n/a 7.20 70.08 n/a 0.95 [191]
77 EPyNetl Br 05 5541 470 6.71 2517 91,99 0.66 [145]
79 EPyNet2 Br 0.25 58.88 4.60 7.67 19.19 90,34 0.44 [145]
79 EPyNet3 Br 0.33 56.29 4.43 7.16 2215 90,03 0.54 [145]
79 EPyNet4 Br 05 5267 445 6.64 2327 87,03 0.61 [145]
79 EPyNet5 Br 1 5118 448 435 29.12 89,13 1.18 [145]
80 EPyNet6 Br 05 5856 444 6.01 22728 91,29 0.64 [145]
81 EPyNet7 Br 05 6334 425 6.90 2050 94,99 0.52 [145]
82 EPyNet8 Br 05 6281 432 6.90 20.12 94,15 0.51 [145]
83 EPyNet9 Br 05 6651 420 6.26 17.94 9491  0.50 [145]
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2 AIMS OF THE THESIS

2 AIMS OF THE THESIS

The Specialty polymers research team at the Depattnof Physical and
Macromolecular Chemistry has been traditionally lidgawith the preparation and
characterization of variety of functional polymeBased on the contemporary projects
(Czech Science Foundation Projects No. 15-0963d3°408/11/1661) focused on the
synthesis, characterization and properties testihgonjugated polyacetylene type
polymers, the basic scopes of presented thesisestablished.

The spontaneous process involving activation oyretlpyridine based monomers
with alky halides, frequently denotes as quatetiomapolymerization (QP), is a
powerful tool for the preparation of ionicconjugated polyacetylene type polymers
containing heteroatom in their structure. The athges of this process (catalyst-free,
tolerant to the ionic groups) and advantages opgnexd materials (solubility in polar
solvents, photoluminescence activity) have beeradiyoreported in the literature.
However, mainly poly(monosubstituted acetylene)sewiavestigated. This is despite
the fact that poly(disubstituted acetylene)s pregpdrom monomers containing internal
ethynyl group generally exhibit better photolumiresce properties and higher thermal
stability compared to the poly(monosubstituted deee)s. Furthermore, the discussion
on the composition and structure of prepared nadtevia this catalyst-free approach is
mostly missing.

Thus, the main aims of presented thesis could bergrized:

= To prepare a series of ionicconjugated poly(monosubstituted acetylene)s

via quaternization polymerization (QP) of 2-ethywidine under various
reaction conditions. In dependence on reaction itiond applied, compare
the composition and configurational structure @utBng materials by means
of elemental analysis, NMR, IR, UV/Nis and photoloascence
spectroscopies. Moreover, to characterize the pedpaaterials in the form of
Ag/polymer nanocomposites by means of Surface erdthiRaman spectra
(SERS) method.

= To synthesize a series of disubstituted monomersseda on
ortho-pyridylacetylene andpara-pyridylacetylene containing one or two

internal ethynyl group(s) and one or two pyridybgp(s).
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2 AIMS OF THE THESIS

To prepare linear ionia-conjugated poly(disubstituted acetylene)s andcioni
n-conjugated polyacetylene type polymer networks thia quaternization
polymerization (QP) of synthesized monomers usingneofunctional or
bifunctional quaternizing agent. To characterizeddpcts by means of
elemental analysis, NMR, IR and MALDI-TOF MS spestopies and
compare their composition and structure with stiecof original monomers
and quaternizing agent applied. To test the thestadility (TGA analysis)
and absorption/emission properties (UV/vis and pluobinescence
spectroscopies). Moreover, to test the solubilitypepared linear polymers
and characterize prepared polymer networks by meagss (N, CO,) and
vapor (ethanol) capture capacity in dependencé@structure.
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3 MATERIALS AND METHODS

3.1 Materials

Chemicals

1,4-Bis(bromomethyl)benzene (1,4-BBrMB) (Sigma-Adti,
bis(triphenylphosphine)palladium(ll)  dichloride [f®Ph).Cl;] (Sigma-Aldrich),
1,2-diphenylacetylene (anhydrous, 99.8%, Sigmaiéidy benzyl bromide (BBr)
(Sigma-Aldrich), bromoethane (EtBr, 98%, Sigma-Addly, 1-bromononane (NoBr,
95%, Sigma-Aldrich), 1-bromohexadecane (cetyl baeniCtBr, 95%, Sigma-Aldrich),
2-bromopyridine (Sigma-Aldrich), 4-bromopyridine ig8a-Aldrich),
1-bromo-4tert-butylbenzene (Sigma-Aldrich), copper(l) iodide (C(Bigma-Aldrich),
1,4-Diethynylbenzene (Sigma-Aldrich, purified bycuam sublimation), 4,4 -dipyridyl
(DIPY) (Across Organics), 2-ethynylpyridine, (2EP98%, Sigma-Aldrich),
4-ethynylpyridine (4EP, TCI Europe), iodoethane I,(E99%, Sigma-Aldrich),
4-iodopyridine  (Across Organics) 1-hexyne (Sigmaadh), phenylacetylene
(Sigma-Aldrich), silver nitrate09%) (Sigma-Aldrich), sodium borohydride (grade for
analysis, Merck), 4ert-butylphenylacetylene (Sigma-Aldrich). All mentiahe

chemicals were used as received.

Solvents

Acetone (Sigma-Aldrich), acetonitrile (AN) (Sigmdehich), diethyl ether
(Lach-ner), dichloromethane (Sigma-Aldrich)N,N-dimethylformamide (DMF)
(anhydrous, 99.8%, Sigma-Aldrich), dimethyl sulixi (DMSO) (Sigma-Aldrich),
ethanol (EtOH) (Sigma-Aldrich), ethyl acetate (Lawr), methanol (MeOH)
(Sigma-Aldrich) hexane (Lach-ner), tetrahydrofur@F) (Sigma-Aldrich distilled
from LiAIH,), triethylamine (Sigma-Aldrich), toluene (Sigmae#ich, distilled from
sodium-benzophenone desiccant), water (distilled).
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3 MATERIALS AND METHODS

Solvents for spectroscopy

N,N-dimethylformamided; (DMF-d;, 99.5 atom% D, Armar chemicals), dimethyl
sulfoxideds (DMSO-ds, 99.5 atom% D, Armar chemicals), chlorofodn(CDCk-d,
99.5 atom% D, Armar chemicals), deuterium oxide(P99,9 atom% D, Cambridge
isotope laboratories), methanol for spectroscopgr@i).

3.2 Methods

Infrared (IR) spectroscopy

All the Fourier transform infrared (FTIR) spectrane measured on a Nicolet Magna
IR 760 using the diffuse reflection mode (DRIFTSymples were diluted with KBr

(128 or more scans at resolution 49m
Nuclear magnetic resonance (NMR) spectroscopy

'H NMR and**C NMR spectra were measured on a VatiaiTY"°V* 400 MHz,
Varian UNITYNOYA 300 MHz or Bruker Biospin Avance 600 MHz spectroeng using
CDCls;-d, DMSO-ds, DMF-d; or D,O as a solvent. Chemical shiftsare reported in
ppm relative to the solvent peak (7.25 pgi)( 77.0 ppm {°C) for CDCk-d, 2.50 ppm
(*H) 39.52 ppm C) for DMSOds, 4.80 ppm H) for D,O and 8.03, 2.92 and
2.75 ppm tH); 163.15, 34.89 and 29.76 ppmc) for DMF-d;. Coupling constantsl,
are given in Hz and they were obtained by the-brsger analysis. COSY experiments
were recorded in absolute value mode using stantl@odpulse sequence. HSQC,

HMQC and HMBC measurements were performed as gradigeriments.

All the °C cross-polarization magic-angle spinning (CP/MAB)IR spectra were
measured using a Bruker Avance Ill HD 500 WB/US NBisectrometer in a double-
resonance 3.2 mm probehead at a spinning frequerzy kHz.

Measured by: Ing. @i Brus (Academy of Sciences of the Czech Repubistjtute of
Macromolecular Chemistry, Heyrovsky sq. 2, Pragli& 162 06)
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3 MATERIALS AND METHODS

Size-exclusion chromatography (SEC) measurement

SEC analyses of polymers were carried out on a T&®matograph (Thermo
Separation Product, Florida, USA) equipped withaRdl UV/vis detectors and a series
of two (Mixed C and Mixed E) PL-gel columns (Polymeaboratories-Agilent
technologies, UK). Dimethylformamide (DMF with atddn of 2 mol% of LiCl, flow
rate 0.7 ml mift) was used as the eluent and the column systemcalésated with
PMMA standards. Apparent values of weight-averagetar massesyl,,, are reported
relative to PMMA calibration.

Absorption spectroscopy (UV/vis)

UV/vis absorption spectra were measured using Heldekard 4452 diode-array
and Shimadzu UV-2401PC spectrophotometer in methorospectroscopy using

quartz 10 mm optical path cuvette.

Diffuse reflectance spectra (DR UV/vis) of the dofiroducts (polymer networks)
were recorded on a Shimadzu UV-2401PC spectromusiag an integration sphere
assembly. The polymers were diluted with BgS@O'10, w/w) before measurements

were carried out.

Emission spectroscopy (Photoluminescence, PL)

Photoluminescence emission spectra of soluble smmplere measured using a
Horiba Jobin Yvon Fluorolog 3 with excitation wagegth of 260, 350 and 420 nm in
methanol for spectroscopy in quartz 10 mm optiedh guvette.

Photoluminescence emission spectra of the solighpsis were measured using a
Horiba Jobin Yvon Fluorolog 3 instrument using didsstate holder and excitation
wavelength 378 nm or 470 nm. Excitation pulse laede Horriba either 378 nm or
470 nm was used also for the measurement of floere® decays. Photos of polymer
networks emitting in visible region were taken witikon D300 digital camera using
Micro-Nikkor 55mm /3.5 lens in a solid-state halae Horiba Jobin Yvon Fluorolog 3

spectrometer.
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3 MATERIALS AND METHODS

Thermogravimetric analysis (TGA)

TGA of polymers was performed using SETSYS EvoltidGA, Setaram
Instrumentation, in Natmosphere. TGA measurement procedure: at fishpke was
heated to 100 °C with a step of 10 °C miand dried for 1 hour (at 100 °C), then the
sample was cooled down to 25 °C and heated to 8agith a step of 10 °C mih
Measured by: Kamila Langerova, Department of InoigaChemistry, Faculty of

Science, Charles University in Prague, Hlavova 283Prague, CZ 128 43
Elemental analyses (EA)

Measured by: Zuzana KalalovA Academy of Scienceghef Czech Republic,

Institute of Macromolecular Chemistry, Heyrovsky 2gPrague, CZ 162 06
Raman spectroscopy and Surface Enhanced Raman Saaing (SERS)

The preparation of Ag hydrosol

A hydrosol of Ag-NPs stabilized with borate anionas prepared by reduction of
AgNO; with NaBH, adopting the standard procedure described in[26fd. An
aqueous solution of NaBH10.5 mg) in deionized water (225 ml) was coolegvd in
the dark to temperature ~°6 and an aqueous solution of AgN@.2 x 10° M, 27 ml)
cooled to ~5°C was dropwise added under vigostingng. Resulting mixture was
stirred in the dark for 45 min and then warmed apthe room temperature. The
obtained bright yellow hydrosol of silver nanopaes (Ag-NPs) showed the surface
plasmon extinction (SPE) band at 395 nm.

Preparation of Ag-NPs/PEP-RX systems

Colloidal system Ag-NPs/sPEP-CtBr was chosen asemgystem for optimization of
Ag-NPs/PEP-RX mole ratio for SERS spectroscopy mmemsent of others
Ag-NPs/PEP-RX. Various polymer (SPEP-CtBr) to AgsNfatios were prepared by a
stepwise addition of 20l of a polymer solution in DMSO into Ag hydrosol if@). The
final concentration of sSPEP-CtBc,) in the system varied from ca 5 x3M to ca
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1x10*M (in mol of monomeric unites per din Changes in prepared colloidal
solutions were monitored by the UV/vis spectroscdfhye aggregation of the prepared
systems was observed as red-broadening of the ptasgsonance band of Ag-NPs (the
solution color changes from yellow to green if @g@@gation occurs). Bulk systems of
Ag-NPs/PEP-RX for SERS spectroscopy were obtairyeevaporation of a drop of the

aggregated system onto a microscopic glass slide.

SERS spectra of hydrosols of Ag-NPs/PEP-RX comeaosjistems were recorded
with a multichannel Raman spectrometer equippeld witmonochromator Jobin-Yvon-
Spex 270M (1600 g mth grating) and liquid Btcooled CCD detector Princeton
Instruments (100 x 1340 pixels) in a right anglatsring geometry. Elimination of
Rayleigh scattered light was provided by holograptotch-plus filter (Kaiser) located
in front of the monochromator input slit. Excitatidines 488 nm and 514 nm (argon
laser Innova 300, 250 mW) were used.

SERS spectra of bulk Ag-NPs/PEP-RX composite systdeposited on a glass
substrate were recorded on a DXR Raman microscdparo Scientific) interfaced to
an Olympus microscope. The 445 nm (diode lased,rs8 (diode pumped solid state
laser) and 633 nm (He-Ne laser) excitation linesewgsed. The laser power ranged
from 0.1 to 0.5 mW. Full range gratings were udedrfiore details see rgR201]).
Measured by: Mgr. Libor Slany, RNDr. lvana Sloufd¥a.D., author

Matrix-assisted laser desorption/ionization — timeaf-flight mass spectrometry
(MALDI-TOF MS)

The samples for MALDI-TOF MS were prepared by theéed droplet method:
solutions of sample (10 mg m) and of DCTB
(trans-2-[3-(4-t-butyl-phenyl)-2-methyl-2-propergdine]malonitrile (10 mg rmt) as a
matrix in methanol were mixed in the volume ratid® 1 pl of the mixture was deposit
on the ground-steel target plate. Drop was driednaltient atmosphere. MALDI-TOF
MS analysis was performed with an Ultrafl eXtreniruker Daltonics, Bremen,
Germany) in the positive ion reflectron mode. Theddra were the sum of 30 000 shots
with a diode-pumped solid-state laser (DPSS), NA&GYlaser (355 nm, 1000 Hz).

Delayed extraction and external calibration wasluse
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Measured by: Ing. Zuzana Walterova (Academy of i18me of the Czech Republic,
Institute of Macromolecular Chemistry, Heyrovsky 2gPrague, CZ 162 06)

Gas and vapor sorption

Nitrogen adsorption on the polymer networks wasemieined at 77 K using a
Gemini Il surface area analyzer (Micromeritics).eTéamples for adsorption analysis
were prepared using a FlowPrep 060 degasser. Tgessiaeg procedure was performed
at 383 K for 8 hours in flowing helium. Adsorptidesorption isotherms of carbon
dioxide were recorded at 293 K using an ASAP 20Rfcromeritics) volumetric
instrument. The samples were degassed at 383 I8 fmurs under a turbomolecular
vacuum pump. Since adsorption isotherms of GO organic polymers can depend on
the time allotted to the adsorption measuremert][aD of the isotherms were recorded
using the same equilibration time interval of 5tee( equilibration time interval
represents the time between successive pressulangsaduring equilibration). The
temperature of the sample was maintained with asuracy of £0.01 K using an
IsoTherm thermostat (e-Lab Services, Czech Republithanol vapors adsorption
measurements were performed at 293 K with an ASAR0 Anstrument. In order to
measure isotherms of vapors of liquid ethanol,inBeument was equipped with vapor
accessory kit. Before adsorption experiments, p&ssicontaminants such as
atmospheric gases or traces of moisture were retnéeen liquid adsorptives. The
samples were degassed according to procedure divepaper.[203] Adsorption
isotherms of ethanol vapors were recorded usingileation time interval of 5s. The
temperature of the sample was maintained with asuracy of £0.01 K using an
IsoTherm thermostat (e-Lab Services, Czech Republic
Measured by: Ing. Arnost Zukal (Academy of Scienoésthe Czech Republic, J.
Heyrovsky Institute of Physical Chemistry, Dolejskd, Prague, CZ 182 23)
Interpreted by: author, Ing. Arnost Zukal, Doc. Smdl&ek
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3.3 Synthesis of monomers

General procedure

Synthesis of monomers was performed as a Sonogastoss-coupling ofeactant
A (typically aromatic halogen bearing derivativefdaaactant B (triple bond bearing
derivative). [Pd(PP).Cl;] (5 mol%) was used as a catalyst, Cul (5 mol%) used as
a cocatalyst. Appropriate amounts of reagents \p&eed into the Schlenk flask and
diluted with solvent which act also as a base. The air was removedthey
vacuum/argon cycles and the reaction was stirretbiuAr atmosphere at appropriate
temperature. Reaction course was monitored by thin layer clatography (TLC — on
TLC Silicagelzsanm) sheets Merck, using the mixture of hexane andlatbyate as a
mobile phase, UV detection of products was usedlliitases) After the appropriate
time was reaction mixture cooled down and solvent weperated off on vacuum
rotary evaporator. In some cases, the reaction wm® prolonged to achieve higher
conversion (actual conversion was roughly estiméteh TLC). Residual solid phase
was diluted in diethyl ether and filtered on alueiand concentrated. The desired
product was obtained after purification by chrongaaphy on silica gel using
appropriatemobile phase. The vyield of purified product was determined bye th

gravimetry.

Characterization of prepared monomers

2-(1-Hexynyl)pyridine (2PH)

Reactant A: 2-bromopyridine (1.6 g, 10.1 mmol); ctaat B: 1-hexyne (0.8 g,
10.1 mmol); solvent: triethylamine (9 ml); tempewrat 50 °C; time: 24 hours. The
desired product (1150 mg, yield = 76%) was obtaimsda yellowish liquid after
purification by chromatography on silica gel wittetthyl ether/hexane (5:3) as a mobile

phase.
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3 MATERIALS AND METHODS

'H NMR [300 MHz, DMSO#ds, & (ppm)]: 8.51 (dJ = 4.9 Hz, 1H); 7.75 (dt,J = 7.7,
1.8 Hz, 1H); 7.44 (d,J=7.8 Hz, 1H); 7.32 (dg,J= 7.0, 1.0 Hz, 1B); 2.44 (i,
J=7.0 Hz, 2H) ; 1.58-1.37 (m, 4K"'Y: 0.91 (t,J = 7.2 Hz, 3H?).

13C NMR [300 MHz, DMSOds, & (ppm)]: 149.8 € 142.9 & 136.5 ¢; 126.8 C;
122.8 C; 90.4 C; 80.8 &, 29.9 C% 21.4 C% 18.0 C; 13.4 C2

IR [DRIFT, KBr, v (cm™)]: 3050 (w), 2958 (s), 2933 (s), 2872 (m), 2230 @=C),
1583 (s), 1561 (s), 1464 (s), 1427 (s), 1328 (12$81(m), 1149 (m), 1091 (w), 988 (m),
779 (s), 740 (m), 629 (m), 403 (m).

The spectra of monomerSHNMR, *°C NMR, IR) were in good agreement with the

spectra of respective compounds available in teealiure.[204]

4-(1-Hexynyl)pyridine (4PH)

Reactant A: 4-bromopyridine (1.0 g, 6.3 mmol); teat B: 1-hexyne (0.5 g,
6.4 mmol); solvent: triethylamine/toluene (12/6 m@mperature: 50 °C; time: 48 hours.
The desired product (463 mg, yield = 56%) was oledias a brownish liquid after

purification by chromatography on silica gel witlnd acetate as a mobile phase.

2 3
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10
'H NMR [300 MHz, DMSO#, & (ppm)]: 8.52 (d,) = 6.1 Hz, 2H); 7.35 (d,J = 6.1 Hz,
2H%); 2.47 (t,J = 7.0 Hz, 2H); 1.60-1.35 (m, 48%; 0.91 (t,J = 7.2 Hz, 3HY).

13C NMR [300 MHz, DMSOds, & (ppm)]: 149.8 G 131.2 G; 125.5 ¢&; 96.0 C; 78.4
Cc%29.9¢ 21.4¢C;183C;13.4C"

IR [DRIFT, KBr, v (cm®)]: 2958 (m), 2933 (m), 2872 (m), 2234 (W=C), 1593 (s),
1539 (w), 1488 (W), 1466 (w), 1406 (W), 1213 (W9qw), 821 (s), 695 (W), 550 (w).
The spectra of monomerSHNMR, °C NMR, IR) were in good agreement with the

spectra of respective compounds available in teealiure.[205]

2-(Phenylethynyl)pyridine (2PP)

Reactant A: 2-bromopyridine (1.0 g, 6.3 mmol); teat B: phenylacetylene
(0.65 mg, 6.3 mmol); solvent: triethylamine/tolue(2/10 ml); temperature: 50 °C;
time: 48 hours. The desired product (890 mg, yeK9%) was obtained as a
yellouwish solid purification by chromatography sitica gel with hexane/ethyl acetate

(2:1) as a mobile phase.
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3 MATERIALS AND METHODS

4 3 10 111
'H NMR [300 MHz, DMSOdg, & (ppm)]: 8.60 (d,J = 4.7 Hz, 1H); 7.86 (dt,J = 7.7,
1.8 Hz, 1H); 7.68-7.58 (m, 3R19), 7.49-7.44 (m, 3B11Y), 7.42 (ddd) = 7.7, 4.9,
1.2 Hz, 1H.
13C NMR [300 MHz, DMSO#ds, § (ppm)]: 150.2 & 1422 &; 136.8 ¢; 131.6 C°
129.4 G; 128.9 G+ 127.3 C; 123.5C% 121.4 C; 88.9 C; 88.3 C.
IR [DRIFT, KBr, v (cm™)]: 3055 (w), 3003 (w), 2221 (m,=C), 1598 (m), 1580 (s),
1561 (m), 1491 (s), 1462 (s), 1427 (s), 1282 (MB3L(w), 1155 (m), 1089 (w), 1070
(W), 987 (m), 916 (W), 777 (s), 757 (s), 737 (M99§s), 630 (W), 555 (m), 400 (m).
The spectra of monomerSHNMR, **C NMR, IR) were in good agreement with the

spectra of respective compounds available in teealiure.[206]

4-(Phenylethynyl)pyridine (4PP)

Reactant A: 4-iodopyridine (500 mg, 2.4 mmol); teat B: phenylacetylene
(250 mg, 2.4 mmol); solvent: triethylamine/tolue(®2/10 ml); temperature: 70 °C;
time: 24 hours. The desired product (362 mg, y*e88%) was obtained as a yellowish
solid after purification by chromatography on sligel with ethyl acetate as a mobile

phase.
2 8 9
5 7
— 10
ANV
2 3 8 9

'H NMR [300 MHz, DMSO#d, & (ppm)]: 8.64 (s, 2B; 7.64-7.59 (m, 28); 7.53 (d,
J=6.0 Hz 2H); 7.50-7.42 (m, 3&19).

13C NMR [300 MHz, DMSOds, & (ppm)]: 149.9 & 131.7 &; 130.1 &; 129.7 C;
128.9 C; 125.4 &; 121.2 €% 93.5 C; 86.7 C.

IR [DRIFT, KBr, v (cmiY)]: 3074 (w), 3060 (m), 3023 (w), 2223 (m=C), 1600 (m),
1589 (s), 1538 (m), 1492 (m), 1441 (m), 1412 (&L6L(m), 1070 (m), 1025 (m), 988
(m), 923 (m), 854 (m), 828 (s), 759 (s), 692 (D1 ).

The spectra of monomerSHNMR, **C NMR, IR) were in good agreement with the
spectra of respective compounds available in teealiure.[206]
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3 MATERIALS AND METHODS

2-(4-Tert-butylphenylethynyl)pyridine (2PT)

Reactant A: 2-bromopyridine (2.0g, 6.4 mmol); taat B:
4-tert-butylphenylacetylene (1.0 g, 6.4 mmol); solz triethylamine/toluene (8/6 ml);
temperature: 50 °C; time: 24 hours. The desiredyb (956 mg, yield = 66%) was
obtained as a brownish solid after purification dhyomatography on silica gel with

hexane as a mobile phase.
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'H NMR [300 MHz, DMSOdg, & (ppm)]: 8.64 (dJ = 7.5 Hz, 1H); 7.58 (dt,J = 7.7,
1.9 Hz, 1H); 7.61 (d,J = 7.7 Hz 1H); 7.54 (d,J = 8.5 Hz, 2R%; 7.47 (d,J = 8.5, Hz,
2H™), 7.41 (dgJ = 4.9, 1.3 Hz, 18); 1.29 (s, 9H).

13C NMR [300 MHz, DMSOds, § (ppm)]: 152.2 ¢% 150.1 &; 142.4 & 136.7 &
131.5 C% 127.2 &, 126.7 €% 123.4 C; 118.4 C; 88.5 C; 88.4 &, 34.6 C* 30.8 C*.

IR [DRIFT, KBr, v (cm®)]: 3052 (w), 2960 (m), 2865 (m), 2224 (m=C), 1580 (s),
1561 (m), 1507 (m), 1462 (s), 1427 (s), 1363 (n2)8L(m), 1107 (m), 1015 (m), 844
(s), 828 (s), 781 (s), 741 (m), 625 (m), 565 (4), &m).

The spectra of monomerSHNMR, **C NMR, IR) were in good agreement with the

spectra of respective compounds available in teealiure.[207]

4-(4-Tert-butylphenylethynyl)pyridine (4PT)
Reactant A: 4-ethynylpyridine (0.5¢, 4.8 mmol); actant B:
1-bromo-4-tert-butylbenzene (1.0 g, 4.8 mmol); ealv triethylamine/toluene (8/6 ml);
temperature: 50 °C; time: 24 hours. The desirediyxd (844 mg, yield = 74%) was
obtained as a white solid after purification byarhatography on silica gel with ethyl

acetate as a mobile phase.

