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Abstract

New procedures for preparation of polyacetylenes with highly luminescent
naphthalimide groups that might be potentially utilized in optoelectronics and
sensors are developed within the framework of present doctoral thesis. The
procedures provide luminescent a) linear polyacetylenes that can be processed
from solutions, and b) mesoporous network polyacetylenes with high pore
volume.

Two paths to soluble polyacetylenes are used: (i) copolymerization of
ethynyl-functionalized naphthalimide (monomer PN) and a monoethynyl aromate
catalyzed with [Rh(nbd)acac], and (i) modification of poly(disubstituted
acetylene)s carrying o-chloroalkyl pendants involving the exchange of chlorine
atoms for azido groups and subsequent “click”-reaction of Huisgen type of azido
groups with ethynyl groups of PN.

The PN does not homopolymerize but copolymerizes with ethynylaromates.
The highest possible molar fraction of the PN units in copolymers is of 0.5, which
suggests the absence of PN dyads or longer sequences in copolymers and the
alternating arrangement of PN units in the copolymers of the composition of 0.5.
Surprisingly, ethynylarenes that give insoluble homopolymers gave soluble
copolymers with PN.

The modification procedure requires knowledge on the effect of the
monomer structure symmetry and substituent bulkiness on its polymerizability
and solubility of resulting polymer. This study made with new diarylacetylenes
revealed negative effect of the structure symmetry on the solubility of linear
polydiarylacetylenes that can even cancel solubilizing effect of the attached alkyl
groups. Therefore, the soluble luminescent polymers have been exclusively
prepared by modifications of polymers of asymmetric monomers carrying 4-
chlorobutyl pendants. These precursor polymers were also modified by the
reaction with N-methylimidazole giving novel conjugated polyelectrolytes that are
soluble in green solvents, including aqueous methanol (50 % by vol.), but not in
pure water. Although the modification procedure is more work-demanding, the
resulting polymers have the advantage of higher stability in air compared to the
copolymers of monosubstituted acetylenes.

The luminescent mesoporous networks prepared by copolymerization of PN
and 4,4 -diethynylbiphenyl with [Rh(nbd)acac] catalyst shows a very high specific
surface of ca 1 000 m?/g (BET).

All prepared copolymers show luminescence emission originating from NP
type units which proves the excitation energy transfer from their main chains onto
pendent naphthalimide moieties. Extremely high Stokes shift (up to 13 700 cm™)
is observed if the luminescence is excited with the light beam absorbed by
polymer main chains.

Keywords: conjugated polymer; coordination polymerization; modified polymer;
luminescence; naphthalimide; network polymer; polyacetylenes; polyelectrolytes.



Abstrakt

V ramci predkladané disertaCni prace byly vyvinuty nové postupy pfipravy
polyacetylenl s Iluminescencné ucinnymi naftalimidovymi skupinami, které
mohou najit potencialni vyuziti v optoelektronice a sensorech. Tyto postupy
poskytuji luminescencéni: a) linearni polyacetyleny zpracovatelné z roztokd; b)
mesoporézni polyacetylenové sité s velkym objemem pora.

Rozpustné luminiscentni polyacetyleny byly pfipraveny dvéma syntetickymi
cestami: (i) kopolymerizacemi ethynyl derivatd naftalimidu (PN) s ethynylaromaty
indukovanymi katalyzatorem [Rh(nbd)acac] a (ii) modifikacemi
poly(disubstituovanych acetylen)d obsahujicich  ®-chloralkylové skupiny,
spocivajicimi v nukleofini substituci chloru za azidové skupiny a nasledné “click”
reakci Huisgenova typu (azido skupin s ethynylovymi skupinami PN).

PN sice netvofi homopolymery, avSak je mozné tento monomer
kopolymerizovat s ethynylaromaty, pfiCemz nejvy$si dosazena molarni frakce PN
jednotek v kopolymeru je 0.5. Toto pozorovani indikuje absenci diad a delSich
sekvenci PN jednotek v fetézcich kopolymer(. Implikuje tedy alternaéni strukturu
fetézcd s ekvimolarnim obsahem jednotek. Zajimavé je, Ze ethynylareny
poskytujici nerozpustné homopolymery vytvareji s PN rozpustné kopolymery.