2 3 g g9 12

4 6 10 [11
=
2 3

8 9 12
'H NMR [300 MHz, DMSOds, & (ppm)]: 8.65 (s, 28); 7.57-7.45 (m, 68%9; 1.29 (s,
9H™).
3C NMR [300 MHz, DMSOdg, & (ppm)]: 152.5 ¢% 149.9 &; 131.5 &; 130.3 &;
126.7 C; 125.7 C; 118.3 G; 93.7 C; 86.2 &; 34.7 C*; 30.8 C2
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3 MATERIALS AND METHODS

IR [DRIFT, KBr, v (cm™)]: 3034 (w), 2963 (s), 2868 (m), 2221 (m=C), 1589 (s),
1507 (m), 1402 (s), 1364 (m), 1268 (m), 1104 (n8P 9w), 836 (s), 822 (s), 566 (M),
548 (m).

To the best of our knowledge, the monomer 4PT wasreported in the literature

before the completing this work.

1,2-Bis(2-pyridyl)acetylene (2PM)
Reactant A: 2-bromopyridine (1.6 g, 10.1 mmol);ctaeat B: 2-ethynylpyrdine (1.1 g,
10.1 mmol); solvent: triethylamine (9 ml); tempewrat 50 °C; time: 24 hours. The
desired product (922 mg, yield = 48%) was obtaireesd a yellowish solid after

purification by chromatography on silica gel witietthyl ether as a mobile phase.

°—N ] B
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'H NMR [300 MHz, DMSO¢s, & (ppm)]: 8.63 (d,J = 4.8 Hz, 2H); 7.88 (dt,J = 7.7,

1.7 Hz, 2H); 7.71 (d,J = 7.7 Hz, 2H); 7.45 (dgJ = 4.9, 1.0 Hz, 2B).

3C NMR [300 MHz, DMSOds, & (ppm)]: 150.3 € 1415 & 136.9 &; 127.7 C;
124.1 C; 87.5C.

IR [DRIFT, KBr, v (cmiY)]: 3076 (m), 3044 (m), 3003 (m), 2326 (w), 2230 @C),
1954 (w), 1579 (s), 1559 (s), 1470 (s), 1425 (8)161(m), 1280 (m), 1148 (m), 1090
(m), 989 (s), 917 (m), 802 (s), 775 (s), 738 (& @m), 575 (M), 520 (m).

Raman spectra[iexc: 780 nmp (cmb)]: 3052 (w), 2230 (s, €C), 2176 (w), 1579
(m), 1560 (w), 1459 (w), 1426 (w), 1288 (w), 1180)( 1046 (w), 989 (m), 549 (w),
368 (W).

The spectra of monomerSHNMR, **C NMR, IR) were in good agreement with the

spectra of respective compounds available in teealiure.[208]

1,2-Bis(4-pyridyl)acetylene (4PM)
Reactant A: 4-iodopyridine (800 mg, 3.9 mmol); teat B: 4-ethynylpyrdine (400 mg,
3.9 mmol); solvent: triethylamine/toluene (12/6 n@mperature: 90 °C; time: 48 hours.
The desired product (440 mg, yield =63%) was ole@i as a white solid after

purification by chromatography on silica gel witlhyd acetate as a mobile phase.
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2 3 3 2
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'H NMR [300 MHz, DMSOds, & (ppm)]: 8.68 (ddJ=4.5, 1.7 Hz, 48; 7.59 (dd,
J=45, 1.7 Hz, 4B).

13C NMR [300 MHz, DMSOdg, § (ppm)]: 150.0 & 129.0 &; 125.5 G; 90.4 C.

IR [DRIFT, KBr, v (cniY)]: 3074 (m), 3034 (m), 2979 (m), 2892 (w), 2162),(1044
(w), 1701 (w), 1595 (m), 1541 (m), 1523 (m), 1569,(1413 (s), 1217 (m), 1117 (m),
1088 (m), 994 (m), 857 (s), 827 (s), 736 (M), 553%29 (s), 516 (M).

Raman spectra[iexc: 780 nmp (cnmi)]: 2229 (s, &C), 2165 (w), 1595 (m), 1494
(w), 1155 (m), 994 (m), 670 (w), 555 (w).

The spectra of monomerSHNMR, **C NMR, IR) were in good agreement with the

spectra of respective compounds available in teealiure.[209]

1,4-Bis[(2-pyridyl)ethynyl]lbenzene (2PD)
Reactant A: 2-bromopyridine (1.0 g, 6.2 mmol); taat B: 1,4-diethynylbenzene
(400 mg, 3.1 mmol); solvent: triethylamine/tolugp&0 ml); temperature: 50 °C; time:
24 hours. The desired product (620 mg, yield = 69%8 obtained as a yellowish solid
after purification by chromatography on silica gath ethyl acetate as a mobile phase.

10 10

4 3 10 10 3 4

'H NMR [300 MHz, DMSO¢s, & (ppm)]: 8.63 (d,) = 4.1 Hz, 219); 7.88 (dtJ = 7.7,

1.8 Hz, 2H); 7.69 (s, 6 ¥f); 7.67 (dJ= 7.7 Hz, 2H); 7.44 (dqJ = 7.7, 1.8 Hz, 2 B).

3C NMR [300 MHz, DMSO#ds, 5 (ppm)]: 150.2 & 142.0 &; 136.9 C; 132.0 C%

127.5 CG; 123.8 C; 122.2 &; 91.0 &; 87.6 C.

IR [DRIFT, KBr, v (cm)]: 3049 (w), 2220 (m, €C), 1910 (w), 1585 (m), 1575 (s),
1485 (s), 1459 (m), 1425 (m), 1394 (m), 1069 (n@OL (m), 822 (m), 775 (m), 735
(m), 515 (m).

The spectra of monomerSHNMR, **C NMR, IR) were in good agreement with the

spectra of respective compounds available in teealiure.[210]
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1,4-Bis[(4-pyridyl)ethynyl]lbenzene (4PD)
Reactant A:. 4-iodopyridine (1.0g, 4.8 mmol); reatt B: 1,4-diethynylbenzene
(307 mg, 2.4 mmol); solvent: triethylamine/tolug@/6 ml); temperature: 50 °C; time:
48 hours. The desired product (480 mg, yield = 72%8 obtained as a yellowish solid

after purification by chromatography on silica gath ethyl acetate as a mobile phase.

'H NMR [300 MHz, DMSOdg, & (ppm)]: 8.65 (dd) = 4.5. 1.7 Hz, 4B); 7.70 (s, 419);
7.55 (ddJ = 4.5 1.7 Hz, 48).

13C NMR [300 MHz, DMSOds, & (ppm)]: 150.0 € 132.1 &, 129.8 ¢, 125.4 G,
122.2C,92.7 ¢, 889 C.

IR [DRIFT, KBr, v (cmi)]: 3038 (w), 2223 (w, EC), 1589 (s), 1512 (w), 1405 (m),
1214 (w), 988 (w), 848 (m), 820 (s), 626 (M), 589.(

The spectra of monomerSHNMR, °C NMR, IR) were in good agreement with the

spectra of respective compounds available in teealiure.[210]

A series of reference quaternization reactions peaformed with the aim to support
the discussion on quaternization polymerization. sAgrting compounds were used
purchase materials. Since the spectral charactienzaf these materials is mostly

missing, here, we provide the basic NMR characéon of purchased compounds

2-Ethynylpyridine (2EP) (Sigma-Aldrich)

6

. 7

4 3
'H NMR [300 MHz, DMSOdg, & (ppm)]: 8.56 (dJ = 4.7 Hz, 1H); 7.81 (dtJ = 7.7,
1.7 Hz, 1H); 7.56 (d,J = 7.9 Hz, 1H); 7.41 (dgJ = 4.7, 1.0 Hz, 1B); 4.32 (s, 1H).
13C NMR [300 MHz, DMSO¢ds, § (ppm)]: 150.0 € 141.7 & 136.8 &; 127.4 C;

123.8 &: 83.0 ¢ 80.0 C.
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4-Ethynylpyridine (4EP) (TCI Europe)

'H NMR [300 MHz, DMSO#ds, & (ppm)]: 8.60 (ddJ=4.5, 1.7 Hz, 2B; 7.45 (dd,
J=45,1.7 Hz, 28); 4.61 (s, 18).

13C NMR [300 MHz, DMSOds, & (ppm)]: 149.9 & 129.6 ¢; 125.8 C; 85.5 ¢; 80.9
o

1,4-Dipyridyl (DIPY) (Across Organics)

2_3 3_2

4

N7\

2 3 3 2

'H NMR [300 MHz, DMSOdg, & (ppm)]: 8.73 (ddJ=4.5, 1.7 Hz, 48; 7.83 (dd,
J=45,1.7 Hz, 4B).

13C NMR [300 MHz, DMSO#ds, 5 (ppm)]: 150.6 & 144.3 ¢; 121.3 C.

Benzyl bromide (BBr) (Sigma-Aldrich)

'H NMR [300 MHz, DMSO#ds, & (ppm)]: 7.48-7.28 (m, 5¢#f9; 4.70 (s, 2H).
13C NMR [300 MHz, DMSO¢s, 5 (ppm)]: 138.5 & 129.7 &; 129.1 C; 128.8 C; 34.9
C.

1,4-Bis(bromomethyl)benzene (1,4-BBrMB) (Sigma-Aldch)

2 2
1

Br

3
1 3

Br s o

'H NMR [300 MHz, DMSO¢s, 5 (ppm)]: 7.43 (s4H?); 4.70 (s4H)).
13C NMR [300 MHz, DMSOds, 5 (ppm)]: 138. &; 129.6 &; 34.0 C
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3.4 Quaternization polymerizations

3.4.1 Quaternization polymerizations of 2-ethynylpyridine activated

with a series of various alkyl halides

Quaternization polymerizations performed in acetonirile solution.

Appropriate amount of 2EP (10 mmol) and equimotanant of quaternizing agent
RX (10 mmol) were mixed in acetonitrile (AN) (6 miinder Ar atmosphere in the
thick-wall glass ampoule. Ampoule was carefully lsdaand placed into the
thermostatic bath. Temperature was set to 60 °@ctiten mixture change color from
light yellow to dark brown. After 10 days, reactiomxture was withdrawn from the
thermostatic bath, cooled down and carefully opeRsghction mixture was immersed
with diethyl ether to precipitate the resulting yuokr. A brown powder of formed
polymer was decanted, washed five times with fdisthyl ether (5 x 40 ml) and dried
in vacuum at room temperature for two or more daysonstant weight. Polymer yield
was determined by gravimetry. Polymers preparedrdarg to this procedure were
labeled asPEP-RX

Quaternization polymerizations performed in bulk.

Appropriate amount of 2EP (10 mmol) was introduttethe glass ampoule together
with equimolar amount of quaternizing agent RX (dol). The ampoule was flushed
with Ar and carefully sealed, then placed into thermostatic bath set to 60 °C. The
ampoule was withdrawn from the thermostatic bateratO days, cooled down and
carefully opened. Polymers prepared with EtBr anidvere dissolved in 25 ml of
methanol and precipitated with the excess of clidono (65 ml). Vials with the
polymer with excess of chloroform were left ovetigt -18 °C to achieve maximal
polymer precipitation. Polymers prepared with theBNand CeBr were dissolved in
methanol (25 ml) and precipitated with excess ofew#65 ml) and left overnight at
4°C. The precipitate was always filtered off andsted with the excess of the
appropriate cold solvent (chloroform/water, 25/2%. he precipitation procedure was

three times repeated for polymer purification. Rudys were isolated by the simple

82
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filtration as brown powder and dried in reducedsptged to constant weight. Polymer
yields were determined by gravimetry. Polymers are@ according to this procedure
were labeled asPEP-RX.

3.4.2 Quaternization polymerizations activated with benzybromide

Monomers 2EP, 4EP, 2PH, 4PH, 2PP, 4PP, 2PT, 4PN, 2PM, 2PD, and 4PD
were polymerized via activation with benzyl brom{@8r) as a quaternizing agent. In a
typical experiment, a monomer (200 mg) and twooarr fequivalents of BBr (Br/N = 2)
were mixed in 1.5 mL of DMF under Ar atmosphereairthick-wall glass ampoule.
Ampoule was sealed and reaction mixture was stifoe® hours at 100 °C, then the
ampoule was placed into the thermostated own at’@O0Reaction mixture changes
color from light yellow to dark brown or black. A&ft 10 days, the reaction mixture was
cooled down, diluted with methanol (2 ml), and mmlrinto diethyl ether (30 ml).
Precipitated polymer was separated and washeddmgthyl ether (3 x 30 ml). Finally,
solid polymer was dried in vacuum at 60 °C for Lithand then in vacuum for 48 hours
at room temperature to constant weight. Polymegpared according to this procedure

were labeled agoly(monomer).

3.4.3 Quaternization polymerizations activated with

1,4-bis(bromomethyl)benzene

Monomers 2PM, 4PM, 2PD, and 4PD were polymerized &ctivation with
1,4-bis(bromomethyl)benzene (1,4-BBrMB) as a quetérg agent. In a typical
experiment, a monomer (200 mg) and equimolar amofirt,4-BBrMB (Br/N = 1)
were mixed in 1.5 ml DMF under Ar atmosphere inh&ck-wall glass ampoule.
Ampoule was flushed with argon, sealed and thetimaanixture was stirred for
2 hours at 100 °C, then the ampoule was placed th& thermostated oven at
temperature of 100 °C. Reaction mixture changearctiom light yellow to dark
brown. After 10 days reaction mixture was cooledwdo Formed product was
transferred into methanol (30 ml) and stirred fom3in. Then, the solid was filtered off
and repeatedly washed with methanol. Finally, imsl& solid product was dried under

vacuum at temperature of 60 °C for 1 hour and thedrer vacuum at room temperature
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to constant weight. Polymer networks prepared ategrto this procedure were labeled

asnet(monomer).

3.5 Results of elemental analysis

Table 1 Results of elemental analysis of prepared maserial

Wt. %

Sample Code c H N Br |
sPEP-EtBr 57.62 4.96 8.31 21.74
sPEP-Etl 50.73 414 6.97 33.36
sPEP-NoBr 64.41 6.85 7.20 17.27
sPEP-CtBr 68.10 8.21 6.7 15.58
bPEP-EtBr 54.61 4.87 8.21 23.91
bPEP-Etl 48.47 4.30 6.99 38.90
bPEP-NoBr 64.94 6.81 7.20 16.73
bPEP-CtBr 67.97 7.86 5.93 15.80
Poly(2PH) 61,63 5,92 5,06 25,76
Poly(4PH 60,75 5,55 4,16 27,32
Poly(2PP) 64,63 4,48 4,47 27,31
Poly(4PP) 62,46 4,61 3,73 26,84
Poly(2PT) 65,40 6,21 4,65 22,67
Poly(4PT) 64,46 5,59 3,70 25,46
Poly(2PM) 57.30 4.40 6.81 29.49
Poly(4PM) 65.69 4.30 9.89 15.31
Poly(2PD) 56.91 3.75 4.95 27.71
Poly(4PD) 70.11 3.81 6.48 12.76
Net(2PM) 53.55 3.57 7,03 29,44
Net(4PM) 48.58 3.74 6,08 35,64
Net(2PD) 59.415 3.47 4,87 28,91
Net(4PD) 55.98 3.53 4,37 30,04

BBr-DIPY-BBr 57.84 4.14 5.55 33.34

Poly(DIPY-alt-1,4-BBrMB) 48.33 2.91 6.62 31.33

Poly(2PM)-B 57,49 4,77 6,71 26,26

Poly(2PM)-C 59,81 4,41 8,23 23,83

Poly(2PM)-D 54,60 5,27 6,00 30,25

Net(2PM)-B 48,05 4,01 6,50 25,41
Net(2PD)-B 56,56 3,77 4,64 28,76
Poly(2EP) 62,03 4,98 5,95 24,83
Poly(4EP) 60,20 5,03 4,95 25,30

The complete characterization of all products isvjgted in the sectiod RESULTS
AND DISCUSSION
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4 RESULTS AND DISCUSSION

Presented doctoral thesis deals with the quatdroizg@olymerizations of various
monomers comprising in their structure ethynyl gr@) and pyridyl group(s) into
monosubstituted and disubstituted ionic lineaitonjugated polyacetylene type
polymers and ionict-conjugated polyacetylene type polymer networksis T$tudy
involved synthesis of 10 monomers and over 60 quiiion polymerizations
accompanied with the full characterization and itedastudy of properties and testing
of prepared materials. The major part of results wammarized in three research
articles published in the impacted journals. Howetee present thesis also contains

unpublished results.

4.1 The structure and composition of monosubstituted inic
polyacetylene type polymers prepared via quaternizeon

polymerization of 2-ethynylpyridine

Results of this section are summarized in thelartic

Faukner, T. Slany, L., Sloufova, l., Vohlidal, J., & Zednil,; II-conjugated

Polyelectrolytes Derived from 2-Ethynylpyridine: &hEffect of Quaternization
Agent and Reaction Conditions on the Polymer Stingcand SERS Characterization
of Nanocomposites with Ag-Nanoparticlédacromolecular Resear¢l2016 24(5),
441-449. doi:10.1007/s13233-016-40620

labeled af\1 in Attachments.

This section is focused on the study of structund aomposition and detailed
characterization of ioniai-conjugated monosubstituted polyacetylene type madte
prepared via quaternization polymerization. Siree Blumstein presented this method
as a powerful tool for the preparation of ionicyaaetylene type polymers, a number of
quaternization polymerizations were reported in literature. However, only a few
articles comprise detailed study of QP and theuerfte of the reaction conditions on
the formed products. The dependence of the polyredd on the solvent used or
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temperature applied was reported in the literagseeINTRODUCTION, however, the
discussion on the polymer structure and composisianostly missing.

Since the QP is complex system and many factoextafithe resulting product, the
selection of polymerization conditions was an intaotr aspect influencing polymer
properties. The selection of the reaction condgiapplied in this study was based on
reaction conditions presented by Blumstein et &100] As a starting monomer was
selected 2-ethynylpyridine (2EP), which was the nfieejuently used monomer for the
QP reported in the literature.

The main tasks of this section can be summarized:

(1) The preparation of ionic polymers via QP of 2-eiggridine (2EP)
activated with various QA performed in solution a®ll in bulk (see
Scheme ) and characterization of prepared polymers by mehrlemental
analysisH NMR, IR, UV/vis and photoluminescence spectrosesp

(i) In dependence on the reaction conditions (solubiobulk polymerization)
and QA applied to compare the degree of quateroizaind configurational
structure of prepared materials.

(i)  The preparation of Ag/polymer nanoparticles whicHlova the

characterization of prepared polymers by means @m& SERS

spectroscopy.
| | acetonitrile
solution
X-R >
N7 + or
| bulk
AN
2EP PEP-RX

Scheme 1 Scheme of quaternization polymerization of 2-etiyyridine (2EP)
activated with a series of alkyl halides resultintgp the ionic polymer PEP-RX with

various n/m ratio.

The spontaneous quaternization polymerizations&® Activated with various QA
resulted into ioniai-conjugated polyacetylene type polymers, frequetdlyoted also as
conjugated polyelectrolytes (CPE)s. The influenicéhe reaction conditions and type of

QA on the structure of formed polymers was inveggd in a series of eight
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quaternization polymerizations: 2EP was separatefcted with four quaternizing
agents (RX): ethyl bromide (ErBr), nonyl bromide ofdf), hexadecyl (cetyl)
bromide(CeBr) and ethyl iodide (Etl) in acetonérgolution as well as in bulk. Thus,
the influence of (i) the length of aliphatic chdethyl, nonyl, hexadecyl), (ii) nature of
halide anion (bromide or iodide) and (iii) the effef solvent (solution or bulk) on the
polymer structure could be compared. All QPs wexdgomed in sealed glass ampoule
at the temperature of 60 °C for 10 days. The retftilong reaction time was preferred
with the aim to reach (i) high conversion of mone#tepolymer and (ii) highest
possible degree of quaternization. For quatermmapolymerization procedure see
section3 MATERIALS AND METHODS

Table 1 Codes of prepared ionicconjugated polymers and alkyl halides (RX) used as
guaternizing agents. Polymers prepared in acetiensolution are labeled aPEP-RX
and polymers prepared in bulk are labeledREP-RX.

Polymer Code

Materials prepared Materials prepared R X
in acetonitrile solution in bulk
SPEP-EtBr bPEP-EtBr ethyl {8:) Br
SPEP-EtI bPEP-EtI ethyl  (Bs) [
SPEP-NoBr bPEP-NoBr nonyl  {B1o) Br
sPEP-CtBr bPEP-CtBr cetyl  (fH33) Br

The codes of prepared polymers are depictedlable 1 The products were
generally labeled asPEP-RX for ionic polymers prepared in acetonitrile saatiand
bPEP-RX for ionic polymers prepared in the bulk. The reactconditions and
characteristics of prepared ionic polymers are sanmed in thelable 2

The products prepared via bulk polymerizatidtBEP-RX, were obtained in higher
yield compared to the products prepared in acetengolution,sPEP-RX Moreover,
the yields obPEP-RX were not influenced by the QA aliphatic chain légmgvhich is
in contrast with thesPEP-RX products, where the yield decreased with the asing
length of aliphatic chain of QA. This could be alsed to the strongly polar acetonitrile
molecules in contrast with aliphatic chain that auokedly increase steric demands for

enchaining the monomer molecules.
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The prepared ionic polymers were characterized lys8EC analysis. However, the
determined values of the mass-averadga., and number-averagM, .o molar masses
of PEP-RX (relative to PMMA standards)T@ble 2) should be regarded as the
“apparent” ones since ionic polymers are curreatlfgorbed on the stationary phase,
which significantly bias the SEC separation mecsraniWe could not ascertain the
molar mass values more reliably since these iooignpers were formed directly in the
polymerization process and not by a modificatiom @fon-ionic polymeric precursor of
known molar mass (the latter method namely enalpegh better molar-mass
characterization of ionic polymers).[211] An attdnip carry out measurement of light
scattering failed due to remarkable absorption & &nalyzed solution in selected
region of wavelength of laser used (633 nm). Néwdelss, we observed a long time
(one week) stability oMy, ap andM, ap Values (within the experimental error + 10%) for
all PEP-RX samples, which proves the unexpectedly high staloi these polymers in
solution exposed to aifhis finding strongly contrasts with the behavidrnon-ionic
monosubstituted polyacetylenes that mostly visibggrade in solution exposed to
air[15,21] (within a few hours or even during a gien SEC measurement).[23]
Observed high stability of ioniPEP-RX under ambient conditions is important for

potential applications of these ionieconjugated polyacetylene type polymers.

Degree of quaternization of monosubstituted ionic @lymers

The degree of quaternization, defined as X/N mat® rof products (calculated from
the results of elemental analysis data) was foundd around 0.5 (x0.1) for all
prepared polymers, despite that the polymerizatstaged with equimolar mixtures of
2EP and QA. This indicates that polymer chains weoempletely quaternized, ca.
half-quaternized, which may imply alternation of eth ionized:
[1-(N-alkylpyridinium-2-yl)ethane-1,2-diyl] and non-iared:
[1-(pyridine-2-yl)ethane-1,2-diyl] units in the foed polymer chains. It is worth noting
that Blumstein et al.[98] as well as Millen et 40B] reported degree of quaternization
of 0.5 for ionic polymers prepared from 2EP actatvith HCl. However, in this case
was proposed polymerization mechanism in whichrgtly formed dimer stabilized by
one HCI molecule, which is further transformed intioe polymer chain (see
Quaternization polymerization of ethynylpyridinestieated with molecular bromine

and strong acidin sectionl1.3). This might be reasonably explained by sharing th
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ionizing proton (cation) by two near-neighboringrigine rings. In our case, we can
only speculate about the real alternating structafeionized and non-ionized
monomeric units, since there are besides the degfrepiaternization only indirect
evidences for this structure.

The results of the degree of quaternization of pelss prepared via QP activated
with alkyl halides (and not with hydrochloric acid)e mostly missing in the literature
and fully quaternized ionic polymers are mainlygweed. For the elemental analysis
data reported in the literature stable 2in INTRODUCTION The fact that polymers
prepared via QP activated with alkylhalide are fatly quaternized is partly surprising
and suggests that (i) also non-quaternized (namedet) monomers are involved in the
polymerization process and (ii) the postpolymeraratquaternization of formed

polymer is not efficient.

Table 2 Reaction conditions of quaternization polymerizasi and characteristics of
prepared polymers. Yield —isolated polymer yietdative to 2EP, M ap- apparent
weight-average and My- apparent number-average molar mass of the polyme
XIN - degree of quaternization of pyridyl side rnglefined as X/N mole ratio
(calculated from results of elemental analysis, tisec 3 MATERIALS AND
METHODS.

Polymerization Polymer characterization

Sgomdpge X Solvent Tem{gtg}ature \E(iye;:);d MV[VQT/p ;}(0}]03 M[né] 7%01]03 XIN
SsPEP-EtBr  Br acetonitrile 60 53 45 16 0.46

SPEP-EtI I acetonitrile 60 50 82 15 0.52
sPEP-NoBr Br acetonitrile 60 44 39 23 0.42
sPEP-CtBr  Br acetonitrile 60 20 33 17 0.45
bPEP-EtBr  Br norfé 60 67 13 10 0.51

bPEP-EtI I nond 60 77 21 6 0.61
bPEP-NoBr Br noné 60 95 12 6 0.41
bPEP-CtBr  Br norfé 60 82 11 5 0.47

) Quaternization polymerizations performed in bulk.
The structure of monosubstituted ionic polymers

The structures of prepared polymers were investijhy means oH NMR, IR and
SERS spectroscopiesH NMR spectra of all polymers were free of the sigof
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acetylenic hydrogensF{gure 1), which indicates the absence of 2EP as well as it
N-alkylpyridinium salts in formed polymers. The spacshow a partly resolved
multiplet (6.0-9.5 ppm) of aromatic and vinylic poas, a broad signal of protons of
CH; groups of QA linked to the nitrogen atoms at akb&tppm and a broad signals of
others aliphatic protons at around 1.0 ppm. As banseen, the overall spectral
resolution decreases regarding the length of diphahain of QA in the
order: Et >> No ~ Ct, which can be ascribed to erekese in the mobility of pendent
groups with increasing length of alkyl chains thaefers mutual attractions of
non-polar chains in polar solvent. However, a deseein the spectral resolution when
going from thesPEP-RX (polymers prepared by solution polymerization) the
bPEP-RX (polymers prepared by bulk polymerization) is muctore interesting
phenomenon, since it indicates a substantial etfédhe reaction conditions on the

regularity of polymer chains formed in this catélffee polymerization process.

A B
==CH ——=CH
\ N\
2P | “l 2P | HI
bulk T bulk :
bPEP-EtI 2 3 A

bPEP-CtBr

jﬂu

JH\

solution
%\ sPEP-CtBr
5 0.5

i

we & L £

bPEP-EtBr

solution

sPEP-EtI

sPEP-EtBr sPEP-NoBr

MM

4. 8.5 6.5 4.5
(ppm) (ppm)

85 5 0.5

Figure 1 Comparison ofH NMR (400 MHz, DMSO#ds ) spectra of monomer 2EP and
polymers prepared via quaternization polymerizatioh 2EP activated with Etl and
EtBr (A) and CtBr and NoBr (B) performed in acetafe solution and in bulk.
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The most evident difference betwe#h NMR spectra of thaPEP type andbPEP
type samples is observed for polymers whihethylpyridinium-2-yl side groups
(PEP-EtX). Besides substantially higher spectral resolytitme spectra of the
SPEP-EtX type samples exhibit well resolved signal at Bpwhich is typical of the
main-chain vinylic protons in highbis polyacetylenes.[21] In contrast, this signal isyve
weak in the spectra &fPEP-EtX type samples, which show a strong signal at around
7.0 ppm that is typical for atactis/trans polyacetylenes. Hence tfel NMR spectra
indicate that the solution polymerizations in aodtde give higheis polymers while
the bulk polymerizations give atactits/trans polymers.

Although the detailed assignment of bands in IRcBpeis complicated due to the
complex structure of prepared materials, the claraation of polyacetylene type
materials by IR spectroscopy is an important methdthe region from
2100 to 2300 cih corresponds exclusively to the energy of vibratafntriple C=C
bonds (also to the %N bonds, but this motive is not expected in theicitre of
prepared materials) which are well manifested ie R spectra of acetylenic
monomers. The transformation of=C bond of monomer into C=C bond of
polyacetylene chain is thus well manifested by dminishing of band at around
2220 cm'. Furthermore, the C=C bond vibrations of phenytjgyl and polyacetylene
chain and C=N bond vibrations of pyridyl can beeskied in the region from 1500 to
1700 cnt.

IR spectra of prepared polymers are in good acooelavith the results revealed
from the’H NMR characterization. The transformation of moresninto polyacetylene
type polymers is well manifested by the diminishafgC=C bonds stretching vibration
in all IR spectra (se€igure 2 —A, B). The most significant IR spectral differences
between thesPEP type andbPEP type polymers are seen in the region around
750 cm', which is typical of the out-of-planedy) vibrational modes of the main-chain
hydrogens of monosubstituted polyacetylenes. Watktbped band at around 740tm
is exclusively observed for polyacetylenes contajniong sequences dfis-units,
typically for polyacetylenes that contain above 80B6is-units. On the other hand, this
band is degraded to a shoulder or absent in thespéctra of atacticis/trans or
high-trans polyacetylenes.[19,212] As it is shownhkigure 2 - C, D the IR spectra of
SPEP-EtX show strong band at 740 @rthat belongs to longer blocks cif-units while
the spectra obPEP-EtX show only shoulder shifted to ca. 755tmvhich indicates

almost absence of tlogs-blocks.
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Figure 2 IR spectra of prepared ionic polymers. A — IR $gzeof polymers prepared in
acetonitrile solutiorsPEP-RX B — IR spectra of polymers prepared in bokEP-RX.
C-F - Comparison of the IR spectra of preparedrpels in the region from 700 to
1800 cnf.

Qualitatively similar though less pronounced spdatiifferences are seen between
SPEP type andbPEP type polymers comprising longer alkyl chains. Soinat less
apparent IR spectral difference betweBEPtype andoPEP type polymers is seen in
the region from 1500 to 1550 €ém The band at 1529 ¢massigned to thec.c
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stretching modes of higtis main chains is well developed (R = Et) or cleaisible
(R=No or Ct) only in the spectra &PEP type polymers, whereas the band at
ca. 1510 cnt typical oftransrich polyacetylene main chains dominates thispBcsral
region of thebPEP type polymers.

In summary;*H NMR and IR spectra consistently indicate the kighconfiguration
of polymers prepared by the solution polymerizatioracetonitrile and theis/trans
configuration of the polymers prepared by bulk podyization. Regarding that both
these polymerization methods are the catalyst{ir@eesses, the observed increased
cis-regularity ofsPEPtype polymers must come from the participatiomadtonitrile in
the reaction. Coulombic binding of strongly dipo&retonitrile molecules to growing
species should undoubtedly increase steric demémdsnchaining the monomer
molecules. These demands can be thus regarded asath reason for the preferred

configuration of polyacetylene chains formed in pnesence of acetonitrile.

UV/vis and photoluminescence characterization of muosubstituted ionic

polymers

The UV/vis spectra of prepared polymers taken frogthanol solutionsHigure 3)
show almost continuous decrease in absorption biu@ to the red region without any
distinctive maxima. The shoulders can be seen @ingr 280 nm and 450 nm; the
former should be ascribed to the electronic transst within pyridine rings while the
latter to the transitions in-conjugated main chains. The absorption in theorefjiom
ca. 300 to 400 nm can be also ascribed to theiti@mswithin the charge-transfer (CT)
complex formed by thBl-alkylpyridinium/anion (Bror I') ion pairs. [152]

As can be seen ifigure 3, the higheis sSPEP-EtX polymers show significantly
weaker absorption in the region of the main-chaengitions compared to other
samples, which fully corresponds to the reducedaddization of electrons in higtis
polymer chain.

The photoluminescence (PL) spectra of all polynsrew emission bands at about
500 nm, regardless theis-content Figure 3). The emission intensities show a
correlation with the intensity of absorption band$ie observed uniformity of the
emission maxima indicates that thREP type polymers are composed of the hagh-

but not alleis chains. As they contain als@ns-units, they preferably emit light from
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the excited states located at segments compribiegettans-units, where the excited
state energy is lower compared to theesegments.

- UV/vis absorption spectra of polymers prepard in solituin B - UV/vis absorption spectra of polymers prepard in bulk
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Figure 3 UV/vis absorption spectra and photoluminescendg @pectra of prepared
ionic polymers measured in methanol solutionis, the molar absorption coefficient of
the lower energy band. Concentration of sample®fomeasurements 5 x 1éhol dm
%in MeOH,\ex= 420 nm.

SERS characterization of monosubstituted ionic polyers

Since the Iluminescence of prepared ionic polymemdenimpossible direct
measurement of Raman spectra, the surface-enhaReetan scattering (SERS)
technigue was used, at which the luminescence mpdd due to the polymer
adsorption on surfaces of silver nanoparticles Rs).[201,213]

Moreover, the SERS signal is about several ordérsnagnitude,[201,213,214]
stronger than current enhanced Raman signal. @bishables measuring the spectra of
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Ag-NPsPEP-RX systems. The borate stabilized aqueous Ag coligH of 9.3)
possessing negativiepotential was used, because catidREEP-RX chains can easily
adsorb on the surface of negatively charged Ag-NRs.concentration d?PEP-RX in
nanocomposites with Ag-NPs was tuned to obtainesystwith a strong band of the
surface plasmon extinction (SPE), occurring at &B580 nm,[213,215] which indicates
the presence of fractal aggregates of Ag-NPs.[I86& optimum concentration was
found to be ca. 5x10M for all studiedPEP-RX.

1621
1566
1514

Raman Intensity

T T T % F_ & T 7 1
1600 1400 1200 1000 800 600

Wavenumber [cm]
Figure 4 SERS spectra of Ag-NRF?EP-Etl system studied with excitation wavelength
445 nm, 532 nm and 633 nm.

The SERS spectra of Ag-NP&EP-RX systems were measured with different
excitation wavelengths (see examplesHigure 4): (i) Aexc= 445 nm matches the
absorption band of CPEs at 450 nm (see UV/vis spactFigure 3) and thus fulfills
the molecular resonance conditions; @gc.= 532 nm matches the surface plasmon
extinction (SPE) band of fractal aggregates of AgsNand thus meets the best
conditions for the electromagnetic mechanism of Raenan signal enhancement; and
(i) Aexc =633 nm does not match any significant band. @sle seen, the best spectral
resolution was obtained for the excitation to tiREDand (532 nm), which proves that
the electromagnetic mechanism of the SERS gives higbest enhancement. In

addition, the spectra taken with differégf. show small differences in positions of the
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bands, which is the so called Raman dispersiorctetfiat has already been observed for
related polymers including poly(2-ethynylpyridine)and poly(2-pyridinium
hydrochloride-2-pyridylacetylene).[103,155,215,216]

The SERS spectra of Ag-NP&EP-RX systems taken with.: = 532 nm Figure 5)
exhibit bands assigned to pyridinium ring stretghfat about 1625 cthand 1563 ci)
and C=C-H bending (1157 and 1075 9mmodes and the band at 1512 t(ePEPtype
polymers) or 1516 cth(bPEP type polymers) of the main-chain C=C stretching
vibrations.[103,155,156] The spectra of #RREP andbPEP type polymers show very
similar patterns in the region of stretching barffi500-1630 cif), which can be
regarded as characteristic of these polymers. Stwaedwer spectral similarity is seen
in the region from 1200 to 1350 En{mainly in-plane deformation modes). The most
important are the following features: Raman spectra of ttePEPtype polymers show
better spectral resolution compared to the spedftithe bPEP type polymers, which
points to increased regularity of tsPEP type polymers, and (ihe band typical for
the ring breathing vibrations of non-ionized pynieli rings occurring at around
1005 cm'{103,216] is practically absent in spectra of ammles, which might be
ascribed to strong interactions of the ionized amat-ionized pyridine rings.

a) Polymers prepared in solution b) Polymers prepared in bulk
~
« 8§ 2, 2§ B
ﬁ — B § 2 E — E ha
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Figure 5 SERS spectra of Ag-NAREP-RX. a) Systems based on polymers prepared in

acetonitrile solution, b) systems based on polymamspared in bulk. Excitation
wavelength 532 nm.
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Solubility of monosubstituted ionic polymers

The solubility of prepared polymers is summarizedrable 3. All prepared ionic
polymers were soluble in methanol, dimethyl sulfiexand dimethylformamide, those
with ethyl side groups also fully (bromide) or part(iodide; owing to low
hydrophilicity of I ions)[217] soluble in water. On the other handypers with longer

alkyl side chains were insoluble in water but stduddso in low-polar solvents such as
THF and chloroform.

Table 3 The Solubility of prepared ionic polymers. Samplalseled assPEP were

prepared in acetonitrile solution and samples &bakbPEP were prepared in bulk.

Sample Code
Solvent sPEP- sPEP- sPEP- sPEP- bPEP- bPEP- bPEP- bPEP-
EtBr Etl NoBr  CtBr  EtBr Etl NoBr CtBr
water Yes Partly No No Yes Partly No No
methanol Yes Yes Yes Yes Yes Yes Yes Yes
dimethyl sulfoxide Yes Yes Yes Yes Yes Yes Yes Yes
dimethylformamide Yes Yes Yes Yes Yes Yes Yes Yes
tetrahydrofuran Partly Partly Yes Yes Partly PartlyYes Yes
chloroform Partly Partly Yes Yes Partly Partly Yes Yes
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4.2 Preparation of disubstituted ionic polyacetylene tpe linear
polymers and ionic polymer networks via quaternizaibn

polymerization

This section represents the main task of presetitedis. The preparation of
disubstituted ionic n-conjugated linear polyacetylenes and iomeconjugated
polyacetylene type networks via quaternization payization is investigated in detail.
This section is divided into the two parts, accogdio the character of monomers and
guaternizing agents (QA). Firdart A contains optimization of reaction conditions,
supporting experiments and polymerization of mongnentaining one pyridyl and
one internal ethynyl group via quaternization patymmation (QP) activated with
monofunctional QA. The results presentedPart A were published only partly before
the completion of presented work.

The second parRart B, deals with QP polymerization of symmetrical moros
containing two pyridyl groups and one or two intrethynyl group(s) activated with
monofunctional and bifunctional QA.

As it is discussed IMNTRODUCTION a number of QPs were reported in the
literature since the first Blumstein paper on toisic was published. However, the vide
variety of possible monomers suitable for QP isuoedmainly to the 2-ethynylpyrdine
(2EP), which contains one pyridyl group and onenteal ethynyl group. This is despite
the fact that poly(disubstituted acetylene)s pregpdrom monomers containing internal
ethynyl group generally exhibit better photolumiresce properties and higher thermal
stability compared to the poly(monosubstituted yeee)s. Moreover, the detailed
study of reactivity of positional isomers of pyridyroup is missing in the literature.
Since the 2EP belongs to the group of monosubstit@cetylenic monomers, the
resulting ionic polyacetylenes are also monosulistk On the contrary, monomers
applied in this section belong to the group of d&tituted acetylenes and thus the ionic
disubstituted polyacetylene type polymers resolinfipresented QP.

Two types of QA were applied in this study: benzylomide (BBr) as a
monofunctional QA and 1,4-bis(bromomethyl)benzehd-8BrMB) as a bifunctional
QA. The selection of these QAs was supported byfabe (i) that the bromide anion
appeared as suitable counter ion from the poiniest of its reactivity and consequent

polymer characterization and (ii) for the rigidustiure of the phenyl (phenylene) group,
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which may play an important role in the case ofypwr formation and especially in the

case of polymer network formation.

Disubstituted pyridylacetylene based monomers

For the purpose to be subsequently polymerized,eaess of disubstituted
pyridylacetylene based monomers was prepared. Floree positional isomers
ortho-pyridylacetylene (2P)netapyridylacetylene (3P) anglara-pyridylacetylene (4P)
were selected only isomewtho and para. Since themeta isomer exhibited low
reactivity in QP process this monomer was not iwedl in presented
study.[95,1431-45]

The synthesis of monomers was performed as a Sshibgaross-coupling reaction
of ethynyl containing species and alkyl halide eomhg species (see section
3 MATERIALS AND METHODSThe solvent was optimized within the preparatdn
monomers2PH, 2PM and 2PD (for the abbreviations and monomer structures see
Figure 7). When reactions were carried out in piperidindydow yield products were
obtained. When triethylamine was used as a solventall the reagents were dissolved,
even at elevated temperature. Finally, the mixtditeiethylamine and toluene was used
as a solvent in reaction process.

The comparison of monomers reactivity was basetivonstructural variations: the
position of N atom of pyridyl (A) and the seconchdant of internal ethynyl group (B)
as demonstrated ifigure 6.

Figure 6 The general structure of monomers used in thislystdwo structural
variations were considered: A — position of N atoihpyridyl group and B — the second

substituent of internal ethynyl group.

Thus, two parallel series for various R pendantsevipeepared: monomers based on

ortho-pyridyl (2P) and monomers basedmara-pyridyl (4P).
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The structures of monomers applied in this study @epicted inFigure 7. The
purchased monosubstituted monomers 2-ethynylpwid2EP) and 4-ethynylpyridine
(4EP) (in this cases R =H) were used as referanoaomers. All disubstituted
pyridylacetylene based monomers were synthesized chiaracterized as a part of
presented work (see sectiBWMATERIALS AND METHODS

The pendant R represent butyl, phenyert-butyl phenyl, pyridyl and
4-(ethynylpyridyl)phenyl. Butyl was selected as amme modification of
ethynylpyridines and was also used for the optitropaof reaction conditions. Phenyl
and tert-butylphenyl were selected with the aim to invothe conjugated system of
pendant into the conjugated system of formed pelydene main chain, which may
enhance the absorption and emission propef@Esbutylphenyl may also additionally
improve the solubility of prepared polymers. Pytidgd 4-(ethynylpyridyl)phenyl were
selected because of (i) the symmetry of resultiogpemer molecules may enhance the
possibility of activation of monomer (two pyridyka@ups), (ii) the overall conjugated
character of monomers [mainly in the case 4-(etlpymdyl)phenyl] may positively
influenced absorption and emission properties @ndlso as a promising pendants in
the case of network preparation (formation of iomiternating chains). Phenyl,
tert-butylphenyl, pyridyl and 4-(ethynylpyridyl)phenglso provide the rigid structure
of monomer and consequently the rigid structurennanomeric unit in formed
polymers. Based on the symmetry, prepared monorgersd be divided into
non-symmetrical and symmetrical. Non-symmetricalnoraers contain one pyridyl

group and symmetrical monomers contain two pyrgigups.

The functionality of monomers and quaternizing agets

The functionality is usually understood as theltotamber of functional groups in
the monomer molecule.[218] In the case of monorasesl for the QP, the functionality
f is represented by ethynyl groufg;X and by pyridyl groupfgy). The functionality of
ethynyl group is the ability of transformation indouble bond of polyacetylene chain
and the functionality of pyridyl group is the abjlito undergo the quaternization
reaction. The functionality of QA used in this stud represented by methylbromide
group, which can react with nitrogen atom of pytidgroup resulting into
N-benzylpyridiniumyl bromide. From this point of we BBr is consider as a
monofunctional QA and 1,4-BBrMB as a bifunctionaQ
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Figure 7 The structures of monomers and quaternizing agé&)¥g with appropriate

labels used in this studyf.—total functionality of compoundsfg; — functionality

originating from ethynyl group(shry — functionality originating from pyridyl group(s).

The formulas and codes of monomers are depictdtdgure 7. Digits in the codes

specify the positional isomerism of the pyridyl stituents (2 —ortho-positioned N

atom of pyridyl group, 4 -para-positioned N atom of pyridyl group). The letters

characterized the structure of monomer: EP standsethynylpyridine, PH stands

hexynylpyridine,

PP

stands

for

phenylethynylpyradin PT

stands

for

tert-butylphenylethynylpyridine, PM stands for the maoetylenic character of

bi-pyridylic monomer, PD stands for the diacetytemharacter of the bi-pyridylic

monomer.
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4 RESULTS AND DISCUSSION

4.2.1 Part A — Optimization of reaction conditions, suppeting
experiments and guaternization polymerization of

non-symmetrical disubstituted monomers

Prior the QPs of synthesized disubstituted pyricstglene based monomers the
optimization of reaction conditions and a series sopporting experiments were

performed.

4.2.1.1 Reaction conditions

A number of QP of mainly monosubstituted monometivated with various QA
under variety of reaction conditions were describedhe literature. For the reaction
conditions reported in the literature $égure 11 (Quaternization polymerization chart)
in INTRODUCTION In this study, we have partly assumed the camubtireported in
the literature, however, the further optimizatioasmecessary.

The quaternization polymerizations in this studyreveerformed in sealed glass
ampoule under the Ar atmosphere (see se&MATERIALS AND METHODS

Solvent for the QP of disubstituted pyridylacetylee based monomers

The polymers prepared in previous secdochwere partly compared with the results
reported by Blumstein and thus the reaction comadlitidescribed in Blumstein articles
were adopted and acetonitrile was used as a sd®@pt00] However, acetonitrile is
not only solvent used for the QP and also altevegbolar solvents were described as
suitable for QP (see sectioh INTRODUCTION. Since the selection of solvent
influence the product vyield, the other possible vaots were considered.
Dimethylformamide (DMF) was one of the most freqiyeapplied solvent for the QP
reported in the literature resulting in high polynygelds. Thus, the QP of monomer
2PH was performed in the acetonitrile as well as inPbivhder the same conditions. As
the product yield in acetonitrile was 39% and in B¥V6%, we decided to use DMF as

a solvent for the QP of disubstituted monomersis work.
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4 RESULTS AND DISCUSSION

Reaction temperature

The QPs reported in this work were carried oueatpgerature of 100 °C. From the
data reported in the literature (see sectioiNTRODUCTION, the elevated reaction
temperature positively influence the reaction kneind the polymer yield. Although
the QP carried out under temperature higher thah°COwere also reported in the
literature, we have decided not to exceed 100 te. Aigh temperature (> 100 °C) may
possibly cause the degradation of product (espgcidien polymer is dissolved in the
solution). However, the elevated temperature (ID0Orhay cause the side reactions
during the polymerization process. To ascertainred® the reagents could, or could
not, individually react under selected conditiaing monome2PH and QA (BBr) were
separately heated in DMF under the temperature06f°C (blank experiments). The
assumption that monomer could thermally polymetinder these conditions was not
approved and only unreacted monomer was foundethenreaction mixture after
10 days. However, new signal at 4.68 ppm'thNMR spectra was revealed in the
second reaction mixture after 10 days. As the @& and BBr were present in the
reaction mixture, we assigned this signal to th&tqmrs of CH group of BBr, which
guaternize DMF. This observation indicates that B8uld attack DMF under selected
conditions and this reaction could accompany thateaization polymerization.
However, according ttH NMR measurement this reaction is supposed toegmonly

in low extent.

Reaction time

Although the quaternization polymerization is coesed to fully proceed in range of
days, we have decided to set the reaction timeoufdtdays with the aim to achieve:
() highest possible monomer-to-polymer conversiahthe highest possible degree of
quaternization and (iii) the highest possible ciiadsng in the case of polymer

networks preparation.
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4 RESULTS AND DISCUSSION

Monomer and quaternizing agent mole ratio

According to the proposed mechanism of QP, the BBiivates monomer via
quaternization of N atom of pyridyl with Br-GHgroup. Thus, it is assumed that
bromine is present in the form of Banions compensating the positive charge of the
N-benzylpyridinium moieties and the degree of quaration of formed polymers is
defined as Br/N mole ratio calculated from the hssof elemental analysis.

The initial reagents mole ratio was mostly defiasdQA/monomer mole ratio in the
reaction reported in the literature. However, mamlonomers with one pyridyl group
and QA with one halogen atom (functional group)evissted. As the monomers with
two pyridyl groups and quaternizing agent with tiwalogen (Br) atoms are also
investigated in this study (see secti2.2 Part B, more precise definition for the
initial reagents ratio is defined as Br/N moleadtgenerally X/N mole ratio) rather then
QA/monomer mole ratio.

Although the quaternization polymerization proceedthout any catalyst that may
control the polymerization process, the resultingdpct can be partially tuned via the
selection of reaction conditions. As mentioned e frevious section, mainly the
dependence of polymer yield on the reaction temperareaction time and solvent
used was described in the literature and the dssmu®n the degree of quaternization of
prepared materials was published rarely. The IngiBl mole ratio was 1 in majority of
QP reported in literature. However, the data relatethe degree of quaternization of
products were mostly missing and fully quaternipeaducts were generally presumed.
According to the partial data obtained from therhture, we can however speculate that
formed polymers were not fully quaternized in adiported QP (sedable 2 in
INTRODUCTION. The formation of only partly quaternized moncstithted
polyacetylene polymers was well demonstrated inptieeious sectiod.1, where ionic
polymers with degree of quaternization ~ 0.5 wésaimed via QP of the stoichiometric
mixture of 2EP and alkyl halides (sBegree of quaternization of monosubstituted ionic
polymersin sectiord.1). The dependence of the degree of quaternizafipnoolucts on
the initial reagents mole ratio was also reportedthe article published by our
group.[145] It was suggested that the degree ofeguization could be tuned via the
QA/monomer (Br/N) mole ratio in the feed. A seri€f of 2EP activated with
1,4-bis(bromomethyl)benzene with initial Br/N maiatio ranging from 0.25 to 1.00
gave polymer networks with Br/N mole ratio rangfngm 0.43 to 1.02 (se€able 4).
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4 RESULTS AND DISCUSSION

Table 4 The initial Br/N mole ratio and Br/N mole ratio pfoduct resulting from the
QP of 2EP activated with 1,4-bis(bromomethyl)berrzen

Sample Code Initial BI/N mole  Br/N mole ratio of

ratio in feed product Ref.
EPyNet2 0.25 0.43 [145]
EPyNet3 0.33 0.54 [145]
EPyNet4 0.50 0.62 [145]
EpyNet5 1.00 1.02 [145]

It is assumed that the degree of quaternizatioem#pon the monomer and QA used
and also on the reaction conditions. When the i@actonditions were already
optimized, we have decided to test the relatiomvben initial Br/N mole ratio and the
Br/N mole ratio of resulting product. As a modelngmound was selected monomer
2PM, which was reacted with BBr with various initial/B mole ratio. As it is shown
in Table 5, the QP with initial Br/N mole ratio 1 gave prodpoly(2PM)-C with Br/N
mole ratio 0.51, QP with initial Br/N mole ratiogave producpoly(2PM)-A with Br/N
mole ratio 0.75 and QP with initial Br/N mole radogave produgpoly(2PM)-D with
Br/N mole ratio 0.88.

Table 5 The initial Br/N mole ratio and Br/N mole ratio pfoducts resulting from the

QP of monome2PM activated with benzyl bromide.