Studie provedena na sérii novych diarylacetylend ukézala negativni efekt
strukturni symetrie monomeru na rozpustnost linearnich poly(diaryl acetylen)q,
ktery zastinuje pozitivni vliv alkylovych skupin vazanych v bo€nich skupinach.
Rozpustné luminiscencné aktivni polymery byly proto pfipraveny z asymetrickych
monomerl, v nasem pfipadé s 4-chlorbutylovymi vedlejSimi skupinami. Tyto
chlor-substituované polymery byly také modifikovany reakci s N-
methylimidazolem a takto ziskany nové konjugované polyelektrolyty byly
rozpustné v polarnich rozpoustédlech, v€etné 50 %-niho vodného methanolu,
avSak ne v samotné vodé. Zvolena metoda modifikace je sice pracnéjSi nez
pfima kopolymerizace, ale oproti kopolymerim poly(monosubstitutovanych
acetylen)u jsou takto ziskané polymery znacné odolng&jsi vuci oxidaci vzduSnym
kyslikem.

Soucasti prfedkladané prace je téz priprava luminiscenéné aktivnich
mesoporéznich siti, ketré byly pfipraveny pfimou kopolymerizaci monomeru PN s
4,4 -diethynylbifenylem. Reakce byla katalyzovana [Rh(nbd)acac] komplexem.
Ziskané polymerni sit& vykazuji velmi vysoky specificky povrch az 1 000 m?/g
(stanoveny z izoterm metodou BET).

VSechny pfipravené kopolymery vykazuji luminiscenci emitovanou z
jednotek NP, coz svédcCi o u€inném pienosu excitacni energie z konjugovanych
polymernich Fetézcl na naftalimidové skupiny bo¢nich substituentl. PFi excitaci
luminiscence zafenim absorbovanym hlavnimi polymernimi fetézci dosahuje
Stokestiv posun extrémné vysoké hodnoty az cca 13 700 cm™.

Klicova slova: konjugované polymery; koordinacni polymerizace; luminiscence;
modifikace polymer(; naftalimidy; polyacetyleny; polyelektrolyty; polymerni sité.
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Introduction

Development of new organic materials for optoelectronics and sensors is a
subject of the modern materials research. Conjugated polymers occupy an
important place in this research, since their functional properties can be tuned
through the composition and structure regularity of their main chains and
substituents affecting their electrical, optical and other properties towards a
desired function.

Many poly(substituted acetylene)s exhibit significant fluorescence, the
character of which can be potentially modified by the introduction of appropriate
fluorophores onto their chains."? This could be achieved by direct
(co)polymerization of monomers carrying the corresponding fluorophore.
However, this approach has a very limited applicability for poly(disubstituted
acetylene)s, because they are typically prepared by coordination polymerization
catalyzed by high-valent W, Ta and Nb complexes, which are mostly
incompatible with polar groups present in fluorophores.[3'5] Therefore, the strategy
based on the modification of poly(disubstituted acetylene)s which contain reactive
groups tolerated by the above catalysts, such as halogenalkyl groups, seems to
be favorable.

Another important point for a practical usage of conjugated polymers is their
solubility. If a conjugated polymer is insoluble, it should be capable of using as it
is prepared, otherwise it cannot be used at all. Therefore, the research in this
field has to be oriented at preparation of soluble conjugated polymers that can be
processed from solutions or solid polymers that can be potentially used in the as-
prepared form.

Regarding the above requirments, the aims of the presented doctoral thesis
had been established as stated in the following paragraph.

Aims of the Thesis

The target of my dissertation project has been the development of the
synthetic paths to new luminescent materials based on conjugated polymers that
might be potentially utilized in optoelectronics and field of sensors. The highly
luminescent naphthalimide group has been chosen as the main luminophore and
conjugated polymers of substituted acetylenes as the group carriers. The partial
goals were set as follows:

(i) Development of the catalytic processes that are tolerant to naphthalimide
groups and give soluble linear polyacetylenes comprising naphthalimide side
groups.

(i) Development of the synthetic paths based on consecutive modifications
of polyacetylenes prepared with catalysts that are not tolerant to naphthalimide



groups, which finally provide soluble luminescent polymers that can be processed
from solutions.