Sample Code Run Code Initial rBart/il(\)l mole Br/N Irar:gl(fu::a:tio of
C 1 0.51
Poly(2PM) A 2 0.75
D 4 0.88

The increased degree of quaternization is also wleflervable in IR spectra of
productspoly(2PM)-C, poly(2PM)-A andpoly(2PM)-D shown inFigure 8. The N=C
stretching vibration of pyridiniumyl units at 1620n* is well observed in the IR
spectra of all products, however, the intensitytled N=C stretching vibration of
non-quaternized  pyridyl units at 1574 ¢m decreasing the series
poly(2PM)-C > poly(2PM)-A > poly(2PM)-D, which is in good agreement with the
decreasing of degree of quaternization in thisesgf.88 >0.75 > 0.51).

105



4 RESULTS AND DISCUSSION
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Figure 8 IR spectra of polymers with various degree of quazation Br/N:
Br/Npo|y(2p|v|)_c =0.53, Br/Nony(ZPM)—A =0.75 and Br/lbl)ly(ZPM)—D = 0.88.

Based on the results obtained from this experimevgscan assume that Br/N mole
ratio of product could be partly tuned via theialiBr/N mole ration. However, the
fully quaternized polymer was not obtained from thgmmetrical disubstituted
monomers even the initial Br/N mole ratio was 4u3hwe have decided to apply the
initial Br/N mole ratio 2 in case of QP activatedtwBBr with the aim to support the
quaternization of monomers. On the contrary, inecad QPs activated with
1,4-BBrMB, which were suppose to results into tiodymer networks, the Br/N mole
ratio was reduce to 1 with the aim to reach thén lgpss-linking of polymer structure
via ionic alternating chains (resulting from stepwgth polymerization, see section
4.2.2 Part B.

4.2.1.2 Supporting experiments
With the aim to support the discussion on the stinecof prepared polymers, a series
of additional experiments was performed. Model coomus were reacted under the

conditions of quaternization polymerizations and piroducts were characterized by
means of elemental analysisl NMR, IR spectroscopies and MALDI-TOF MS.
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4 RESULTS AND DISCUSSION

Quaternization reaction of DIPY and tolan with BBr.

As it was demonstrated previously in the secfibie functionality of monomers and
quaternizing agentgFigure 7), monomers applied in this study comprise two $ype
functional groups (functionalities) in one molecul® pyridyl groups and (ii) internal
ethynyl group(s). In order to verify that the prese of both types of functional groups
in the monomer is essential for the quaternizapiotymerization to proceed we have
performed experiments in which 4,4-dipyridyl (DIPYgnd 1,2-diphenylacetylene
(tolan) were separately reacted with an excess esfzy§d bromide (BBr) under
conditions of the polymerization experiments (sestisn 3 MATERIALS AND
METHODS. No reaction proceeded in the system tolan/BBatdw: at 100 °C for
10days. On the contrary, the total transformatioof DIPY into
4,4-bis(N-benzyl)dipyridinium bromide (BBr-DIPY-BBr), howewe no polymer
formation was observed in the DIPY/BBr system. Theaternized product
BBr-DIPY-BBr was isolated and characterized by nsearof *HNMR,
MALDI-TOF MS, IR spectroscopies and elemental asialy

338.226
1635

8000 A B

=]
[=]
[=]
=]

4000 |

Normalized intensity

2000

b——— 247.173

A
T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 4000 3500 3000 2500 2000 1500 1000 500
-
mass Wavenumber (cm)

Figure 9 MALDI-TOF MS spectrum (A) and IR spectrum (B) (ORls diluted with
KBr) of 4,4"-bis(N-benzyl)dipyridinium bromide (BBr-BIPY-BBr).

0

The results of the elemental analysis (see se&MATERIALS AND METHODS
were in agreement with the theoretical stoichiognefr BBr-DIPY-BBr (Br/N = 1.05,
Table 6). Also the stretching vibration of the™SC bonds at 1635 crhin the IR
spectrum is in good agreement with literature[146]d support the discussion
concerning the IR spectra of prepared polymers\(itiation of the N=C bonds of the
polymers is observed in the region 1619-1629%nThe MALDI-TOF MS provided
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4 RESULTS AND DISCUSSION

spectrum contains a dominant bromine-free signtd thie molar mass of 338 Da which
refers to the cationic form of BBr-DIPY-BBr. Moreew obvious decrement of mass of
90 Da corresponding to benzyl group is observetierspectrum (for MALDI-TOF MS
spectrum and IR spectrum séeure 9). *H NMR spectrum corresponds to those
reported for BBr-DIPY-BBr in the literature.[21%Figure 10 shows the presumed
structure of BBr-DIPY-BBr and'H NMR spectra of A) BBr-DIPY-BBr, B)
4,4-dipyridyl (DIPY), and C) benzyl bromide (BBr). Thygiaternization of the nitrogen
atoms in DIPY caused shifts of th&l NMR signals of the DIPY protons from
8.71t0 9.59 ppm and from 7.84 to 8.81 ppm, respeygt The bonding of the benzyl
group to DIPY nitrogen resulted in the shift of tegnals of CH protons from
4.70 to 6.01 ppm. These shiftsif NMR spectra are typical for the quaternization of
pyridyl units with benzyl bromide.[219]

| /
L@C?

LS,
Q dJJr‘UIf

1 6
Chemlcal shlft (ppm)

Figure 10 The structure of 4;his(N-benzyl)dipyridinium bromide (BBr-DIPY-BBr)
and 'H NMR spectra of A) BBr-DIPY-BBr, B) 4/&ipyridyl (DIPY), C) benzyl
bromide (BBr), 300 MHz, DMS@.
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The experiments described in this paragraph coefirthat for the polymerization to
proceed, the simultaneous presence of pyridyl ahgingl groups in one monomer
molecule is necessary. Moreover, it has been shbannitrogen atoms of 4-pyridyl
groups of DIPY are totally quaternized (by an esce$ QA) under the applied

conditions although only a partial quaternizatidrthee nitrogen atoms gsara-pyridyl
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4 RESULTS AND DISCUSSION

groups is observed in the case of prepared polymeosn symmetrical

bi-pyridylacetylene based monomers under the agjobic of the same QA excess (see
discussion in sectiofh.2.2 Part B.

Moreover, a slight dependence of the position & tH NMR signals on the
concentration of ionic BBr-DIPY-BBr in the solutidmas been revealed. It is obvious
from Figure 11 that increasing concentration of BBr-DIPY-BBr ihet DMSOds
solution causes a downfield shift of the signalshef protons adjacent to'toms. We

ascribe this behavior to the change of the iomength when concentration of polar
BBr-DIPY-BBr is increased in the solution.
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Figure 11 'HNMR spectra of 4,4 -bisltbenzyl)dipyridinium  bromide
(BBr-DIPY-BBr), 300 MHz, DMSOds. The influence of the sample concentration on
the 'H NMR shifts. A) Concentration of BBr-DIPY-BBr, c40 mgmf. B)

Concentration of BBr-DIPY-BBr, ¢ = 20 mg thIC) Concentration of BBr-DIPY-BBr,
¢ =4 mg mt-.

Quaternization reaction of DIPY with 1,4-BBrMB - formation of ionic
alternating chains

With the aim to prepare polymer networks, a seofemonomers was reacted with
bifunctional QA, 1,4-bis(bromomethyl)benzene (18fBIB). For related discussion
see sectiort.2.2 Part B It was assumed that the network structure redrdis the
simultaneous formation of two types of chains:p@lyacetylene chain and (ii) ionic

alternating chain. To ascertain whether the sedygpeé of chains can be formed under
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4 RESULTS AND DISCUSSION

selected conditions, the DIPY was also reacted WjithBBrMB. The resulting ionic
alternating oligomer poly,N-(4,4"-dipyridiniumyl)alt-1,4-dimethylenephenylene
dibromide] poly(DIPY-alt-1,4-BBrMB) confirmed thauscessful formation of this type
of alternating chains. The proposed structure df(pPdPY-alt-1,4-BBrMB) together
with 'H NMR spectra of DIPY, 1,4-BBrMB and poly(DIPY-alt4-BBrMB) are
depicted inFigure 12

The similar shifts of hydrogen atoms itH NMR spectra as in the case of
BBr-DIPY-BBr (Figure 10) were observed. However, the closer characteoizadif
specific signals was necessary for the determinatb the approximate length of
oligomeric poly(DIPY-alt-1,4-BBrMB). Thus a seriesf NMR experiments was
performed. The model compound DIPY was reacted @jthBBrMB in variety of
initial DIPY/1,4-BBrMB mole ratios (0.25, 0.5, 1, @nd 4), which consequently allows
to assign théH NMR signals. Reactions were carried out at roemperature in NMR
cuvettes in the DMS@s that allows the continuous monitoring of proceds o

poly(DIPY-alt-1,4-BBrMB) ~3

quaternization.

solvent

10 9 8 7 6 5 4
NMR shift (ppm)
Figure 12 Proposed structure of poly(DIPY-alt-1,4-BBrMB) atidl NMR spectra (300
MHz): A: poly(DIPY-alt-1,4-BBrMB) in O; B: 4,4 -dipyridyl (DIPY) in DMSO¢;
C: 1,4-bis(bromomethyl)benzene (1,4-BBrMB) in DM$©-
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4 RESULTS AND DISCUSSION

The abundance of 1,4-BBrMB in the reaction DIPY/BRrMB with initial mole
ratio 0.25 enables to detect residual 1,4-BBrMB &ty quaternized DIPY in the
'H NMR spectra. With the aim to study the rate o tuaternization, the reaction
mixture was monitored at given times: 2 min, 10 nii& min, 20 min, 25 min, 1 hour
and 3 hoursKigure 13). Spectrum at time 2 min shows signals of DIPYgriais “c”
and “d”), modified DIPY (signals “k”), aromatic pians of non-reacted 1,4-BBrMB
(signal “b”) and aromatic protons of reacted 1,4rBB (signals “f"), protons of Chl
group of reacted 1,4-BBrMB (signal “g”) and protook CH, group of non-reacted
1,4-BBrMB (signal “a”). Thus, we can assume thamediately after the mixing of
reagents, the quaternization of DIPY with 1,4-BBri4Bnitiated. Signals of DIPY (“c”
and “d”) and modified DIPY (signal “k”) decreasing to time 25 minutes and up to
time 1 hour, respectively. New signals “h” are aokied at time 10 min, which remain
as only signals of DIPY at time 3 hours. Therefone assigned these signals to
di-quaternized form of DIPY.
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Figure 13 The comparison ofH NMR spectra of reaction system DIPY/1,4-BBrMB
(initial mole ratio 0.25) at times: 2 min, 10 mih5 min, 20 min, 25 min, 1 hour and
3 hours, 300 MHz, DMS@.
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Since the quaternization reaction with initial DIR¥-BBrMB mole ratio 0.25 fully
proceeded at time 3 hours, we have selected thifioa time for the comparison of
another reaction systems. The spectra of reactatfisinitial DIPY/1,4-BBrMB mole
ratios 0.25, 0.5, 1, 2 and 4 are depicte#figure 14 (the labeling of spectra correspond
to the initial DIPY/1,4-BBrMB mole ratios). Signatg fully quaternized DIPY (signals
“h”) are well manifested in reactions with the atance of 1,4-BBrMB (spectrum 0.25
and 0.5). On the contrary, in the spectrum of ieaavith abundance of DIPY over the
1,4-BBrMB (spectrum 4kigure 14) only fully reacted form of 1,4-BBrMB (signals *j”
and “i”), non-reacted DIPY (signals “c” and “d”) darmodified-DIPY (signals “k”)
should be observed. Thus, we can assume that signal assigned to the aromatic
protons and signal “i” to protons of GHyroups of fully reacted 1,4-BBrMB. Four
signals “k” in the spectra 1, 2 and 4 are assigoetie mono-quaternized DIPY, which
Is in accordance with their intensities and thgpearance in the spectra. Similarly,
signals “f” in the spectra 0.25, 0.5 and 1 aregxs=i to aromatic protons of 1,4-BBrMB
bounded to DIPY only via one GHyroup.

8 }Nt JUU(ULLJJL_L

10,0 9,5 9,0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4,5
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Figure 14 The comparison oH NMR spectra of reaction systems DIPY/1,4-BBrMB at
time 3 hours. The values 0.25, 0.5, 1, 2 and 4esgnt the initial DIPY/1,4-BBrMB
mole ratio in the reaction system, 300 MHz, DM8£-
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When the equal DIPY/1,4-BBrMB mole ratio was apg)iehe only reacted form of
both DIPY and 1,4-BBrMB should be present in thact®n mixture. This is partly
confirmed in spectrum 1 iRigure 14, where no signals of DIPY (expected signals “d”
and “c”) and only weak signals of 1,4-BBrMB are eb&d (signals “a” and “b").

Moreover, signal of CH protons of 1,4-BBrMB could be present in the riact
mixture in 4 forms: (i) fully reacted 1,4-BBrMB,iYinon-reacted 1,4-BBrMB, (iii)
non-bounded CHgroup of reacted 1,4-BBrMB and (iv) bounded Gifioup of reacted
1,4-BBrMB. According to the intensities of thesgmals in spectra 0.25, 0.5 and 1, we
can assign specific protons to the appropriateassgfii” (i), “a” (ii), “e” (iii) and “g”
(iv)]. The assignment of signals to the appropriptetons of presumed structure is
depicted inFigure 12

As could be seen in bofiigure 13 andFigure 14, the chemical shifts of signals in
'H NMR spectra are slightly shifted. We can speeuthat this is caused by the various
concentrations of quaternized molecules which nrdluence the ionic strength of
solvent in the same way as it was demonstratedqusly inFigure 11

Since all signals in*H NMR spectra of reaction DIPY with 1,4-BBrMB were
assigned, the appropriate length of ionic altengatthain can be estimate from the
intensities of specific signals. Poly(DIPY-alt-IBB8rMB) was, however, not fully
soluble in DMSOds and therefore the sample was measured,{D. he alteration of
solvent may influence the chemical shift, but theuml position and intensities remains
the same.

Signals at 9.16 ppm and 8.55 ppm kigure 12 were ascribed to the protons of
pyridiniumyl units of di-quaternized DIPY (signéls’). Signals of internal 1,4-BBrMB
units (bound by both methylene groups to two déiferpyridiniumyl groups) were
observed in the spectra at 7.64 ppm and 5.99 pgma(ls “j” and “i” respectively). The
end groups of the chains were formed by mono-guoiae DIPY groups (signals “k”)
as well as 1,4-BBrMB groups (signals “e”,”f" and™¥g According to the'H NMR
signal’s intensity the occurrence of DIPY as an gralips in the oligomer was twice as
higher than that of 1,4-BBrMB Fgure 12). The intensity of the signals of
di-quaternized and mono-quaternized species'HMNMR spectrum also allowed
estimating the length of the alternating chaine: ¢hains consisting of four DIPY units
and three to four 1,4-BBrMB units were prevailinglypresent in
poly(DIPY-alt-1,4-BBrMB). This is also in good agment with Br/N = 0.83 mole ratio
(Table 6) calculated from the results of elemental anal{see sectio®3 MATERIALS
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AND METHOD$. The formation of alternating oligomer poly(DIPt-1,4-BBrMB)
by the reaction of 1,4-BBrMB and DIPY indicatestttize ionic alternating chains of a
similar architecture could be formed also in thdypmrization systems containing
2PM, 4PM, 2PD and4PD monomers and 1,4-BBrMB (see sect@.2 Part B.

Table 6 The initial Br/N mole ratio and Br/N mole ratio pfoducts BBr-DIPY-BBr
and poly(DIPY-alt-1,4-BBrMB).

Initial Br/N mole Br/N mole ratio in
Sample Code )
ratio product
BBr-DIPY-BBr 2 1.05
Poly(DIPY-alt-1,4-BBrMB) 1 0.83

Reproducibility of performed quaternization polymerizations

To the best of our knowledge, the reproducibilify spontaneous quaternization
polymerizations was not reported in the literatpreviously. Thus, we have decided to
perform duplicate experiments. With the aim to fyetine results obtained in this work,
selected quaternization polymerizations were peréal under identical conditions
twice. One series of quaternization polymerizatactivated with benzyl bromide
resulting into the linear polymers and two seridésgoaternization polymerizations
activated with 1,4-bis(bromomethyl)benzene resgltinto polymer networks were
performed. The products of duplicate reactions wararacterized only by means of

elemental analysis and IR spectroscopy.

Table 7 The initial Br/N mole ratio and Br/N mole ratio pfoducts resulting from the
duplicate quaternization polymerizations A and B.

Sample Code Run Code Initial Br/N mole Br/N mole ratio of
ratio product
Poly(2PM) 2 075
o

Y 2 0.69
1 0.74

Net(2PM)
1 0.69
1 1.04

Net(2PD)
1 1.09
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The Br/N mole ratio of products calculated fromules of elemental analysis (see
section3 MATERIALS AND METHODSogether with the initial Br/N mole ratio in the
feed are demonstrated in th@ble 7. The products labeled a&s (Run Code) are the
prime reaction and theirs characteristics and ptgseare discussed further in this work
(see sectiod.2.2 Part B and the products labeled Bsefers to the duplicate reactions.
The Br/N mole ratio of the products and product8 of particular sample differ by
5-8% and thus we can conclude that product withilainBr/N mole ratios were

obtained under identical conditions.

1620 1574 1620 1573
N ~
net(2PM) - A
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1620 1574
\
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Figure 15 IR spectra of products obtained from duplicate teumzation
polymerizationsA andB for samplegpoly(2PM), net(2PM) and net(2PD). DRIFTS,
diluted with KBr.

The identical compositions of produd&sandB were also well supported by the IR
spectroscopy. According to the IR spectra depiateBigure 15 we can assume that
productsA and product8 contain almost identical structural elements, Whi well
demonstrated mainly in the finger-print region. Bamdegree of quaternization is well
demonstrated by comparable ratio of N=C stretchiilgrations (1573 cm and
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1574 cm) and N'=C stretching vibrations (1620 ¢ intensities in the spectra of
productsA and productsB. The similar conversion of acetylenic triple bondso
polyacetylene main chain is also well demonstrétgdomparable intensities of=C
stretching vibrations at around 2220°trim spectra of productd and products in
case of polymer networkset(2PM) andnet(2PD)

These experiments proved that the quaternizatiolynmizations exhibit high
reproducibility and highly similar products are aiped under identical conditions in

the case of preparation of both linear polymers@igmer networks.

4.2.1.3 Quaternization polymerization of 4-ethynylpyridine and
2-ethynylpyridine activated with benzyl bromide

Since the benzyl bromide (BBr) was not reporte@d & in literature previously, it
was necessary to clarify its suitability for the . @Rus the BBr was firstly reacted with
4-ethynylpyridine (4EP) and 2-ethynylpyridine (2EREP and 2EP are considered as
structurally basic monomeric compounds, which carpblymerized via QP. Since the
QPs of 4EP and 2EP activated with BBr were supposedresult in linear
monosubstituted polyacetylene type polymer, whiehgenerally consider as less stable
then theirs disubstituted counterparts, the readwmperature was reduced to 75 °C.
QP of 4EP and 2EP were carried out in DMF for 1ylsdaccording to the general
procedure (see secti@MATERIALS AND METHODS

In both cases, the solid dark materials were obthin high yield after purification
labeled aspoly(4EP) and poly(2EP). Both polymers, well soluble in polar solvents
such as ethanol, methanol, dimethyl sulfoxide anihethylformamide, were

characterized by means of elemental analysissHRYMR and UV/vis spectroscopies.
The elemental analysis of poly(2EP) and poly(4EP)

The elemental analysis proved the presence of Im@rm both products [24.8% in
poly(2EP) to 25.3% inpoly(4EP)] (see sectior38 MATERIALS AND METHODSThe
degree of quaternization (Br/N mole ratio) 0.73 &n88 respectively, suggested that
highly, but not fully, quaternized monomeric unitgere present in the prepared

materials.
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4 RESULTS AND DISCUSSION

NMR and IR characterization of poly(2EP) and poly(£P)

Although the NMR is one of the basic character@atf polymeric materials, it is
difficult to obtain appropriate and complex infortiea concerning the polymers
structure. This is caused mainly by the nonunifoynof formed polymers and
consequent broadening of NMR signals. However, ightsidifference in*H NMR
spectra ofpoly(4EP) and poly(2EP) could be identified Kigure 16). Generally, the
broad signal at 6.5-10.0 ppm in spectra of botlympers can be ascribed to the aromatic
protons of pyridyl and/or pyridiniumyl pendant gpsuof the polymer main chains and
to the phenyl groups of QA. The broad signal at&3ppm in spectra gioly(2EP)
and signal at 5.5-6.2 ppm in spectrapofy(4PE) were ascribed to the protons of £H
groups ofN-benzylpyridiniumyl moieties as well as to protasfspolyene main chain.
The overall higher resolution gbly(4EP) spectra may be ascribed to higher structural
uniformity compared to thpoly(2EP). For the relation betweeit! NMR spectra and
configurational structure sé@iéhe structure of monosubstituted ionic polyniersection
4.1

Similarly to the discussion on the IR spectra aficopolymers prepared in the
previous sectiond.l, the transformation of triple bond into double @srof polymer
main chain is well manifested by absence of ban€=f bond stretching vibration
(around 2100 ci) in IR spectra of bottpoly(4EP) and poly(2EP) (seeFigure 16).
Formation ofN-benzylpyridiniumyl units is confirmed by the"&C stretching vibration
at 1634 crit and 1620 cilin spectra opoly(2EP) andpoly(4EP), respectively.[92]

poly(2EP) poly(2EP)

-

poly(4EP) poly(4EP)

1634

1620

L.

v T v T v T v T T T T T T T T T T T T T T T T T

12 10 8 6 4 2 0 4000 3500 3000 2500 2000 1500 1000 500
Chemical shift (ppm) Wavenumber (cm'1)

Figure 16 *H NMR (300 MHz, DMSOds) and IR spectra (DRIFTs, diluted with KBr)
of polymerspoly(2EP) andpoly(4EP).
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4 RESULTS AND DISCUSSION

UV/vis characterization of poly(2EP) and poly(4EP)

The absorption spectra pbly(2EP) and poly(4EP) are shown inFigure 17. The
formation of n-conjugated segments is well demonstrated by bedesbrption up to
650 nm in spectra of both polymers. Generally, @ntroned previously (see section
4.1), the absorption up to 350 nm is ascribable ayargnsfer (CT) absorption of the
ion pairs composed oN-benzylpyridinium/bromide anion.[152] The absorptiin
visible region can be ascribedste->n* transitions in the polyacetylene main chains.[18]
The comparison of UV/vis spectra indicated tpaty(4EP) exhibits higher extent of
conjugation compared to tip®ly(2EP). We can speculate that the benzyl moieties that
quaternize the nitrogen atoms in the pyridine rimgpara-position poly(4EP)] are
distant from the polyacetylene main chains and thesmain chains can possess the
microstructure convenient for an achievement oigh ltonjugation extent. Contrary,
the bulky benzyl groups in the vicinity to the patgtylene main chains in
ortho-position poly(2EP)] may complicate the optimization of microstructdosvard

high extent of the main-chain conjugation.

poly(2EP)

---- poly(4EP)

Absorbance

250 ' 360 ' 3é0 ' 460 ' 4é0 ' 560 ' SéO ' 660 ' 6é0 ' 700
Wavelength (nm)
Figure 17 UV/vis absorption spectra of polymguely(2EP) andpoly(4EP), measured

in methanol. Concentration of samples 2.0 ¥19g ml™.

The successful preparation of iomi@onjugated monosubstituted polyacetylene type
polymers via quaternization polymerization of 2Efl 4EP activated with BBr, proved
that BBr is a suitable QA and could be thereforpliagd as QA also for QP of
disubstituted pyridylacetylene based monomers peepan this work. These
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4 RESULTS AND DISCUSSION

experiments have also shown that only monomers fuilly transformed acetylenic
groups are present in the products. Moreover, tiuetsire dependence on the position
of N atom of pyridyl was suggested. The less broadesignals iftH NMR spectra of
poly(4EP) may be ascribed to the higher uniformity of fornpediymer chain compared
to the poly(2EP), which is in good agreement with absorption sged@oly(4EP)
exhibits intense absorption with maxima up to 608 mascribed to the higher

n-conjugation of polyene main chain.

4.2.1.4 Quaternization polymerization of non-symmetrical dsubstituted

monomers activated with benzyl bromide

The quaternization polymerizations of six non-syrtrioal disubstituted
pyridylacetylene based monomers via activation \BBr are discussed in this section.
For the monomers structure ségure 7 in The functionality of monomers and
quaternizing agents sectiord.2

QPs are divided into two groups according to theoneers used: products obtained
from QP ofortho-pyridylacetylene based monomers and products rddarom the QP
of para-pyridylacetylene based monomers.

The quaternization polymerization of threeho-pyridylacetylene based monomers:
2-(1-hexynyl)pyridine ZPH), 2-phenylethynylpyridine PP and
2-(4+ert-butylphenylethynyl)pyridine ZPT) activated with benzyl bromide (BBr)
proceeded according to standard procedure (sedorse8t MATERIALS AND
METHODS. In all cases, the dark solid products in modgetathigh yield labeled as
poly(2PH), poly(2PP) andpoly(2PT) were obtained. The prefix “poly” is in this case
understood as product of quaternization polymeaomaand do not refer directly to the
polymeric character of materials. The elementallysia proved the presence of
bromine in all products [from 22.7% poly(2PT) to 27.3% inpoly(2PH)].

The quaternization polymerization of thrpara-pyridylacetylene based monomers:
4-(1-hexynyl)pyridine 4PH), 4-phenylethynylpyridine 4PP) and
4-(44ert-butylphenylethynyl)pyridine4PT) activated with BBr proceeded according to
standard procedure (see sectbMATERIALS AND METHODSIn all case, the dark
solid products in moderate yield labeledpaty(4PH), poly(4PP) andpoly(4PT) were
obtained. Similarly to th@rtho-pyridyl derived products, the prefix “poly” is ithis
case understood as product of quaternization poiyateon and do not refer directly to
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4 RESULTS AND DISCUSSION

the polymeric character of materials. The elemeatallysis proved the presence of
bromine in all products [from 25.5% poly(4PT) to 28.6% inpoly(4PP]|.

NMR and IR characterization of materials prepared via QP of non-symmetrical

monomers

'H NMR spectra of products prepared fromho-pyridylacetylene based monomers
are shown irFigure 18 As compared tdH NMR spectra of polymers prepared from
2EP and 4EPpply(2EP) and poly(4EP)], *H NMR spectra opoly(2PH), poly(2PP)
and poly(2PT) exhibit significantly better resolved signals. Jlould be ascribed to
the (i) high structural uniformity of products ai) the formation of low molecular mass
products. The second explanation may be prefemedoaly oligomers were assumed
as products, since the spontaneous quaternizablgmprization proceeded without any
catalyst that might control the configurationalsture of products.

poly(2PH) poly(2PH)
poly(2PP) poly(2PP)
) .—-MJ)L—-*—.—M
poly(2PT) poly(2PT)
1I0 ' EIB ' (IS ' :1 ' é ' (I) 160 140 120 100 80 60 40 20 0
Chemical shift (ppm) Chemical shift (ppm)

Figure 18 'H NMR and *C NMR spectra of productpoly(2PH), poly(2PP) and
poly(2PT), 300 MHz, DMSOgs.

However, the dependence of the formed product ensdtond pendant of ethynyl
group could be discussed. The partly broadéreNMR spectra opoly(2PH) may be
ascribed to the formation of short oligomeric clsaiihe same tendency, however less
apparent, could be observed in the case'ttNMR spectra ofpoly(2PP) and
poly(2PT). Generally, the signal at 6.5-10.0 ppm in spectrall polymers can be
ascribed to the aromatic protons of pyridyl angigrdiniumyl pendant groups of the
polymer main chains and the phenyl groups of QAe Bignal at around 6.0 ppm
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4 RESULTS AND DISCUSSION

ascribed to the CHgroup of BBr proved that the major part of monosnevas
successfully quaternized (activated) with BBr. Téignals around 1.0 ppm in the
spectra ofpoly(2PH) and poly(2PT) are ascribed to the aliphatic protons of butyl or
tert-butyl pendants, respectively. Signals at 4.6, @8 2.7 ppm are ascribed to the
guaternized form of DMF, which formation was disses above in the sectign2.1.1
Reaction conditions

13C NMR spectra of products are shownFigure 18 The detailed assignment is,
however, complicated, due to the non-uniformitypoépared materials and consequent
broadening of signals. Signals at about 130 ppmbsamscribed to the resonance of
carbons of (i) conjugated acetylenic backbone, (iphenyl groups of
N-benzylpyridiniumyl moieties, and (iii) pyridyl/piiniumyl pendent groups. Since
the only low molecular mass products were obtairtled, contribution of carbons of
conjugated backbone to this signal is, howeverdpéve. Signals at 13 and 21 ppm in
the spectra opoly(2PH) are ascribed to the aliphatic carbons of butyl aighal at
30 ppm and 34 ppm in the spectrgofy(2PT) are ascribed to the carbonsteft-butyl
pendants.

'H NMR and *C NMR spectra of products derived fropara-pyridylacetylene
based monomers exhibit even more resolved signaspared to the spectra of
products derived fromrtho-pyridylacetylene based monomers. Thus, we canusgec
that mainly quaternized monomers and/or low mokacolass products were obtained
in this case.

'H NMR spectral resolution increases in sefiel/(4PH) < poly(4PT) < poly(4PP)
which indicates that in the case pbly(4PT) and poly(4PH) the formation of short
chains can be considered. Since the spectpolg{4PP) exhibit well resolved signals
we have decided to performed two-dimensional NMReexnent (COSY, HSQC and
HMBC) with the aim to assign the signals to thepmsed structures. From the obtained
data, three types of molecules were identifiedh@ product: quaternized monomers
(BBr-4PP), quaternized DMF (BBr-DMF) and free BBhe non-quaternized 4PP was
not identified in the product via the performed NMRperiments.

'H NMR and™C NMR spectra opoly(4PP) and presumed structures of BBr-4PP
and BBr-DMF are depicted ifigure 19 and Figure 20, respectively. Product also

contained free BBr molecules, which is demonstrdtgdhe signal of Ck group in
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4 RESULTS AND DISCUSSION

both spectra at 4.70 ppm and 35.8 ppm respectiVely.signals of phenyl group of free
BBr are in the same region as the signals of phegroups of BBr-4PP and BBr-DMF.
For structure of BBr and corresponding NMR spestra sectior3 MATERIALS AND
METHODS

The signals around 9.00 ppm and 8.40 ppHINMR spectrum were assigned to
the protons of pyridyl groups of BBr-4PP. The sigaa7.91 ppm is ascribed to the
proton of -CH=0 of BBr-DMF. The closer assignmefts@nals in the region from
7.46 to 7.81 ppm was complicated, however, thegeats are generally ascribed to the
aromatic protons of phenyl groups of BBr-4PP ad aglphenyl groups of BBr-DMF
and BBr. The signal at 5.90 ppm was assigned toptimtons of CH groups of
BBr-4PP. Signal at 4.70 ppm was assigned to theopsoof CH groups of BBr-DMF
and free BBr and signal at 2.89 ppm was assigneitheéoprotons of Cklgroups of
BBr-DMF.

1HNMR 15

B /=A /=R

{
15°N 3 7—8 ¢ 12
/e N/
2116 54 1413
20 17 .
10,11,12,13,14,17,18,19,20,21,23,24,25,26,27 N Br 30
1918 . 8%/

267 22”7 TN____O
I /29732733

>
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e DMSO-d6] X .
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73
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Figure 19 *H NMR spectrum ofpoly(4PP) with proposed structure of compounds

identified in the product. The assignment of signal based on the two-dimensional

NMR experiments.

The signals around 145 ppm™iC NMR spectrumKigure 20) were assigned to the
carbons of pyridyl groups (neighboring to the rgen atom) of BBr-4PP and signals at
around 139 and 134 ppm were assigned to the gaayecarbons of pyridyl groups and
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4 RESULTS AND DISCUSSION

to the quaternary carbons of phenyl groups of BBrdant, respectively. The signals in
the region from 126 to 133 ppm were assigned toc#tbons of pyridyl (remote from
the nitrogen atom) and to the carbons of phenyuggo The signal at 119 ppm was
assigned to the quaternary carbons of phenyl perda&iP. The carbons of triple bond
were demonstrated in the spectra at 103 ppm amqp®5 The signal at 63 ppm was
assigned to the carbons of €¢toups of BBr-4PP, signals at 152 ppm, 67.2 ppm and
48.4 ppm were assigned to the BBr-DMF and sign&@5appm to the carbons of GH
group of free BBr.

13C NMR DMSO-d6
2,4,10,11,12,13,14,17,18,19,20,21,23,24,25,26,27
r

301’-31 CH2 group

-
of free BBr
m

T
160 150

Chemical Shift (ppm)

Figure 20 °C NMR spectrum ofpoly(4PP) with proposed structure of compounds
identified in the product. The assignment of signahs based on the two-dimensional

NMR experiment.

Since the signals of the triple bond carbons wee## demonstrated in the spectra
(Figure 22), we can assume that mainly quaternized mononmstead of expected
polyacetylene type polymers were present in thedywb The formation of low
molecular weight product was also supported byréiselution of NMR spectra. In the
case of polymer formation, the much broadened Nié&ta would be expected. The
NMR spectra also confirmed the formation of quaimd form of DMF and the
contamination of product by the free BBr, which sithe calculation of degree of

quaternization from elemental analysis. The inanto purify the product via washing
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4 RESULTS AND DISCUSSION

with diethyl ether resulted only in the reductiohyeeld and not in the removing of
contaminants. This is probably caused by the loweomwar character of product
BBr-4PP and to its physical interaction with thénest components present in the
product. As only low molecular product instead ofymer was obtained in this case,

the purification process was not optimized.

'H NMR and *C NMR spectra ofpoly(4PH) and poly(4PT) are shown in
Figure 21 The presentedH NMR spectra are similar to the spectrumpoly(4PP),
however, the spectra gfoly(4PH) and poly(4PT) exhibit partial broadening in the
region from 6.5 to 10.0 ppm, which may indicate themation of short polyacetylene
chains. The assignment of signals in NMR specteanislar to the assignment of NMR
spectra ofpoly(4PP). Additionally, the signals of butyl (1.0 ppm fil NMR spectra
and 13 ppm and 21 ppm C NMR spectra) in the case pbly(4PH) and signal of
tert-butyl (at 1.0 ppm irfH NMR spectra and 30 ppm and 34 ppnti@ NMR spectra)
in the case opoly(4PT) were observed. Similarly to thaoly(4PP) we assume that
both poly(4PH) and poly(4PT) were also contaminated with residual BBr-DMF and
free BBr.

poly(4PH) poly(4PH)
__J\)LA\__A__LA_JWLLML_ TN W ,JM
poly(4PT) poly(4PT)
o 8 6 4 2 0 160 140 120 100 80 60 40 20 0
Chemical shift (ppm) Chemical shift (ppm)

Figure 21 *H NMR and **C NMR spectra of productpoly(4PH) and poly(2PT),
300 MHz, DMSO¢.

Figure 22 shows the IR spectra of prepared prodocly(2PH), poly(2PP) and
poly(2PT). The transformation of ethynyl groups of mononmeo ipolymer main chain
was well manifested by diminishing of=C bond stretching vibration in the case of

poly(2PH). However, the low intensity signal at 2219tmind 2221 cilin spectra of
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4 RESULTS AND DISCUSSION

poly(2PP) and poly(2PT), respectively, was ascribed to thee@ bond stretching
vibration of residual monomer molecules, which weacg incorporated into polymer
main chains. According to the intensities of thesgnals, we can assumed that
not-transformed monomer molecules are present é plfoduct as a minor part.
However, the separation of monomer molecules fromholecular mass product was
difficult and thus also free monomers were presgetite resulting product. Considering
that free monomer molecules were quaternized, #paration from the ionic, low
molecular mass product is nearly impossible. Thigartly supported by the "NC
stretching vibration oN-benzylpyridiniumyl units (at 1619 or 1620 chobserved in
the IR spectra of all products, which imply thaghiy quaternized products (monomeric

_iifj::jii\f/jw\'\\\v\~Av/J\v~ﬂﬁxﬂ\FKﬁAM#WNJ{/“

poly(4PP)

units and/or monomers) were formed.
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Figure 22 IR spectra opoly(2PH), poly(2PP) poly(2PT), poly(4PH), poly(4PP) and
poly(4PT). DRIFTS, diluted with KBr.

IR spectra of productgoly(4PH), poly(4PP) and poly(4PT) are shown in
Figure 22 In all IR spectra of products were observed Sigait bands at 2220 ¢h
ascribed to the €C bond stretching vibration. This may imply thaple bonds were
not fully transformed into the double bounds ofyeole chain. The intensity of=C
bond stretching vibration increases in senedy(4PT) < poly(4PH) < <poly(4PP),
which is in good accordance with NMR spectra resmtu and imply that only
guaternized monomers was formed in the cageobf(4PP) IR spectra opoly(4PH)
andpoly(4PT) indicate that triple bonds were partially trangfed into a polyacetylene
chain, however, we can only speculate about thevezsion. The N=C stretching

vibration ofN-benzylpyridiniumyl units at around 1634 ¢rpresented in all IR spectra
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suggest that fully or highly quaternized productsfomeric units and/or monomers)

were formed.

UV/vis and photoluminescence characterization of ntarials prepared via QP of

non-symmetrical monomers

The UV/vis absorption and photoluminescence speofrgroducts poly(2PH),
poly(2PP) and poly(2PT) measured in MeOH solution are shownFigure 23. Only
the structured UV bands with absorption maximunwayelength around 300 nm were
observed in the spectra of monomers. Similarlyh WV/vis spectra discussed above
in section 4.2.1.3 concerning poly(2EP) and poly(4EP), the UVl/vis spectra of
poly(2PH), poly(2PP) andpoly(2PT) contain a partly resolved bandiatx of 336, 339
and 349 nm, respectively, ascribable to the chaayesfer (CT) absorption of the ion
pairs composed ofN-benzylpyridiniumyl/bromide anion[152] which is igood
agreement with high content of quaternized monamnanits. However, only low
intensity band ascribed to the-n* transitions in the polyacetylene main chains is
observed in the spectra of all products which imjgdw extent of conjugation of
product. Poly(2PP) and poly(2PT) exhibit absorption with a shoulder up to 390 nm
compared to thepoly(2PH). We ascribed this to the phenyl atert-butylphenyl
pendants which may be involved in the conjugatibmain chain.

The monome2PH exhibits no photoluminescence after irradiation amonomers
2PP and 2PT exhibit low intensity photoluminescence with maaimat 324 nm and
338 nm respectively. On the contrary, all the pregpgroducts emit in the region from
345 to 470 nmRKigure 23). The emission of the products probably originaten the
excitation of the partly conjugated polymer chamfigolyacetylene type[18] and/or the
transition of the CT complei-benzylpyridinium/bromide anion.[220,221] Since the
prepared products exhibit only low conjugation, ascribe the photoluminescence
mainly to the CT complex, which is obvious espdgial the case opoly(2PH).
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Figure 23 UV/vis (A) and photoluminescence (PL) (B) speciw& poly(2PH),
poly(2PP) and poly(2PT) measured in MeOH. Concentration of samples forusv/
measurements 2.0 x Fang ml'*. Concentration of samples for PL measurements was
3.3 x 10°mg mr?, excitation wavelength 260 nmdly(2PH)] and 350 nmgoly(2PP)
andpoly(2PT)] was used.

The UV/vis absorption and photoluminescence speofrgroducts poly(4PH),
poly(4PP) and poly(4PT) measured in MeOH solution are shownFigure 24. Only
the structured UV band with absorption maximum48 @m @PH), 281 nm 4PP) and
306 nm 4PT) were observed in the spectra of monomers.

The UV/vis spectrum gboly(4PH) exhibits partly resolved bands)at.x of 287, 408
and 520 nm. Similarly, the spectrum bly(4PT) exhibits bands atmax of 352 and
507 nm. On the contrary, spectrum @oly(4PP) exhibit only one band at
Amax = 338 nm. Similarly to the spectra ofthopyridyl based products, the absorption
in UV region, which is observed in all spectraascribed to the CT complex of the ion
pairs composed diN-benzylpyridinium/bromide anion[152] and the absiom in vis
region, observed only in spectra pbdly(4PH) and poly(4PT), is ascribed tot—n*
transitions in the polyacetylene main chains.[18]sTis in good agreement with the
assumption that in the case pdly(4PP) only quaternized monomer was formed. The
low intensity band in vis region in the casepoly(4PH) andpoly(4PT) imply partial
conjugation of low molecular products. Higher alpsion intensity ofpara-pyridyl
based polymers compared to thetho-pyridyl based polymers may be caused by the
position of N atom of pyridyl. Similarly to the digssion on UV/vis spectra of

poly(2EP) and poly(4EP), the bulky benzyl group impara-position may allow
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microstructural optimization toward the conjugaticompared to thertho-positioned

benzyl group.
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Figure 24 UV/vis (A) and photoluminescence (PL) (B) spectw& poly(4PH),
poly(4PP) and poly(4PT) measured in MeOHPoly(4PH) exhibits no emissions.
Concentration of samples for UV/vis measuremerlisx2L.0? mg mr't. Concentration
of samples for PL measurements was 3.3 Xrh@ mI?, excitation wavelength 350 nm

was used.

The monomergtPH and 4PT exhibit no photoluminescence after irradiation and
monomer 4PP exhibit low intensity photoluminescence with maainat 346 nm.
Poly(4PH) exhibits similarly to monomers no photolumines@eaadpoly(4PT) only
low intensity photoluminescence with maximaa.x= 482 nm. However, products
poly(4PP) exhibit photoluminescence with maximaax= 480 nm Figure 24). Since
the productpoly(4PP) is considered to be a mixture of quaternized marem
(BBr-4PP), quaternized DMF (BBr-DMF) and free BB vascribed the emission
mainly to the CT complexXN-benzylpyridinium/bromide anion in junction with eh
conjugated system of pyridyl-ethynyl-phenyl in theolecule of BBr-4PP.[220,221]
From the point of view of absorption and emissiooperties, the selection of phenyl
group as a second pendant of acetylene group ouwedirthe advantages of
interconnection of conjugated system in the monostercture. The absorption and

emission characteristic of prepared ionic mateaatéssummarized ifable 8.
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Table 8 UV/vis absorption and photoluminescence charestiesi of prepared

materials.

Sample Code UV region Visregion Excitation Emission

hanax MM Ay [0M]” [NM]® i [n]
Poly(2PH) 336 n/a 260 345
Poly(4PHY 287 408, 520 350 n/a
Poly(2PP) 338 n/a 350 470
Poly(4PPY 352 507 350 480
Poly(2PT) 349 n/a 350 455
Poly(4PTY 352 507 350 482

4 position of absorption in UV region? Position of absorption in vis region;
° Excitation wavelength;? Only low molecular mass products or quaternized

monomers were obtained.

The overall character of the products prepared frioenQP ofortho-positioned and
para-positioned non-symmetrical mono-pyridylacetylenasdd monomers activated
with BBr can be summarized. Since thr¢ho-pyridyl products are considered to be low
molecular mass oligomers, tpara-pyridyl based products are considered to be mostly
quaternized monomer molecules. The suggested ¢baxzEcproducts, based on NMR,
IR and UV/vis spectroscopies is depicted on thesiithtive diagram irFigure 25.

However, the proposed character of products magphsidered as only apparent.

P N NP N
Q T R R R R
GARCR L&

& &S RS

- - >

Quaternized Oligomer

Figure 25 The apparent polymeric character of prepared mtsduom QP of a series of

non-symmetrical mono-pyridylacetylene based monsraetivated with BBr.

Degree of quaternization of materials prepared viaQP of non-symmetrical

monomers

Although all the products were characterized by mseaf elemental analysis and
bromine was proved in all prepared materials, trecutation of degree of
guaternization is disposable only fortho-pyridylacetylene based products, which

exhibit the oligomeric character. Since tpara-pyridylacetylene based products are
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considered to be mainly quaternized monomers cantdad with residual reactant, the
calculated Br/N mole ratio may not refer to theiveatdegree of quaternization.
However, according to the results of EA the contdridr atoms in the product is higher
then that of N atoms in gblara-pyridyl products.

As given inTable 9, the resulting degree of quaternization defined@sl mole ratio
for ortho-pyridyl products was close unity and thus we cssuene that monomers were

inbuilt mostly in quaternized form.

Thermal stability of materials prepared via QP of ron-symmetrical monomers

As the mainly quaternized monomers were prepareth fpara-pyridylacetylene
based monomers, the TGA curves do not refer toptilgmer stability and thus we
present only the stability afrtho-positioned products. TGA curves recorded for the
products poly(2PH), poly(2PP) and poly(2PT) in N, atmosphere are given in
Figure 26. Two characteristics of the products have beeartsned from these curves:
(i) the temperature at which the weight loss oft%wvas detectedtdgss) and (ii) the
weight loss at temperature of 800 °C. The resudssammarized iffable 9. According
to the Reynolds and co-workers[36] studied thentarstability of quaternized and
non-quaternized (dialkylamino)ethoxy-substitutedymhenylene)s and concluded that
the quaternization deteriorated the thermal stghali the onset of the TGA experiment.
The authors also proved that the thermal decomposif quaternized polymers started
with releasing hydrogen halide and quaternizinghagea temperature >150 °C.

Poly(2PH), poly(2PP) andpoly(2PT) exhibit similartgse, (from 207 °C to 225 °C),
however, the mass loss at temperature of 800 °ferdifepending on (i) degree of
quaternization (ii) character of side pendants. highest mass loss qfoly(2PH)
presumably associated with the low thermal stabditthe alkyl chain and the higher
thermal stability ofpoly(2PT) compared to thpoly(2PP) may be caused by the lower
content of BBr units in the molecule, which may beleased under elevated

temperature.
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Figure 26 TGA curves of productpoly(2PH), poly(2PP) and poly(2PT) in N, step
10 °C min™.

Table 9 The characterization of prepared products. Yieldoreducts vyield after
purification, Br/N mole ratio — degree of quateatian of prepared materials calculated
from elemental analysis. Characteristics of prosidcom the TGA analysis in N
atmosphere, step 10 °C rinn/a — data no available due to the low molecniass

character of products.

. TGA
. Br/N mole ratio in
Sample Code  Yield [%] product toess [C Weight loss at

95% 800 °C
Poly(2PH) 73 0.85 217 77
Poly(4PH) 61 n/a n/a n/a
Poly(2PP) 74 0.98 207 65
Poly(4PP) 58 n/a n/a n/a
Poly(2PT) 81 0.84 225 58
Poly(4PT) 64 n/a n/a n/a

Solubility of materials prepared via QP of non-symnetrical monomers

The non-substituted polyacetylene is a totally misie polymer. Both mono and
disubstituted polyacetylenes with nonionic substits are mostly reported as well
soluble, however, in nonpolar solvents only.[43T8ubstitution of the polyacetylene
chains with ionic groups is a promising way to abfaolyacetylenes soluble in polar
solvents. The solubility of products prepared iis gection is summarized rable 10
Although, in the case gqfara-pyridylacetylene based monomers the mainly quetedn

monomers were obtained instead of ionic polymeeshave also tested the solubility of
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these products. The solubility of product is inflaed mainly by the second pendant of
acetylenic groups and not by the molecular masghef products (oligomer vs.
quaternized monomer). All products were well saduinl polar solvents and confirmed
the solubility of ionic polymers. Prepared materialere fully soluble in ethanol,
methanol, acetonitrile, dimethyl sulfoxide, dimdtbymamide and partly soluble in
water. The additional solubility gfoly(2PT) andpoly(4PT) in THF and acetone was
presumably caused by the presencetesf-butyl pendants in these materials that

generally improved solubility.

Table 10Solubility of prepared products in solvents ofigas relative polarity.

Solvent pl;lzlfi\tt)i/vgf Sample code
solvenf Poly(2PH) Poly(4PH) Poly(2PP) Poly(4PP) Poly(2PT) Poly(4PT)
Water 1 Partly Partly Partly Partly No No
Methanol 0.762 Yes Yes Yes Yes Yes Yes
Ethanol 0.654 Yes Yes Yes Yes Yes Yes
Acetonitrile 0.460 Yes Yes Yes Yes Yes Yes
Dimethyl sulfoxide 0.444 Yes Yes Yes Yes Yes Yes
Dimethylformamide 0.386 Yes Yes Yes Yes Yes Yes
Acetone 0.355 Partly Partly Partly Partly Yes Yes
Dichloromethane 0.309 Yes Yes Yes Yes Yes Yes
Tetrahydrofuran 0.207 No No No No Yes Yes
Toluene 0.099 No No No No No No
Hexane 0.009 No No No No No No

Y Relative polarity values of solvents taken froreriture.[222]
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4.2.2 Part B — Quaternization polymerization of symmetrial

disubstituted monomers

This section deal with the quaternization polymeicn of four symmetrical
bi-pyridylacetylene based monomers activated wignzyl bromide as well as
1,4-bis(bromomethyl)benzene into linear ionicconjugated polyacetylene type
polymers and ioniet-conjugated polyacetylene type polymer networkstiogr with
the detailed characterization and testing of pegbanaterials. The experiments and

results of this section are summarized in articles:

Faukner, T. Trhlikov4a, O., Zednik, J., & Sedkk, J.; lonic n-Conjugated
Polyelectrolytes by Catalyst Free Polymerization Bis(pyridyl)acetylenes and

Bis[(pyridyl)ethynyl]benzenesviacromolecular Chemistry and Physi@915 21614),
1540-1554. doi:10.1002/macp.201500147
labeled a®\2 in Attachments

and

Faukner, T.Zukal, A., Brus, J., Zednik, J., & Sedik, J.; lonict-Conjugated Polymer

Networks by Catalyst-Free Polymerization, Photohsscence and Gas Sorption
Behavior.  Macromolecular Chemistry and Physics 2016  0-13.
doi:10.1002/macp.201600092

labeled a®\3 in Attachments.

Symmetrical bi-pyridylacetylene based monomers

In the previous sectiod.2.1 Part A the reaction conditions of quaternization
polymerizations were optimized, moreover the qumatation polymerization of
disubstituted non-symmetrical mono-pyridylacetyl&ased monomers was performed.
It was concluded that non-symmetrical monomers whityl, phenyl and
tert-butylphenyl as a second pendant of triple bondesed from low polymerization

activity and only short oligomers or quaternizednmmers were obtained. This section
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deals with quaternization polymerizations of fowmsnetrical bi-pyridylacetylene
monomers containing as a second substituent pyordd4(ethynylpyridyl)phenyl.
Similarly to the monomers prepared in previousieact.2.1 Part A both type of
monomers were synthesized baseaho-pyridylacetylene angara-pyridylacetylene
and thus, four monomers were investigated: 1,2ipgtidyl)acetylene ZPM),
1,2-bis(4-pyridyl)acetylene 4PM), 1,4-bis[(2-pyridyl)ethynyllbenzene 2PD) and
1,4-bis[(4-pyridyl)ethynyllbenzenetPD). The structures of monomers are depicted in

Figure 7 in sectiord.2 Disubstituted pyridylacetylene based monomers

Quaternization polymerization modes

Prior the discussion on the prepared materialsaddiriefly consider on the possible
polymerization modes and resulting products. Thairelgrowth polymerization of
monofunctional acetylenic monomers (e.g. phenyldeee) by common catalytic
polymerization approaches (e.g. with Rh based yst&l leads to the linear polymer
[e.g. poly(phenylacetylene)]. The polymer networkuld be obtained when the
monomer with higher functionality is used (e.g.tymylbenzene is polymerized into
the  polyacetylene-type =n-conjugated polymer network  consisting  of
ethynylaryl-substituted polyene main chains thataoss-linked by arylene linkers).

Considering quaternization polymerization approdhbh, structure of product could
be tune by the selection of monomer (monomer wathious functionalityf) as well as
the selection of quaternizing agent (QA). The oNeration between monomer and
QA structures and product obtained in the quatatium reaction se€able 11

When monomer with two pyridyl groups and no ethygrdup € = 2) is reacted with
monofunctional QA f(= 1), the only quaternized monomer is assumedetdobmed.
This is well demonstrated in the reaction of 1,gdyddyl (DIPY) with monofuctional
benzyl bromide (BBr). No polymerization occurs lstcase and only fully quaternized
DIPY, 4,4 -bis(-benzyl)dipyridinium bromide, is obtained (see &wtt4.2.1.2
Supporting experiments As shown in Table 11, DIPY is a compound with

functionalityf = 2, however, both functionalities originate froime pyridyl groups.
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4 RESULTS AND DISCUSSION

Table 11 The overall relation between monomer and quatemiagent (QA) structure
and product obtained in the quaternization reactign- ethynyl functionality,fpy —

pyridyl functionality,foa — quaternizing agent functionality.

Type of

Monomer fee fpy QA fou Product chain(s)

Ref.

BBr 1 quaternized no chain is

/ \ / A\ monomer formed A2
— J— 1,4- linear ionic alternating A3

BBrMB

oligomer chain
BBr 1 linear polyacetylene  this
N) polymer chain work
=P N//_ Y—= 1 1 1,4- polymer polyacetylene
_ BBIMB 2 network  chain with short [145]
cross-links
linear polyacetylene
/—(N) (N)—\ BBr 1 polymer chain A2
/ —
PM NHN 1 2 14 olvmer polyacetylene
= / BBIMB 2 Eetzvork chain and ionic A3
alternating chain
linear 2 polyacetylene
BBr 1 polymer chains A2
(N) — (N)= (5% pol.net.)
0/ A N 2 2
- — polyacetylene
N =\ / — \ N 2 polyacetyl
— / 1,4- 2 polymer chains and A3
BBrM network 1 ionic

alternating chain

The quaternization polymerization of ethynylpyrien(EP)s containing one pyridyl
and one terminal ethynyl group= 2), via activation with BBr leads to the lineanic
polymer, where the linear backbone is formed mgonjugated polyacetylene type
chain. The results of this QP are discussed inimecd.2.1.3 Quaternization
polymerization of 4-ethynylpyridine and 2-ethynyigiye activated with benzyl
bromide Similarly to DIPY, EP is compound with= 2, however, one functionality
originates from ethynyl group and one from pyriggbup.

When monomer with two pyridyl groups and one ethyryroup (e.g.
bispyridylacetylene, PM type monomerk¥(3) is reacted with monofunctional BBr, no
branching comes into consideration and linear prbds obtained. When monomer
possessing two pyridyl groups and two ethynyl geojgpg. bis(pyridylethynyl)benzene,
PD type monomersf € 4) is reacted with monofunctional BBr, the crtieking comes
into the consideration. This assumption presumes koth triple bonds of single
monomeric unit are transformed into polyene chiiawever, the network formation
occurs only in a little part (see secti@gn2.2.1 Quaternization polymerization of

symmetrical bi-pyridylacetylene based mononaerd related discussion). This could be
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attributed mainly to the steric effects that copldy important role in spontaneous
quaternization polymerization.

In mentioned examples QA act only as activationnagdlowing quaternization
polymerization to proceeds. However, when QA possese than one alkylhalide
[e.g. 1,4-bis(bromomethyl)benzene (1,4-BBrMB)]=(2), QA could act also as a
cross-linker and/or as a monomeric unit. The foromatof short cross-links (one
cross-link connect two polyacetylenic chains) isusmsed when monomer with one
pyridyl and one ethynyl group (EP type monomérs?) is activated with bifunctional
QA. This was lately describe on QP of 2EP with @asi bifunctional QA in article
reported by our group.[145] However, the formatiohlonger cross-links — ionic
alternating chains under selected conditions wats discussed previously in the
literature. Thus, the formation of ionic alterngtinhains of similar composition was
studied in the independent experiment in which BB4MB was reacted with DIPY.
The formation and characterization of obtained aotigric product, polyf,N-
(4,4 -dipyridiniumyl)alt-1,4-dimethylenephenylene dibromide] [poly(DIPY-alt
1,4-BBrMB)] is discussed in the sectidt.1.2 Supporting experimeniEhe formation
of structure with similar composition with long eslinks is thus assumed also when
monomers possessing one or two ethynyl group(s)ta@adoyridyl groups (monomers
with f = 3 or 4, PM and PD type monomers) are activatiéa lvfunctional 1,4-BBrMB.
The short cross-links and long cross-links (iorlteraating chains) are demonstrated in

Figure 27.

Polyacetylene

= / chains

Figure 27 The demonstration of short cross-links resultingnf the QP of
mono-pyridylacetylene based monomers activated tifiilmctional QA (1,4-BBrMB)
and long cross-links (ionic alternating chains) utesg from the QP of

bi-pyridylacetylene based monomers activated wifitmictional QA (1,4-BBrMB).

136



4 RESULTS AND DISCUSSION

4.2.2.1 Quaternization polymerization of symmetrical bi-pyridylacetylene based
monomers activated with benzyl bromide and 1,4-

bis(bromomethyl)benzene

Monomers synthesized in this study were polymerizredactivation with benzyl
bromide (BBr) and 1,4-bis(bromomethyl)benzene @B¥MB) resulting into linear
ionic m-conjugated polyacetylene type polymers labelega@g(monomer) and ionic

n-conjugated polymer networks labelednas(monomer), respectively.

Linear polymers

Linear polymers were prepared via quaternizatioigrperization of four monomers
2PM, 4PM, 2PD and4PD activated with BBr as a QA without any additiocatalyst
or initiator according to the procedure describedsection3 MATERIALS AND
METHODS Structure, thermal stability, absorption/emissmoperties and solubility
of linear polymers were determined by means ofoumimethods. With the aim to
support (i) the activation (quaternization) of moreys and (ii) the degree of
guaternization of obtained linear polymers, théiahBr/N mole ratio was set to 2 that
corresponded to the QA/monomer mole ratio 4. Tlkeudision on the initial Br/N mole
ratio and Br/N mole ratio of products see sectidhl.1 Reaction conditions

In all cases the dark solid polymers were obtaimedhigh yield labeled as
poly(2PM), poly(4PM), poly(2PD), and poly(4PD). In the case of quaternization
polymerization of2PM and 4PM monomers, linear polymers possessing monomeric
units of various degrees of quaternization candpeeed as the product. Three types of
monomeric units can be present in polymer: A) noatgrnized units,

B) mono-quaternized units, and C) di-quaternizeitsu8cheme 2.

Scheme 2Quaternization polymerization of PM type monomerth benzyl bromide.
A, B, and C are the contemplated monomeric uniteeénpolymer.
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In the case of quaternization polymerization 2PD and 4PD monomers a
chain-branching comes into consideration, whichla&qossibly lead to the network
formation Scheme 3. This may be expected due to the presence otttwnyl groups
in one monomer molecule, since both these ethyros can be transformed into the
polyacetylene type backbone. Really, the prodpotg(2PD) andpoly(4PD) contained
an insoluble fraction (about 5 wt%), which can Iserébed to the cross-linking of the
polymer chains. As the content of the insolubletita in both polymers was very low
we have dealt only with the major soluble partpa/(2PD) andpoly(4PD). Before all
the characterization opoly(2PD) and poly(4PD), the minor insoluble part was
removed by filtration. The formation of only linear branched polymers in the case of
PD base products may be ascribed to the steriopkeptiies of growing polymer chains,

which complicate the transformation of both triptends into polymer chain.

Scheme 3Quaternization polymerization of PD type monomeith benzyl bromide.
A, B, and C are contemplated linear monomeric uoftpolymer. BU represents an

example of branching unit in the polymer.

Polymer networks

With the aim to prepare the ionmteconjugated polyacetylene type polymer networks
instead of linear polymers we have decided to ecdéme functionality of QA. Various
bifunctional quaternizing agents were tested irclartreported by our group[145] and
1,4-bis(bromomethyl)benzene (1,4-BBrMB) appeared a®st suitable for the network
formation. Thus, the same series of monon&Pd/, 4PM, 2PD and4PD, as in case of
preparation of linear polymers, was polymerized gigaternization polymerization

activated with 1,4-BBrMB as a QA. In all cases tlaek solid insoluble materials were
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obtained in high yield as only product labeledna(2PM), net(4PM), net(2PD) and
net(4PD) Structure, thermal stability, absorption/emissiproperties and surface
characterization of polymer networks were deterwhiog means of various methods.

When the bifunctional QA is reacted with the monmmpossessing two pyridyl
groups, the process of step-growth polymerizatiorwhich QA act as a monomer, is
assumed (se@uaternization polymerizations modessection4.2.2. Therefore, with
the aim to achieved the high cross-linking of padymmetworks the initial Br/N mole
ratio was reduced to 1, which correspond to the @yedyl group per one
methylbromide group.

All the monomers discussed in this section contao pyridyl groups in one
molecule. Together with the bifunctional characteQA the formation of two different
types of polymer chains can be assumedn&i(2PM), net(4PM), net(2PD) and
net(4PD} the polyacetylene type chains and ionic altengathains. The polyacetylene
type chains result from the chain-growth polymer@aof activated ethynyl groups of
the monomer molecules, which are transformed irittylene groups of the main
chains. The ionic alternating chains result frone thtep-growth quaternization
interconnecting of pyridine moieties of the monomaith haloalkyl groups of
1,4-BBrMB. The formation of two types of polymerashs is depicted ischeme 4for

the polymerization of PM type monomers.

N7 SN chain-growth

‘ z P polymerization

2PM, 4PM —_—————»
¢ ) polyacetylene chain

+

Br Ry
— Loy, S0,
Br /y/b I Opl//5

. WL
1,4-BBIMB Onge %,
n
czlte"/;
Uy Vling,

DIV AN 7 7 VN N
BrN‘ — NBr_ BF S .- BVN‘ — N
~Br ~ ~ \N§ S ANE = -

Scheme 4 Quaternization polymerization of PM type monomestivated with

1,4-BBrMB. Two types of main chains can be simwtausly formed: polyacetylene

chains and ionic alternating chains.
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Polymer networks prepared from PM type monomers

The proposed structure of polymer networks prepénad PM type monomer with
1,4-BBrMB is shown inScheme 5 The n-conjugated polyacetylene type chains are
labeled as A and ionic alternating chains are &bak B1 and B2. As each molecule of
PM type monomer contains one ethynyl group and pyddyl groups, each PM
molecule can potentially give rise to a branching in the polymer. If all the groups of

a PM monomer are involved in the polymerizationrfobains will emanate from the

nrBr-H,-Ph-cH-BrPy—

monomeric unit.

=Py Br-ch,-Ph-cH,-BrPy—==—PyBr-c+,-Ph-ci.-

Py———py
B2 [~ Br-c,-Ph-cr,-BriPy—
+
Br-ctirPh-cr-Br Br-ct,-Ph-ci,-BiPy-

i Br-cry-Ph-cr-BiPYy

A

NN

Scheme SProposed structure of the polymer networks obthfn@m the quaternization
polymerization of 2PM and 4PM into net(2PM) and net(4PM), respectively.
A - polyacetylene type chain, B1 and B2 - ionieaitting chains. Ph - 1,4-phenylene,
Py - pyridyl, Br-bromine that was not involved tan quaternization, PyBr
(BrPy) - pyridiniumyl bromide.

However, we can speculate that the real extentrahdhing innet(2PM) and
net(4PM) is lower and that two types of ionic alternatingins (B1 and B2) could be
present in these polymers. Chain BlSicheme Srepresents the ionic alternating chain
containing monomeric units incorporated into pobtstene chains (branching units)
and also monomeric units which are not incorporatéal polyacetylene chains (linear
units). Contrary, chain B2 contains only monomewaits incorporated into
polyacetylene chains (branching units). The presefMd1 and B2 chains imet(2PM)
and net(4PM) is discussed in connection with the occurrencesighals of ethynyl
groups in*C NMR an IR spectra of prepared polymer networksséstion 4.2.2.2

Structural characterization of linear polymers aoolymer networks
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Polymer networks prepared from PD type monomers

The proposed structure of the polymer networks gmegp from PD monomers is
shown in Scheme 6 Similarly to the polymerization of PM type moname the
quaternization polymerization of PD type monomerssimprobably leads to the
polymer networks containing polyacetylene type wba(labeled as A) and ionic
alternating chains (labeled as B). Since PD monsro@ntain two ethynyl groups, three
different types of monomeric units can be includedthe ionic alternating chains:
() units in which none of the ethynyl groups amedrporated into polyacetylene chain
(linear units labeled as M1 from which two chaimsa@ate), (ii) units in which one of
the ethynyl groups is incorporated into polyacetglehain (branching units M2 from
which four chains emanate) and (iii) units in whidoth ethynyl groups are
incorporated into polyacetylene chains (branchimgsuM3 from which six chains

emanate).

B e Br-chp-Ph-ci-BrPy: N

Ph

== PyBr-cx,-Ph-ci,-BrPy

N Ph—==—PyBr-cx,-Ph-ci-Br~

Ph—=="PyBr-c+,-Ph-ci-Br Py: \

Br-cH,-Ph-cH,-BrPy: N
Ph

i Br-ch,-Ph-cH,-BrPy: N

Py————Ph———Py Ph—==—PyBr-ci,-Ph-cH,-Br[P

Br-c-Ph-ch-Br Py—==—Ph

+ —_—

Py—==—Ph—==—PyBr-c1-Ph-ci,-BrPy—=—=—Ph

Br-c,-Ph-ci,-Br M1 wPy—=—=—Ph—
Py~
2 Br-okz-Ph-cr-BIP
M2 Br-ct,-Ph-ci,-Br Py: N

Scheme &Proposed structure of the polymer networks obthfnem the quaternization

PyBr-ct,-Ph-cr-Br

~wPy—=—Ph

Ph—=——PyBr-cx,-Ph-c,-Br A

Ph—==—PyBr-ci,-Ph-cH,-Br ~

polymerization of2PD and4PD into net(2PD) and net(4PD). A - polyacetylene type
chain, B - ionic alternating chain, M1, M2, and MBossible monomeric units present
in the network. Ph-14-phenylene, Py - pyridyl, r-Bromide, PyBr
(BrPy) - pyridiniumyl bromide.

The structure of linear polymers and polymer netwoks
The results of the elemental analysis (EA) of Imgalymers poly(2PM),
poly(4PM), poly(2PD), and poly(4PD) proved the presence of bromine in all the

products [from 12.8 wt% impoly(4PD) to 29.5 wt% inpoly(2PM)]. The bromine is

assumed to be present in the form of &mions compensating the positive charge of the
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N-benzylpyridinium moieties in the same way as i tholymers prepared via
polymerization of 2EP and 4EP induced by quatetimmavith benzyl bromide various
alkyl halides (see sectiof.2.1.3 Quaternization polymerization of 4-ethygyigine
and 2-ethynylpyridine activated with benzyl bronpide

Although the initial BBr/monomer mole ratio in theed was constant for all the
polymerizations, the degree of quaternization (dated from the results of EA see
section 3 MATERIALS AND METHODSof the prepared linear polymers varied
significantly in dependence on the type of the nmao applied. Polymers based on
ortho-pyridyl, poly(2PM) and poly(2PD), were highly quaternized Br/N =0.77 and
1.00, respectively. On the other hand, polymer dasepara-pyridyl, poly(4PM) and
poly(4PD), exhibit the degree of quaternization Br/N = 0&7d 0.34, respectively,
which imply that prepared polymers differ in thargmosition of monomeric units. The
highly quaternized poly(2PM) and poly(2PD) should contain mainly C-type
monomeric units (segcheme 2andScheme 3. On the other hand, the less quaternized
poly(4PM) andpoly(4PD) should unambiguously contain non-quaternized maram
units of the A-type (se8cheme 2andScheme 3 in combination with the quaternized
units (both B- and C-types units are under conattsr). The weight of the polymers
isolated from the reaction mixture and the resoltsEA allowed determining the
conversion of the acetylenic monomer into the pa@gnAs given inTable 12 high
monomer-to-polymer conversions ranging from 61%8f® were achieved in the
reported polymerizations.

Similarly to linear polymers the EA proved the mmese of bromine in all the
polymer networks [Br content from 28.9 wt.%riet(2PD)to 35.6 wt.% imet(4PM)].
The initial 1,4-BBrMB/monomer mole ratio and comesading initial Br/N mole ratio
in the feed were equal to unity in all the polymations. As it is evident from
Table 12 the Br/N mole ratio in the networks (Br/N = 0.7£0) was close to that of
the polymerization feeds. This finding shows thatlenules of 1,4-BBrMB and
monomers were incorporated into the networks wilinalar efficiency. Bromine can
be present in the networks (i) in the same waydke linear polymers - in the form of
Br' anions compensating the positive charge ofNHeenzylpyridinium moieties and,
(i) moreover, as Br atoms in non-reacted Br-€groups of 1,4-BBrMB (end groups).
Providing that the majority of pyridyl groups ofettmonomeric units were quaternized
in the networks we can assume that bromine is pt@sehese networks prevailingly in

the form of Br anions. In the case okt(4PD) (Br/N = 1.20) we can, however, assume
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(based on the EA) that some amount of Br is presetite form of Br-CH- groups
because the content of Br in the network exceeatsofhN.

The weight of the polymer networks isolated frone tleaction mixture and the
results of EA allowed determining the conversiorntled acetylenic monomer into the
polymer network. High monomer-to-polymer networkeersions ranging from 71% to

90% were achieved in the reported polymerizatisasTable 12

Table 12 Characterization of prepared linear polymers asigirper networks.

Yield Initial Br/N Br/N mole ratio

Sample Code Produc® 6  mole ratio of product” Ref.
Poly(2PM) Linear polymer 81 2 0.77 A2
Net(2PM) Polymer network 71 1 0.74 A3
Poly(4PM) Linear polymer 73 2 0.27 A2
Net(4PM) Polymer network 90 1 1.03 A3
Poly(2PD) Linear polymer 63 2 1.00 A2
Net(2PD) Polymer network 77 1 1.04 A3
Poly(4PD) Linear polymer 61 2 0.34 A2
Net(4PD) Polymer network 73 1 1.20 A3

3 Character of prepared materidisCalculated from results of elemental analysis (see
section3 MATERIALS AND METHODS

Degree of quaternization of linear polymers and pgimer networks

Table 12 summarizes the degree of quaternization of prepmear polymers and
polymer networks defined as Br/N mole ratio. As ig discussed in the
INTRODUCTION Blumstein and co-workers proposed that the prapag of the
guaternization polymerization of pyridyl-substitdteacetylenes proceeds as a
consecutive addition of the quaternized (activatadhomer molecules to the growing
polymer chain.[95] Thus, the fully quaternized pobBrs should be formed via
polymerizations of mono-pyridylacetylenes. The dsson on the degree of
quaternization for monosubstituted ionic polyacetgs se®egree of quaternization of
monosubstituted ionic polymens section 4.1 The bi-pyridylacetylenes can be
activated by either single or double quaternizatiothe polymerizations of
bi-pyridylacetylenes should therefore provide padymwith degree of quaternization
Br/N = 1 (for double quaternization) and Br/N = @tér single quaternization).[99,100]
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The prepared linear polymers differ significantly the degree of quaternization.
Poly(4PM) andpoly(4PD) posses the degree of quaternization Br/N < 0.5 rtieans

i) totally non-quaternized monomeric units A (seeheme 2and Scheme 3 Linear
polymersin section4.2.2.) have been inbuilt into the chains pbly(4PM) and
poly(4PD) and ii) the non-quaternized monomeric units hawd ondergone a
postpolymerization quaternization. On the other dygooly(2PM) and poly(2PD)
exhibit a high degree of quaternization, indicatihgt prevailingly double quaternized
monomeric units have been inbuilt into the polymeéxevertheless, an alternative
explanation can be proposed based on the postpogaten quaternization of
originally less quaternizegbly(2PM) andpoly(2PD).

In order to decide which of these reaction modesvails we conducted the
polymerization of2PM activated with BBr (BBZPM mole ratio = 4) in DMR; (at
room temperature) and monitored the reaction colmge'H NMR spectroscopy.
Resulting'H NMR spectra are given ifigure 28 together with the reaction scheme of
the two-step quaternization 2PM monomer.

'H NMR spectrum recorded immediately after mixing theaction components
showed signals &2PM and BBr (protons a, b, c, d, f, g, h, $égure 28 for the proton
labeling). After 1 hour of the reaction, new signat 9.76 and 6.40 ppm appeared in the
spectrum that can be attributed to proton's amd ¢& respectively, of the
mono-quaternize®PM. The positions of signals of and é protons in*H NMR
spectrum were slightly downfield shifting with réi@o time due to the increasing ionic
character of the reaction mixture (see sectdhl1.2 Supporting experiment©Other
new signals (at 9.85 and 6.55 ppm) were detecialilge spectrum at the reaction time
of 1 day. We ascribed these signals to the prognand ¢, respectively, of the
di-quaternized2PM. The intensity of these signals increased withréeetion time at
the expense of the intensity of and é signals. This indicates a continuous
transformation of mono-quaternize2PM into di-quaternized2PM. The signals of
non-quaternized?PM were nearly absent ifH NMR spectrum after 1 day of the
reaction. The intensities of the narrow signals rabi@ristic of mono- and
di-quaternized2PM monomers (protons’,a€, &' and €) began to decline after ca.
4 days of the reaction which we attribute to tlamsformation of the quaterniz@éM

into microstructurally nonuniformoly(2PM).
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4 RESULTS AND DISCUSSION

It can be thus concluded that the high extent ateumization opoly(2PM) is due to
the high extent of the prepolymerization quaterniraof the monomers. The same
conclusions can be expected to apply to the higltegaization extent gfoly(2PD).
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Figure 28 'H NMR spectral study of the reaction of monon2®M with benzyl
bromide, 300 MHz, DMFRd;, room temperature.

The simplifiedScheme 7shows (i) the quaternization of monomer (Mon) intono-
and di-quaternized molecules, MonQA and Mon(gQA)yespectively, and (ii)
copolymerization of MonQA, Mon(QA) and, eventually, non-quaternized Mon. From
the kinetic point of view, the consecutive quateation of Mon and MonQA and the
polymerization of Mon and MonQA represent compeditreactions, although for the
polymerization to proceed, some amount of the maromust first be activated via

quaternization. Nevertheless, the quaternized menoman copolymerize with
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non-quaternized monomer, at least in the case afomers4PM and4PD. The low
extent of quaternization gboly(4PM) and poly(4PD) may reflect that the rate of
polymerization is higher than the rate of quatation so that the Mon and MonQA
molecules are inbuilt into the chains before theg dully quaternized. The
postpolymerization quaternization pbly(4PM) andpoly(4PD) is clearly inefficient.
The reason for this may lie in the (assumed) ocoilfearmation of thepoly(4PM) and
poly(4PD) chains in the reaction mixture that makes the queternized pyridyl groups
of the chains difficult to be accessed by QA molesi169] In accordance with the
above interpretation, the high extent of the qutetion ofpoly(2PM) andpoly(2PD)
should reflect that the rate of polymerizationas/ér than the rate of quaternization in
this case so that the majority of the monomer maéesccan be highly quaternized
before they are inbuilt into the polymer chainseTsteric effect of the quaternized
pyridine nitrogen in the vicinity to the ethynylayp may be responsible for the low rate
of the polymerization of the quaterniz28M and2PD molecules.

Mgr_j A _ MonQA — A~ Mon(QA),

Polymer

Scheme 7 Quaternization and polymerization of monomer (MoR)on stands for
non-quaternized monomer, MonQA stand for mono-quaged monomer, and

Mon(QA), stands for di-quaternized monomer.

The degree of quaternization aftho-pyridyl base polymer networka¢t(2PM) and
net(2PD) did not differ from the degree of quaternizatiohtheir linear counterparts
[poly(2PM) and poly2PD)].

We can speculate that degree of quaternizatiorN(Br@.75) for both2PM based
materialgpoly(2PM) andnet(2PM) is a limiting degree of quaternization attainedem
selected conditions (sédonomer and quaternizing agent mole raitiosection4.2.1.1
Reaction conditions It is assumed that quaternization of pyridybitho-position may
be sterically hindered and thus the formation dfyfiquaternized products is not
probable.

The degree of quaternization (Br/N ~ 1) f2PD based materialgyoly(2PD) and
net(2PD), indicates that fully quaternized monomers wereuitibnto the polymer in
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both linear polymers and polymer networks. We assuhmat different degree of
quaternization o2PM and2PD based materials originates from the monomer stract
The pyridyl groups irRPD molecule are more distant, compared to2R& molecule,
which make the N atom d¥PD molecule more easily accessible for QA even if the
molecule is already mono-quaternized. The diametensonomers are demonstrated in
Figure 29.

2PM 2PD
—N — —N — —
O—0 O—0O—
538.8 pm 1226.6 pm

Figure 29 The structure of monomers 2PM and 2PD. The distéetween N atoms of
pyridyl groups calculated by GaussView 5.0 (Gaugdiac., www.gaussian.com).

The polymer networks prepared frofPM and 4PD exhibit significantly higher
degree of quaternization compared to their lineaunterparts. The low degree of
quaternization opoly(4PM) and poly(4PD) was explained by higher polymerization
rate than that of quaternization in case of 4P dasenomers activated with BBr
discussed previously. However, the alternative axgtion of higher degree of
guaternization of networks could be proposed basedhe bifunctional character of
1,4-BBrMB. Since the formation of two types of pwlgr chains is assumed to proceed
simultaneously, the growing polymer networks cdogdseen as a clue with a two types
of functional groups (active centers) emanatingfiits surfaceFigure 30 demonstrate
the model of growing linear polymer and growingypoér networks. Although the both
ends of linear polymer are represented by ethyngug the initiation of monomers
(see Proposed mechanism of quaternization polymerizatdnethynylpyridinesin
sectionl INTRODUCTION may allow to grow of polymer chain only in oneetdition.
Thus, the growing linear polymer contains one &ctignter represented by ethynyl (Et)
group and the diffusing monomer could be attach@&tlsively to this active center via
incorporation of acetylenic triple bond into thelyawxetylene chain. Considering
polymer network formation, the system is more carptompared to the linear
polymers. The growing polymer network contains amhar of active centers
represented by ethynyl groups (Et) and Br.CHyroups (pendant groups of
1,4-BBrMB). Although, the N atom of pyridyl groupay be also considered as an
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active center, since the formation of ionic altéimgachains was confirmed, we do not
involved pyridyl in this mechanism, because it @ reactive partner for the diffusing
monomer. Thus, the molecules of non-quaternized omen which diffuse to the
vicinity of growing polymer network come to the paf the reaction system with a high
concentration of Br-CH groups. That is why the probability of quatertiza of
monomer molecules is significantly enhanced befbeemonomer is incorporated into
polymer network through the polyacetylene type chai
Q
Srcy, Et 3 Et
Et Ete CH,Br
g Brc"g EtCHZBr
Q,@N Et gt &

2
Model of growing Model of growing
linear polymer polymer network

Figure 30 The model of growing linear polymer and growindypaer network. Et — the
active center represented by ethynyl group of maeort in the ring — the initiated
ethynyl group, which is not consider as an actieater, BrCH — the active center

represented by methylbromide group of 1,4-BBrMB.

4.2.2.2 Structural characterization of linear polymers and polymer networks

NMR characterization of prepared linear polymers ard polymer networks

The prepared linear polymers were characterizednt®ans of‘*H NMR and
3C NMR spectroscopies. The insolubility of prepapedlymer networks excluded the
characterization of samples in solution and thuy iC CP/MAS NMR spectra were
recorded. Generally, the NMR spectra confirmed gbe/meric character of formed
products, however, only limited suggestions conogrmbtained structure. The broad
and poorly resolved spectra reflect the low coviaberd configurational uniformity of
prepared polymers. As discussed previously, sife golymerizations proceeded
without any catalyst that might control the confaion structure of the product, the
double bonds of bothis andtrans configuration and single bonds of batisoid and

transoidconfiguration are most probably distributed in fodymer chains.
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Figure 31'H NMR (A) (300 MHz, DMSOdg) and**C NMR (B) (400 MHz, DMSQd,

S —solvent) spectra ofpoly(2PM), poly(4PM), poly(2PD), and poly(4PD).
13C CP/MAS NMR (C) spectra of polymer netwonfst(2PM), net(4PM), net(2PD)
andnet(4PD)

The broad signal at 6.5-9.1 ppm i NMR spectra inFigure 31 of all linear
polymers can be ascribed to the aromatic protongyoidyl and/or pyridiniumyl
pendent groups of the polymer main chains and treny groups of BBr. A more
precise specification is possible in the case'"INMR spectra ofpoly(4PM) and
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poly(4PD) where a partly resolved signal at about 8.6 pprstrpoobably corresponds
to the aromatic protons of 4-pyridyl/4-pyridiniumyings. The worse resolution or
absence of this signal in the spectra of polymersved from 2P type monomers may
reflect a lower symmetry of 2-pyridyl/2-pyridiniurhgroups. Protons of CHyroups of
N-benzylpyridiniumyl moieties are manifested as draggnal at around 6.1 ppm
(polymers derived from 2P type monomers) and 5r8@ gpolymers derived from 4P
type monomers) itH NMR spectra.

Due to the low uniformity of prepared linear polysieit was complicated to obtain
relevant®*C NMR. However, the signal at about 130 ppm*i@ NMR spectra of all
linear polymers Kigure 31) can be ascribed to the resonance of carbons of
(i) conjugated acetylenic backbone, (ii) phenyl up® of N-benzylpyridiniumyl
moieties, and (iii) pyridyl/pyridiniumyl pendent @ups. The broad signal at about
150 ppm in the"*C NMR spectra ofpoly(2PM), poly(4PM), and poly(4PD) most
probably corresponds to the carbon atoms adjaaentittogen in non-quaternized
pyridyl groups.

3%C CP/MAS NMR spectra of polymer networket(2PM), net(4PM), net(2PD)
and net(4PD) are shown inFigure 31 Although the highly cross-linked polymer
networks were obtained in this case, similar stmattpattern to the linear polymers can
be observed. Spectra of all networks contain adsignal at 100-160 ppm, which is
assigned to carbons of (i) conjugated polyacetyleim&ins, (ii) phenylene groups in
moieties formed from 1,4-BBrMB2PD and4PD and (iii) pyridiniumyl/pyridyl groups.
The signals of non-reacted ethynyl groups are woiedlervable in the case of both PD
based networksjet(2PD) andnet(4PD), at 83.9 ppm and 88.9 ppm, respectively and
also in case afiet(4PM) at 95.7 ppm. As the non-reacted ethynyl group®bservable
in 3C CP/MAS NMR spectrum ofiet(4PM), we can assume that both B1 and B2
motives Scheme 5 Polymer networks prepared from PM type mononiersection
4.2.2.9) of ionic alternating chains are presentnet(4PM). On the other hand, no
signal of ethynyl groups was observedi& CP/MAS NMR spectrum afiet(2PM). It
can be concluded thatet(2PM) did not comprise NMR detectable amount2fM
units with preserved ethynyl group in ionic alteam@ chains. Therefore, we assume
that net(2PM) contains predominantly the B2 structure moti®%eheme % of ionic
alternating chains.

The presence of signals of non-reacted ethynylggdn*C CP/MAS NMR spectra
of net(2PD) and net(4PD) shows that ethynyl groups were not fully transfedminto
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polyacetylene chain. As the PD type monomers pessetvo ethynyl groups, we
assume that only one ethynyl group of the monomelecnle is prevailingly
transformed into segment of the polyacetylene cfda chain-growth polymerization)
and the second ethynyl group may remain presetweh¢hing units M2 irscheme 6,
Polymer networks prepared from PD type mononersection4.2.2.). However, the
net(2PD) and net(4PD) can contain also units in which both ethynyl g®ws PD
monomeric units were preserved (linear units MBameme § or both ethynyl groups
are transformed into polyacetylene chains (bramchinits M3 inScheme §. As the
cross-linking is concerned we speculate that @)dbntent of M3 units in the networks
is not high due to the steric difficulties that altb accompany their formation and
(ii) the M2 units are mainly responsible for thess-linking ofnet(2PD) andnet(4PD).

The carbons of methylene groups in*-GH,-(C¢Hs)- units of 1,4-BBrMB that
guaternize pyridyl moieties are well manifestedaasignal at about 63 ppm in the
13%C CP/MAS NMR spectra of all the networks. On thetcary, no signal ascribable to
the carbons of non-reacted Br-gHjroups of Br-ChH-(CsHa4)-CH,-N*- units (expected
at ca. 30 ppm) was detected in the spectra of tepaped networks. This points that
both Br-CH- groups are mostly transformed to the 1,4-BBrMBsumcorporated into
the networks. However, the absence of the signal BofCH,- groups in
13C CP/MAS NMR spectrum ofet(4PD), where a small content of these groups is
assumed according to Br/N mole ratio (Se&ble 12 and related discussion), may
indicate that'*C CP/MAS NMR is not sensitive enough to detect $raiounts of
Br-CH,- groups in the analyzed networks.

IR characterization of prepared linear polymers andpolymer networks

The polymerization o2PM and4PM (monomers with one triple bond per monomer
molecule) activated with BBr is assumed to leatinear polyacetylene type polymers
in which triple bonds of monomers are transformao double bonds of the polymer
main chains $cheme 2 Linear polymersin section4.2.2.9. This assumption is well
confirmed by absence of band of the@bond stretching vibration (around 2220 ¢m
in IR spectra ofpoly(2PM) and poly(4PM) (Figure 32). As prevailingly soluble
polymers were obtained in the polymerization28D and4PD (monomers with two
triple bonds per monomer molecule) activated witBr,Bt is not expected that both

triple bonds of the monomer were transformed i golyacetylene main chains. The
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total transformation of both triple bonds of the nmomer should lead to a hyper
cross-linked insoluble product. The IR spectrumpofy(4PD) is in accord with this
assumption since it exhibits a band at 2220"dfmt corresponds to the stretching@
vibration of non-reacted internal ethynyl groupsawéver, such a band has not been
detected in the IR spectrum pbly(2PD) (Figure 32) although this polymer should
contain the internal ethynyl groups too. This may éxplained by the complete
quaternization of pyridyl groups oly(2PD) [Br/N = 1.00, sed able 12 which could
make the €C bond stretching vibration less IR active or inaxt We attempted to
detect the internal ethynyl groups poly(2PD) by means of Raman spectroscopy.
However, no reliable Raman spectrum was obtainedtduthe photoluminescence of
poly(2PD).

The N=C stretching vibration of pyridiniumyl units (regi from
1619 to 1629 cit) is well observed in the IR spectra of all linepolymers
(Figure 32).[92] The bands in the region from 1592 to 1598 cwell observed only in
the IR spectra opoly(4PM) andpoly(4PD) corresponds to (i) stretching vibration of
C=C bonds of phenyl groups and acetylenic backlatk (ii) stretching vibration of
N=C bonds of non-quaternized pyridyl groups.[223jeTratio of the intensities of
1619-1629 crit and 1592-1598 ci vibration bands in the IR spectra correlates with
the degree of quaternization of the polymers. la #pectra of highly quaternized
polymers poly(2PM) and poly(2PD) the 1619-1629 ci band is observed mainly,
whereas in the spectra of less quaternizealy(4PM) and poly(4PD), both
1619-1629 crm and 1592-1598 cm vibration bands are well developed.

IR spectra of prepared polymer networket(2PM), net(4PM), net(2PD) and
net(4PD) are shown inFigure 32 Contrary to the linear polymers, the structure of
polymer networks is not formed exclusively by th@yacetylene chains, but also via
the formation of the ionic alternating chains. Thtlse complete transformation of
ethynyl groups of PM type monomers into double soofl polyacetylene chains was
not assumed.

This assumption was confirmed by the low intenbiéynds of &C bond stretching
vibration at 2210 cih and 2229 cil detected in the case pét(2PM) andnet(4PM),
respectively. The residual bands ofC bond stretching vibration are assigned to
ethynyl groups of monomeric units incorporated iBbsegments§cheme 5Polymer
networks prepared from PM type monomersection4.2.2.]) of the ionic alternating
chains onet(2PM) andnet(4PM).
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Figure 32 A) IR spectra of linear polymensoly(2PM), poly(4PM), poly(2PD), and
poly(4PD), B) IR spectra of linear polymers region 1800 tm1000 cmii*. C) IR
spectra of prepared polymer networlet(2PM), net(4PM), net(2PD), andnet(4PD).
DRIFTSs, diluted with KBr.

As mentioned above in case of linear polymers, tb&l or close to total
transformation of both ethynyl groups of PD typesnmmers into polyacetylene chain
of polymer networks was not expected. This is duée steric effects, which may be
even more evident when bifunctional 1,4-BBrMB i®disas an QA. The formation of

ionic alternating chain may limit the adjustmentednomers in the optimal positions,
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which is essential for the transformation of etHygsoups into the segments of the
polyacetylene chains.

This assumption is confirmed by strong bands due¢hto G=C bond stretching
vibration at 2220 cf in the IR spectra of both networks prepared froB type
monomersnet(2PD) andnet(4PD) (Figure 32). The shoulders at 2220 &nbands [at
about 2185 cm for net(2PD) and net(4PD) in Figure 32] most probably indicate a
non-uniform structure of the monomeric units camtagy ethynyl group(s).

Probably the most important structural differenseevident from a comparison of
units M1 and M2 irScheme §Polymer networks prepared from PD type mononners
section4.2.2.): these units differ in the number of the presdre¢hynyl groups. It
should be noted that the symmetrical shoulderfi@eds (2222 cit) due to the EC
bond stretching vibration were present in the IRcs@ of2PD and 4PD monomers
(see sectio® MATERIALS AND METHODS

Similarly to the IR spectra of linear polymers tNé=C stretching vibration of
pyridiniumyl units (region from 1615 cito 1629 crit) corresponding the high degree

of quaternization was well observable in the IRcg@eof all the polymer networks.[92]
The characterization of linear polymers by MALDI-TOF MS

The determination of the molecular mass and theposition of linear ionic
polymers is generally complicated and only appavahies are usually published, e.g.
inherent viscosity or estimation of effective caygtion via Lewis-Calvin equation. The
traditional methods are limited because of: (i) theic pendants of polymers may
interact with the stationary phase of column amphificantly bias the SEC separation
mechanism, which disable the application of GPChaettand (ii) the strongly colored
solution of samples with absorption up to 650 nmealdies the application of light
scattering method.

Although the characterization of ionic polymers MALDI-TOF MS is not
generally clear mainly due to the complicated psscef the sample ionization that is
not understood enough nowadays,[224] we have dédmesupport the discussion on
their composition and structure proposedsoheme 2andScheme 3(Linear polymers
in section4.2.2.) by this method. Before the characterization @pared polymers, the
MALDI-TOF MS analysis of low-molecular-weight model compound,
4,4-bis(N-benzyl)dipyridinium bromide (BBr-DIPY-BBr) was dermed. The
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MALDI-TOF MS provided spectrum contains a dominammine-free signal with the
molar mass of 338 Da which refers to the catioaranfof BBr-DIPY-BBr Figure 9 in
section4.2.1.2 Supporting experimehtdvioreover, obvious decrement of mass of
90 Da corresponding to benzyl group was observetieanspectrum. Similarly, all the
MALDI-TOF spectra of prepared polymers provide otllg bromine-free signals with
increment corresponding to the polymer structurefodunately, we are not able to
explain the absence of bromide anion in the spectra

The MALDI-TOF MS spectra of polymers derived of Rype monomers exhibit
distinct series of signals with an increment of[(3® (Figure 33). The molecular mass
of the2PM and4PM monomers is 180 Da and molecular mass of the bemnayp is
90 Da. Hence, the series of the signals in meaardie of 90 Da could be attributed to
the combinations of these two masses. The stepsstent with the proposed polymer
structure are presented in the spectriéigure 33. As far as the resolution of the spectra
of poly(2PM) and poly(4PM) are processible, a signals corresponds to paaticle
containing 5 molecules of the monomer (5Mon) quated with 7 benzyl groups
(7BG) (mass 1530) fgooly(2PM) and signal corresponds to particles containingemor
than 7 molecules of the monomer (7Mon) quaterniagtth 4 benzyl groups (4BG)
(mass 1640) fopoly(4PM) were observed. This Mon/BG mole ratio is in agreem
with Br/N value of 0.77 fopoly(2PM) and with Br/N value of 0.27 fopoly(4PM)
ascertained from the elemental analysis.

The MALDI-TOF spectra of PD type polymer are lessase, which may be
attributed to the high compositional and structuligkrsity of the monomeric units of
these polymers. As far as the resolution of the MALOF MS spectrum gboly(2PD)
is processibleRigure 33), a signal with mass of 1893 was detected thatsponds to
particles containing more than 4 molecules of ttmomer (4Mon) quaternized with
8 benzyl groups (8BG). This Mon/BG mole ratio is agreement with the total
guaternization of this polymer ascertained from ¢kemental analysis. Moreover, the
mass increment of 460 Da corresponding to catipait of di-quaternized monomeric
unit (see C-type monomeric unit 8cheme 3 Linear polymersin section4.2.2.) is
observed in the spectrurigure 33).

The same evaluation of the MALDI-TOF MS spectrumpoty(4PD) provides a
signal with mass 2320~{gure 33). This signal corresponds to particles contaimrage
than 7 molecules of the monomer (7Mon) quaternvzitid 4 benzyl groups (4BG). This

Mon/BG mole ratio is in agreement with Br/N valué @34 ascertained from the
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elemental analysis. Moreover, the mass incremef&880 Da corresponding to the sum
of the masses of cationic part of monomeric unitsmbination of monomeric unit

types: A+ 3B or 2A + B + C infScheme 3 Linear polymersin section4.2.2.) is

observed in the MALDI-TOF MS spectrum pdly(4PD).
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Figure 33 MALDI-TOF MS spectra of ionic linear polymegoly(2PM), poly(4PM),
poly(2PD), andpoly(4PD).

4.2.2.3 The properties of linear polymers and polymer netwks

UV/vis and photoluminescence characterization of mpared linear polymers

and polymer networks

Both linear polymers and polymer network exhibitenesting absorption and
emission properties originating from the junctidnamic character of side pendants and
n-conjugated system of polyacetylene chains. Altiodige structural patterns are
common for both polymer types, the detailed consoariof their spectra may be

156



4 RESULTS AND DISCUSSION

misleading due to the method applied. The absarpdiod emission spectra of linear
soluble polymers were obtained from the samplesotlied in solution, on the contrary,
the absorption and emission spectra of insolublgnper networks were obtained from
the solid state measurements.

Only a structured UV band with absorption maximumwavelengths Anay of
297 nm RPM), 274 nm 4PM), 320 nm 2PD), and 318 nm4PD) is observed in the
spectra of monomers. Since emission properties repgred polymers were also
investigated, the photoluminescence activity oftstg monomers was tested. All the
monomers applied in this study except #tM exhibit photoluminescence in the UV
region (emission maxima at 350-360 nm when exdiedV light of 280 nm).

The structure bands of monomers remains presernvéde ispectra of linear polymers
(from 255 to 307 nm)Kigure 34). Besides these bands, all the linear polymers als
exhibit the absorption in the lower energy regioAscording to the absorption
properties, the linear polymers could be divide itwo groups:ortho-pyridyl based
(2P) andparapyridyl base (4P) materials. The UV/vis spectrapoly(2PM) and
poly(2PD) contain a partly resolved band &t.x of 334 and 341 nm, respectively,
ascribable to the charge-transfer (CT) absorptionthe ion pairs composed of
N-benzylpyridinium/bromide anion.[152]. This tramsit is less apparent in the spectra
of poly(4PM) andpoly(4PD) most probably due to the lower degree of quatatita
of these polymers (s€kable 12for degree of quaternization he structure of linear
polymers and polymer networkssectiord.2.2.]). The absorption in visible region can
be ascribed ta—n* transitions in the polyacetylene main chains. Toenparison of
UV/vis spectra indicated thagtoly(4PM) and poly(4PD) exhibit higher extent of
conjugation than thepoly(2PM) andpoly(2PD) counterparts.

As discussed previously, the benzyl moieties thaaternize nitrogen atoms of
pyridine rings the irpara position are distant from the polyacetylene mdiaies in the
case opoly(4PM) andpoly(4PD). The main chains can thus possess the microsteuctu
convenient for an achievement of a high conjugagatent. On the other hand, the
optimization of microstructure toward high extemtlte main-chain conjugation is less
easy forpoly(2PM) andpoly(2PD) that possess bulky benzyl groups in the vicinity t
the polyacetylene main chains. This assumptioromdgaccordance with the absorption
spectra of linear polymer prepared from 2EP and 4&#ated with benzyl bromide.
(see section 4.2.1.3 Quaternization polymerization of 4-ethymgyiine and

2-ethynylpyridine activated with benzyl bronjide
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Figure 34 UV/vis absorption spectra of polymers Aply(2PM), poly(2PD) and
monomers2PM and 2PD and UV/vis spectra of polymers B)oly(4PM) and
poly(4PD) and monomers4PM and 4PD measured in MeOH, concentration

2.0 x 102 mg mL ¢ - specific absorptivity.

All the linear polymers emit the visible light updhe UV excitation Eigure 35).
Due to the non-uniform structure of prepared polyrtige detailed assignment of each
single light emitting group is complicated. We chawever, speculate that the emission
of the linear polymers can originate from the eattiin of the partly conjugated
polymer chains of polyacetylene type[18] and/or nfrothe transition of the
charge-transfer (CT) complé¥benzylpyridinium/bromide anion.[220,221]

The emission spectrum gboly(2PM) shows maximum in the yellow region
(Amax= 560 nm). By the comparison of absorption andtation luminescence spectra,
it is assumed that the emission originates prenglili from the main polyene chains.
The shape of the emission spectra remains unchamlether the excitation proceeds
in the region of absorption of the CT complex (880) or the polyacetylene main chain
(470 nm).

Poly(2PD) exhibits emission maxima in the violet regidp4 = 407 nm). The origin
of the emission is attributed mainly to the absorptof the CT complex since the
absorption due to the polyacetylene main chainsvesk in poly(2PD). Samples
poly(4PM) and poly(4PD) emit in the blue region Agax=453 and 490 nm,
respectively) when excited at 350 nm. On the othand, the excitation in the
wavelength region 470-500 nm leads only to a bambasurable emission around
550-600 nm. Evidently, the CT complexes and notgblyacetylene chains represent
the photoluminescently most active componentpaly(4PM) and poly(4PD) despite

the low contribution of the CT complexes to theralleabsorption of the polymers. The
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4 RESULTS AND DISCUSSION

photoluminescence characteristics of linear polgmare summarized ifable 13
together with fluorescence decay components. Alatvn all prepared linear polymers

exhibit only short fluorescent lifetimes.

ly(4PM) PC
poly(2PD) P° _ poly(2PM)

Normalized Intensity

350 400 450 500 550 600 650
Wavelength (nm)

Figure 35 Photoluminescence spectra of prepared linear patynpoly(2PM),

poly(4PM), poly(2PD) and poly(4PD) measured in MeOH. Concentration of all

samples was 3.3 x Tomg mL™?, excitation wavelength 350 nm was used.

Table 13UV/vis and photoluminescence characteristicsragdr polymers.

Sample uv j-ma>< uv }vmax Vis )“max )\exc AE(max; n L5 L&
Code [nm]® [nm]® [nm]© [nm]? [nm]® [ns]” [ns]” [ns]”
2.21 7.12 0.21
Poly(2PM) 255 334 460 350 560
(30) (64) (6)
Poly(4PM 259 / 427,512 350 407 2.60 4.15 0.42
oly(4PM) na ! (57) (33) (10)
Poly(2PD 264 341 / 350 453 0.5 1.9
oly(2PD) a (86) (14) -
Poly(4PD 307 / 521 350 490 1.82 0.24 4.58
oly(4PD) n/a (58) (10) (32)

% Position of the high energy absorption maximunthie UV region:” Position of the
low energy absorption maximum in the UV region fesponds to the charge-transfer
band); © Position of the absorption maximum in the Vis ocegi ¢ Excitation
wavelength® Maxima of emission of the linear polymer networRsthe luminescence
decay components obtain from the time resolvedriestence measurements; n/a data

no available.
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4 RESULTS AND DISCUSSION

The absorption spectra of the prepared polymer orsvare shown ifrigure 36.
All the networks exhibited continuous absorptiorthe visible region with absorption
maximum in the interval from 540 to 690 nm and wathsorption edge over 800 nm.
Similarly to the linear polymers, the observed apson could be ascribed to the partly
conjugated polyacetylene chains in junction Withenzylpyridiniumyl pendant groups.
The polymer networks absorption may also be aftedtg the charge-transfer (CT)

absorption of the ion pairs composed\sbenzylpyridinium/bromide anion.[225,226]

B . .
ST TN
e O\
d ., AN
= = e N
? 2 ’ N
= S L7 \
\
E ‘s . A
g E , N
2 2 S e net(PM) .
. \
S netdPD) .
Ve .. \
7 A}
b S d
300 400 500 600 700 800 900 300 400 500 600 ~ 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 36 UV/vis absorption spectra of prepared polymer oeks. A) net(2PM) and
net(2PD) B) net(4PM) andnet(4PD). Samples were diluted with BagO

All the prepared polymer networks emit in visible infrared/near infrared region
(Figure 37). We assume that origin of emission is also asdriio the partly conjugated
polyacetylene chains and/or the transition of the T C complex
N-benzylpyridiniumyl/bromide anion as it was disesn case of linear polymers.
Based on the character of emission, the polymewar&s can be divided into two
groups:ortho-pyridyl based (2P) angara-pyridyl based (4P) materials. The polymer
networks based on 2P type monomers emit in thetoedear infrared region when
excited at 470 nmFigure 37 shows broad emission bands of these networks with
emission maxima at 735 nm foret(2PD) and 798 nm fomet(2PM). The polymer
networks based on 4P type monomers strongly enthdrvisible region when excited
at 378 nmFigure 37 shows emission bands of these networks with ma&an81 nm
(blue region) fomet(4PM) and 566 nm (greenish yellow region) fat(4PD).
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Figure 37 Photoluminescence spectra of prepared polymerankswA) net(2PM) and
net(2PD) excitation wavelength: 470 nm; B)et(4PM) and net(4PD), excitation

wavelength: 378 nm.

The strong visible emissions of 4P based polymdwaors were successfully
captured using digital camera (see sectbrMATERIALS AND METHODS The
photos of the strong photoluminescence emissionset@PD) and net(4PM) after
excitation by radiation of wavelength 378 nm arevah in Figure 38, As it is evident,
the shade of the emitted color is in good agreemstit the color calculated from

obtained data (photoluminescence measurementsy WSIE1931 color space. The

CIE1931 chromaticity coordinates being x =0.1437 §.052 for net(4PM) and

X = 0.425, y = 0.494 fonet(4PD)

0.9
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net(4PD)
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Figure 38 Chromaticity coordinates of the emissions obserwednet(4PM) and
net(4PD)in CIE1931 diagram. Photos oét(4PD)andnet(4PM), excited at 378 nm.
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4 RESULTS AND DISCUSSION

It is shown that the positional isomerism of pymidmyl groups in the networks
importantly affects the luminescence behavior @sthnetworks. The structure of the
polymer networks containingara-pyridiniumyl moieties could be more flexible
compared to the structure of the networks watttho-pyridiniumyl moieties. The
difference in the flexibility of the networks coutthuse various extents of geometrical
changes of the segments of particular networksr adtecitation and consecutive

emissions.

Table 14 summarized the absorption and photoluminescen@racteristics of
prepared polymer networks together with fluoreseashecay components. The PM type
networks show remarkably shorter lifetimes comparedhe PD type networks. The
prolonged lifetimes of the PD type networks (cgopaewding to the phosphorescence)
may be ascribed to an intersystem crossing (IS@)g®s.[227] ISC may originate from
the ionic character of networks in connection vitte 1,4-phenylene groups present in

the monomeric units formed from PD type monomers.

Table 14UV/vis and photoluminescence characteristics eppred polymer networks.

sample Code ?ﬁ\r(g]a;; [n)\f;X]cb) f\nEr(:;]aé3 [ngl]d) [ngz]d) [n?]d)
Net(2PM) 690 470 798 (?3'71) 8-35)
Net(4PM) 620 378 431 (%'62) é'j) (267)
Net(2PD) 537 470 735 (12'8) (1331'()) ?4%;’

2.0 11.0 102.0
Net(4PD) 580 378 566 . 5) e

¥ Absorption maxima of polymer networks, DRIFTs, séendiluted with BaSQ
b) Excitation wavelength® Maxima of emission of the polymer networkd;The
luminescence decay components obtain from the tmesolved luminescence

measurements.
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4 RESULTS AND DISCUSSION

Thermal stability of prepared linear polymers and plymer networks

The thermal stability is an important quality oflypner materials, mainly due to the
further processing and potential application ofsthenaterials. The stability can be
defined as (i) thermal decomposition, which is acpss of extensive chemical species
change caused by heat and (ii) thermal degradatwbich is a process whereby the
action of heat or elevated temperature on a matgnaduct, or assembly cause a loss
of physical, mechanical or electrical propertie2dRThe prepared linear polymers and
polymer networks are discussed from the point etwof thermal decomposition.

TGA curves recorded for the prepared linear polgmand polymer networks in
N, atmosphere are given Kigure 39. Two characteristics of the materials have been
ascertained from these curves: (i) the temperatinghich the weight loss of 5 wt%
was detectedtdsy) and (ii) the weight loss at temperature of 800(8€eTable 15).
Similarly to the discussion on thermal stability Thermal stability of materials
prepared via QP of non-symmetrical monomiersection4.2.1.4 we assume that the
thermal decomposition of prepared polymers staitis avgradual release of HBr and/or

benzyl bromide from the polymers at temperatur&6 IC. [36]

100 wasen, 100 100 + . 100
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o\ T Lso %07 N net 2P| >°
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40 - 40 < _net(4PM)
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30 —T T 1 T — 1 — 1 — 1 —T1-30 T T T T T T T T
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Figure 39 TGA curves of A) linear polymerpoly(2PM), poly(4PM), poly(2PD),
poly(4PD) and B) polymer networkset(2PM), net(4PM), net(2PD), andnet(4PD)in
N, atmosphere, step 10 °C min

The values ofgse, ascertained for the linear polymers range from tb7520 °C and
increase in the ordepoly(2PD) < poly(2PM) << poly(4PM) < poly(4PD). The high
values oftgsy, determined fopoly(4PM) and poly(4PD) are most probably connected
with the low extent of quaternization of these podys; on the other hand, the high
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4 RESULTS AND DISCUSSION

extent of quaternization gfoly(2PD) andpoly(2PM) is most probably responsible for
the lower values dbsy, Of these polymers. The terminal parts of TGA carve
(temperature > 500 °C) of linear polymers confirmhagher thermal stability of
poly(4PD) andpoly(2PD) compared to the samplesly(4PM) andpoly(2PM). This
may be due to the presence of ethynyl grougmlg(4PD) andpoly(2PD) and absence
of these groups ipoly(4PM) andpoly(2PM). The thermal transformation of ethynyl
groups can lead to the cross-linking of the polymleains resulting in the enhanced
thermal stability opoly(4PD) andpoly(2PD) at higher temperature.[7]

It was assumed that the thermal stability of thi/mper networks may exceed the
thermal stability of the linear polymers due to thigh cross-linked structure.[229]
However, the overall higher content of Br-&Hlroups in the polymer networks, which
are mainly released under elevated temperatureiceeldthe positive effect of the
cross-linked architecture on the thermal stabilltyus, the thermal stability of prepared
linear polymers and polymer networks did not dignificantly.

The values ofyse, ascertained for the polymer networks range fro@ 22 to 320 °C
and increase in the ordemet(2PM) < net(2PD) << net(4PM) < net(4PD) (Table 15
The degradation afet(4PM) andnet(4PD) started at the temperature higher by 50 °C
compared to theinet(2PM) and net(2PD) counterpartsKigure 39). Similarly to the
decomposition of linear polymers, we assume that tirermal decomposition of
polymer networks started with a gradual releaséiBf and/or 1,4-BBrMB from the
network at temperature higher than 150 °C. The iteaimparts of TGA curves
(temperature > 500 °C) confirm that the polymerwagks net(2PD) and net(4PD)
were more stabile than their counterparts prepfced PM type monomerset(2PM)
and net(4PM), respectively. This can be explained by the hightent of ethynyl
groups innet(4PD) and net(2PD) and the low content or absence of these groups in
net(4PM) and net(2PM). Similarly to the higher thermal stability of liaepolymers
prepared from PD type monomers, the ethynyl graupy be thermally transformed
into additional cross-links in the networks,[7] whicould enhance the thermal stability
of net(4PD)andnet(2PD)at higher temperature.
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4 RESULTS AND DISCUSSION

Table 15 Characteristics of prepared linear polymers angnper networks obtained
from TGA analysis in Matmosphere, step 10 °C min

Sample Code [t?g/]“ Weight Ic[>(;)s] at 800 °C
Poly(2PM) 227 66
Net(2PM) 248 51
Poly(4PM) 303 58
Net(4PM) 301 69
Poly(2PD) 175 54
Net(2PD) 265 40
Poly(4PD) 320 31
Net(4PD) 320 48

Solubility of prepared linear polymers

The linear polymers prepared via the quaternizapolymerization approach are

generally well soluble in polar solvent due to itw@c character of side pendants, which

was also approved in the sectidri dealing with monosubstituted ionic polyacetylene

type polymers.

Table 16 Solubility of prepared polymers in solvents ofigas relative polarity.

Solvent pslggtt)l/vgf Sample Code

solvent) poly(2PM) poly(4PM) poly(2PD) poly(4PD)
water 1 Yes Yes No No
methanol 0.762 Yes Yes Yes Yes
ethanol 0.654 Yes Yes Partly Yes
acetonitrile 0.460 Yes Yes Partly Yes
dimethyl sulfoxide 0.444 Yes Yes Yes Yes
dimethylformamide 0.386 Yes Yes Yes Yes
acetone 0.355 No Partly No No
dichloromethane 0.309 Partly Partly Partly Partly
tetrahydrofuran 0.207 No No No No
toluene 0.099 No No No No
hexane 0.009 No No No No

% Relative polarity values of solvents taken frotarkture.[222]

The solubility and related processability in enaimeentally friendly solvents is one

of the advantages of prepared materials. As itvidemt from Table 16 all prepared
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linear polymers were well soluble in methanol, atilaacetonitrile, dimethyl sulfoxide,
and dimethylformamide angoly(2PM) and poly(4PM) were also soluble even in
water. The water-insolubility gboly(2PD) andpoly(4PD) may be due to the presence
of the nonpolar 1,4-phenylene segments in the menicnanits of these polymers. All

polymers are insoluble in non-polar solvents asaheor toluene.
4.2.2.4 Gas and vapor adsorption on prepared polymer netwdes
N, and CO, adsorption on prepared polymer networks

Net(2PM), net(2PD), net(4PM) and net(4PD) are highly cross-linked networks
possessing high content of rigid segments. Sinisestinucture was promising for the
formation of the porous texture of the networks @earacterized all the prepared
networks by means ofJiNat 77 K) and C@(at 293 K) gas adsorptionTdble 17).
However, only low BET (Brunaer-Emmett-Teller) sgecsurface areasS{er, values
up to 27 M g™) and broad pore size distribution were revealeditrggen adsorption at
77 K for net(2PD), net(4PM) and net(4PD) The N adsorption/desorption isotherms

on these networks are givenkigure 40.
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Figure 40 A) - N, adsorption isotherm (77 K) of prepared polymemwoeks net(2PD),
net(4PM) and net(4PD). Adsorption ofnet(2PM) was under detection limit. Empty
symbols - adsorption, filled symbols — desorptid). - CO, adsorption/desorption
isotherms (293 K) on polymer networks net(2PM),(2ieD), net(4PM) and net(4PD).
Empty symbols - adsorption, filled symbols - desiom
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No porosity was revealed by,Nwdsorption at 77 K for the networlet(2PM). It
should be noted thatet(2PM) was the only network in which no free ethynyl grsu
were detected by’C CP/MAS NMR (seeNMR characterization of prepared linear
polymers and polymer networkén section 4.2.2.9. This indicates a tight
interconnecting of the segments radt(2PM) network that can be responsible for the
inactivity of net(2PM) in N, adsorption at 77 K. Despite the Id8yer values, all the
polymer networks includinget(2PM) exhibited certain efficiency in GQrapturing at
293 K.

Table 17 The texture characteristics of networks resultinfom N

adsorption/desorption isotherms (77 K) and,@@d ethanol capture capacities.

Sample SgeT Volume of pores Diameter of pores  acoz 750 Tor  @ethanol, 750 Torr
Code [m%g] [cm®g] [nm]® [mmol/g]® [wt.%] ©
Net(2PM) -9 -9 -9 0.23 -8
Net(4PM) 21 0.11 4-20 0.61 19.8
Net(2PD) 7 0.05 4-30 0.33 245
Net(4PD) 27 0.11 4-20 0.43 19.5

¥ pore size distribution was obtained by BarrettdmHalenda (BJH) method:;
®) Amount of CQ captured on 1 g of polymer network at 293°*kAmount of ethanol
(in wt.%) captured on the polymer network at 293 RUnder detection limit® Too

slow equilibration that did not allow to continuéhlvthe measurement up to 750 Torr.

The CQ adsorption/desorption isotherms of the polymemwnets are given in
Figure 40. The efficiency of the networks in G@apture could be ascribed to (i) the
specific interactions between ionic groups of teéuorks and C@molecules and (ii)
the partial flexibility of the segments of the netks.[145] The assumed flexibility of
the network structure can originate from the comi@iional changes of
N-benzylpyridiniumyl moieties owing to a partial atibpn around bonds of N-GHC
segments. The extent of conformational changes Idhmecrease with increasing
temperature, i.e. while the changes in the netwaykformation can significantly
contribute to C@ adsorption at 293 K they may play significantlgueed role at the
temperature of 77 K at which,Mdsorption on the networks was studied. Thankkeo
conformational flexibility of the networks at rootemperature the penetration of £0O

into these networks can (i) induce formation of penary pores via the swelling
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mechanism as discussed by our group recently[20@]) dacilitate filling of pores with
restricted access as proposed by Weber et al.[ZB8]CQ uptake increased in the
polymer network serieset(2PM) < net(2PD) < net(4PD) < net(4PM). The higher C@
uptake ofpara-pyridyl based (4P) networks compared to t¢intho-pyridyl based (2P)
networks could be explained by the various flexieg of 4P and 2P networks: the
bonds in N-CH-C segments may be less restricted in rotatiomen4tP type networks
(containingpara-positioned pyridiniumyl groups) compared to the t®pe networks

(containingortho-positioned pyridiniumyl groups).

Ethanol vapor adsorption on prepared polymer netwoks

Despite the low specific surface area revealed pgdsorption at 77 K, the polymer
networks exhibited exceptional ethanol vapor captiapacity at 293 K (s€kable 17
for the ethanol uptake). The ethanol vapors adsorpisotherms are shown in
Figure 41 The ethanol uptake of 24.5 wt.% determined rfet(2PD) is comparable
with highly structurally organized materials, eMOFs or zeolites.[231,232] However,
the ethanol capture on the studied networks sufféran the long-term equilibration at
particular p/p during the experiments. The time needed for rengrdethanol
adsorption isotherms amet(4PM), net(2PD) andnet(4PD) was about 40 hours. In the
case ohet(2PM), the ethanol adsorption isotherm was only measeigbtop/po = 0.2
due to the extremely slow equilibration. The loagr equilibration points to the
exceptionally slow penetration of ethanol molecule® the polymer networks. The
tardiness of penetrating process could be expldyette dissolution of ethanol vapor

in the solid polymer network instead of the adsorpbn the network surface.

Figure 41 shows the difference between the ethanol adsorpaherms on 2P type
networks and the same isotherms on 4P type netwdtes isotherm omet(2PD) as
well as the measurable part of the isothernmeti2PM) are nearly linear. This finding
is in accord with the idea of dissolving of ethamapor in the networks in the course of
the capture process. The ethanol adsorption isoghen 4P type networks with similar
capture capacity of 19.5 wt.% and 19.8 wt.%, respely, at p/po = 0.95 are close to
the isotherm of the Type Il according to the IUP&l&ssification.[233] Sincaet(4PM)
andnet(4PD) exhibit higherSer values than theet(2PM) andnet(2PD) counterparts
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we speculate that the capture of ethanol vaparet(@PM) andnet(4PD) may proceed
as a combination of ethanol vapor dissolving argbgation on the network surface.
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Figure 41 Ethanol vapors adsorption isotherm regt(2PM), net(2PD), net(4PM) and
net(4PD) (293 K). Insert: the onset of the isotherms.
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Conclusions concerningply(monosubstituted acetylene)s

Quaternization polymerization of the equimolar manet of 2-ethynylpyridine
activated with various alkyl halides (RX = ethylobride, ethyl iodide, nonyl
bromide and hexadecyl bromide) performed in ac&itsolution as well as in
bulk gives an ionicn-conjugated poly(monosubstituted acetylene)s with
approximately half of pyridine rings quaternized tgrresponding RX. This
indicates partly surprising alternation of the @uaized:
[1-(N-alkylpyridinium-2-yl)ethane-1,2-diyl] and non-qeanized: [1-(pyridine-
2-yl)ethane-1,2-diyl] units along polymer chainhieTdegree of quaternization
(X/N mole ratio) of polymers implies that also nquaternized monomers were
involved in the process of QP. Due to the ionicrabter, prepared polymers
were well soluble in polar solvents such as methafimethyl sulfoxide and
dimethylformamide. Polymers with short, ethyl sideains were in addition
soluble in water while those with longer alkyl amai(nonyl, cetyl) also in low

polar solvents.

The interesting phenomenon is the dependence digooational structure of
monosubstituted polyacetylene main chain on thetisgaconditions applied in
this spontaneous, catalyst-free polymerization @sec The QPs in acetonitrile
solution gave the highis polymers while bulk polymerizations gave more
expected irregularcis/trans polymers. Differences in the configurational
structure were well observed in the NMR, IR as well as Raman (SERS)
spectral patterns. As there was no other differdreteeen these polymerization
processes, this effect shall be ascribed to theepie of acetonitrile. Increased
steric demands for an enchainment of a monomer aul@eresulting from
Coulombic binding of polar acetonitrile moleculesianic growing polymer are
suggested as the reason for the prefengiedconfiguration of polyacetylene

chains formed in the presence of acetonitrile.
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The prepared ionic poly(monosubstituted acetylen&e easily mixed with an
aqueous sol of borate-stabilized Ag nanoparticlesg-NIPs) to give
nanocomposites in which quite strong luminescericgotymers that prevents
measuring of their Raman spectra is quenched. Nampasites exhibiting
strong surface enhancement of the Raman signabe@asy obtained by proper
tuning the composition of these systems and all®evSERS characterization of

ionic m-conjugated monosubstituted polyacetylene typemelsg.

Conclusions concerningply(disubstituted acetylene)s

A series of QP of symmetrical bi-pyridylacetylereesbd monomers resulted into
new ionic disubstituted polyacetylene type polymansl polymer networks in
high yield. It is therefore obvious that the medbkan of quaternization
activation frequently used for the polymerizatidnethynylpyridines into ionic
poly(monosubstituted acetylene)s is efficient aleo the polymerization of
symmetrical bi-pyridylacetylene type monomers ofiamas composition and

architecture into ionic poly(disubstituted acet@ismaterials.

Although the quaternization polymerization procewdthout any catalyst, that
may control the polymerization process, we haveveuosurprisingly high

reproducibility of performed spontaneous polymedras.

The extent of quaternized pyridiniumyl units (deg@& quaternization - Br/N
mole ratio) in the prepared materials could belp&uned via the reagents initial
mole ratio. A series of QPs with initial Br/N motatio ranging from 1 to 4
resulted into ionic polymers with Br/N mole raticom 0.53 to 0.88,
respectively.

The quaternization polymerization of a series @hs)etrical bi-pyridylacetylene
based monomers derived from  ortho-pyridylacetylenes
[1,2-bis(2-pyridyl)acetylene (2PM) and 1,4-bis[(#Aplyl)ethynyl]benzene
(2PD)] and para-pyridylacetylenes [1,2-bis(4-pyridyl) acetyleneP{4) and
1,4-bis[(4-pyridyl)ethynyllbenzene (4PD)] resultedto corresponding ionic

materials. The structure of resulting material bareasily tuned via character of
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quaternizing agent applied. When monofunctionalzigebromide was applied
as quaternizing agent the linear ioniconjugated polyacetylene type polymers
were obtained. When bifunctional 1,4-bis(bromomBbgnzene was applied the
quaternization polymerizations resulted into ioniconjugated polyacetylene
type polymer networks. The network structure wasnfx by interconnected
polyacetylene chains and the ionic alternatingrchadwing to the ionic nature,
all linear polymers were well soluble in commonagratolvents (e.g., methanol,
dimethyl sulfoxide, and dimethylformamide) and thaosith one ethynyl group

[poly(2PM) and poly(4PM)] were soluble even in wate

Although the initial Br/N mole ratio in the feed sv&qual to 2 in the case of
linear polymers preparation, the materials based epmmetrical
ortho-pyridylacetylene  monomers exhibit high degree afiatgrnization
[Br/IN=0.77-1.00] and the linear polymers based @ymmetrical
para-pyridylacetylene monomers were less quaternized\[B 0.27-0.34]: in
this case a not negligible amount of monomer maéschias been inbuilt into
the polymer in the non-quaternized form. The inclatg quaternization of
linear polymers derived from monomers wiplara-pyridyl groups thus most
probably reflects a high rate of the propagatiap sif the polymerization that

exceeds the rate of the monomer quaternizatioivéaicn).

The polymer networks prepared from symmetrarého-pyridylacetylene based
monomers exhibit similar degree of quaternizatiB/Nl = 0.74-1.04] to their
linear counterparts, which may reflect the limitipgaternization of monomeric
units under selected conditions due to the steeifatts in case ajrtho-pyridyl
based materials. The apparently higher degree afequization of polymer
networks derived from symmetricgdara-pyridylacetylene based monomers
compared to their linear counterparts was preswnatdused by the
bi-functional character of quaternizing agent. Tin@ecules of non-quaternized
monomer which diffuse to the vicinity of growinglpmer network come to the
part of the reaction system with a high concerdratof Br-CH- groups of
quaternizing agent. That is why the probabilityqofaternization of monomer
molecules is significantly enhanced before the mu#rois incorporated into

polymer network via the polyacetylene type chain.
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The positional isomerism of the N atom of pyridybgps 6rtho or para) in the
monomer structure also affects the extent of catjag of the linear polymers.
The linear polymers based para-pyridyl monomers possess a high extent of
conjugation manifested by a distinct absorptionthie visible region with
maximum around 550 nm. The linear polymers based oatho-pyridyl
monomers were less conjugated most probably duthdopresence of the
quaternized moiety in the close vicinity to the ymsle main chains may
complicate the optimization of microstructure todvahigh extent of the

main-chain conjugation

All prepared materials exhibit good thermal sta&pilit was assumed that the
stability of the polymer networks may exceed therittnal stability of the linear
polymers, due to the high cross-linked structurewkler, the overall higher
content of Br-CH groups in the networks, which are mainly releasader

elevated temperature, reduced the positive effettteocross-linked architecture
on the thermal stability. Thus, the thermal stéib#i of prepared linear polymers

and polymer networks did not differ significantly.

Both linear polymers and polymer networks exhibibholuminescence
originating most probably from the parttyconjugated segments in connection
with the charge-transfer complexes composedN-ddenzylpyridiniumyl group
and bromide anion. All linear polymers exhibit esms from violet to yellow
region (407-560 nm) with no respect to the posibbiN atom of pyridyl group.
On the contrary, the emission of polymer networlgnificantly differs in
dependence on the position of N atom of pyrid@itho-pyridylacetylene based
polymer networks exhibit broad photoluminescencerad to near infra-red
region [net(2PM) and net(2PD)] anpara-pyridylacetylene based polymer
networks exhibit strong photoluminescence in blegian [net(4PM)] and in
greenish yellow region [net(4PD)]. The strong emissin visible region
probably originate from high degree of quatern@at(Br/N = 1.03-1.20) in
connection with sterically convenient position péra-pyridyl based units
resulting in enhanced conjugation of polyacetylehains of net(4PM) and
net(4PD).
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Despite low specific surface revealed byadisorption at 77 K, all the prepared
polymer networks exhibit moderate efficiency in £€pture at 293 K (up to
13.6 cmMi(COy)/g at 750 Torr). The capture of GGn the networks at room
temperature is assumed to proceed under the famati temporary pores
and/or “opening” of pores with restricted acceskisTmay be enabled by the
partial flexibility of the segments of the networsginating from the presence
of CH, groups in the network structure. Moreover, theopred networks exhibit
high efficiency in ethanol vapor capture (up toS241%) that is mainly
ascribable to the dissolution of the ethanol vapdhe networks rather than the
adsorption of the ethanol vapor on the surfacéeiietworks.

Although the benzyl bromide was proved as a swetghhternizing agent in case
of guaternization polymerization of  symmetrical ubstituted
bi-pyridylacetylene based monomers, the quatennizapolymerization of a
series of non-symmetrical disubstituted mono-pyedgtylene based monomers
activated with benzyl bromide resulted into low swllar mass products. The
quaternization polymerization of threetho-pyridylacetylene based monomers:
2-(1-hexynyl)pyridine (2PH), 2-phenylethynylpyrigin  (2PP) and
2-(44ert-butylphenylethynyl)pyridine (2PT) gave a low mal&r mass
oligomers and the quaternization polymerizationhoéepara-pyridylacetylene
based monomers: 4-(1-hexynyl)pyridine (4PH), 4-phethynylpyridine (4PP)
and 4-(4tert-butylphenylethynyl)pyridine (4PT) gave mostly qeratized
monomers. The advantage of disubstituted structupmlyacetylene monomers
was, however, partly confirmed in the case oligomproducts prepared from
disubstitutedortho-pyridyl based monomers: the prepared materialsibéxh
good thermal stability and photoluminescence agtivDwing to the ionic
character, all prepared materials were well solubjgolar solvents.
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6 LIST OF ABBREVIATIONS

1,4-bis(bromomethyl)benzene

2-ethynylpyridine

2-vinylpyridine

3-ethynylpyridine

4-ethynylpyridine

4-vinylpyridine

benzyl bromide

Br/N mole ratio

full name CIE 1931 XYZ color spacehis tolor space defined by
International Commission on lllumination (from Fobmame
Commission internationale de I'éclairage) in 1931
conjugated polymers

conjugated polyelectrolytes

chargetransfer complex

cetyl bromide (1-bromohexadecane)

unified atomic mass unit (Dalton)

1,4dipyridyl

dimethylformamide

dimethyl sulfoxide

ethyl bromide

ethyl iodide

functionality of compound

functionality represented by ethynyl group

functionality represented by pyridyl group

functionality of quaternizing agent

intersystem crossing process

The International Union of Pure and AppliChemistry
apparent numbeaiverage molar mass of the polymer
apparent weighéverage average molar mass of the polymer
N-ethyl-2-pyrrolidone

nonyl bromide (1-bromononane)

relative pressure

Polymer number used in Introduction

guaternizing agent

guaternization polymerization

specific surface are determined via (BET) Brunakemmett-
Teller theory (mg™)

the temperature at which the weight loss wt% occur
tetrahydrofuran
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