(iii) Determining of the effects of the structure symmetry and substituent
bulkiness of disubstituted acetylenes on their polymerizability and solubility of
resulting polymers, as the key point for preparing polymers for the modifications
set out in paragraph (ii). (Modifications of poly(monosubstituted acetylene)s are
not too promissing owing to increased reactivity of their main-chain double bonds
and sensitivity to air).

(iv) Synthesis of mesoporous network polyacetylenes with naphthalimide
side groups and sufficiently high pore volume, which might be potentially used in
gas or vapor sensors.

Results and Discussion

The monomers used within this thesis and their codes are shown below; the
newly prepared ones are labeled by blue color.

@—:/\/\ 4,4diethynylbiphenyl M9
hex-1-yn-1-yl-benzene MO — O

: ol 1,2-bis-(4-t-butylphenyl)ethyne M10

1-(6-chlorohex-1-yn-1-yl)-4-( t-butyl)benzene M1 -

®_:/\/\/CI 2-[(4-t-butylphenyl)ethynyl)lnaphthalene M11

(6-chlorohex-1-yn-1-yl)benzene M2

o

1-ethynyl-4- t-butylbenzene M3

FQ{ 9-[(4-t- butylphenyl ethyn I)Janthracene M12

:

O
‘O

@

F N\ 7 — \ 7
1-ethynyl-2,4-difluorobenzene M4
O == 1-[(4-t-butylphenyl)ethynyl)Inaphthalene M13

2-ethynylnaphthalene M5

ae \;to

1-phenylethynyl-4-ethynylbenzene M6

\\
4-ethynylbiphenyl M7 \_\_ ;:'7 /\:>

=/\/\/CI

-(prop-1-yne-3-yl)-4-(piperidine-1-yl)-1,8-naphthalimide PN

6-chlorohex-1-yne M8 N-(pent-1-yne-3-yl)-4-(piperidine-1-yl)-1,8-naphthalimide PN1
Chart 1. Monomers used within these thesis

New disubstituted acetylenes M1, M2 and M10 to M13 were prepared from
the corresponding commercially available reactants using the Sonogashira
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coupling. Compounds PN and PN1 were prepared according the following
reaction scheme:

H
0. _O_ _O o r:CHZ)Xo N (CHz)
CH,),—NH
g( 2) 2 o} N 0
OO Ethanol OO DMF OO
NO NO
2 x=1forPN N
x=3 for PN1 O

Scheme 1. Synthesis of chromophores PN and PN1

Table 1. Spectral characteristics of monomers (M10-M13 in THF, PN and PN1 in CHCIy); Aa
absorption maximum; A, cut off wavelength, €, molar absorption coefficient; E; band gap energy;
Ar emission maximum; @ quantum yield of fluorescence (excitation at 270 nm for M10-M13 and
420 nm for PN and PN1); values calculated by the TD-DFT method are labelled by the subscript
calc.

Monomer )\A )\A,calc &\ X 10_3 A cut Eg A F A F;calc Pr
[nm] [nm] [m°>mol’]  [nm] [eV] [nm] [nm]

M10 288 307 3.46 315  3.94

M11 306 332 1.86 333 3.72 342 359 0.81
276 281 2.98

M12 399 441 2.51 435  2.85 430 477 0.95
301 309 3.53
262 257 9.98

M13 319 348 2.05 350  3.54 361 380 0.18
270 270 1.52

PN 417 16.39 479  2.59 508 0.72

PN1 415 8.43 475  2.61 506 0.4

The spectroscopic properties of the above monomers were determined
(Table 1) and together with monomers M0 and M1 they were polymerized in
order to examine the effect of the monomer structure symmetry and bulkiness of
substituents attached to the triple bond on their polymerizability and solubility of
the resulting polymer. Asymmetric monomers gave soluble polymers while
symmetric monomer M10- insoluble polymer, same as provide another symmetric
monomer: diphenylacetylene. From the tested disubstituted acetylenes,
monomers MO0 and M1 were finally selected for preparation of primary polymers
for modification approach to the luminescent polymers. Monomers PN and PN1
have been used in experiments aimed at the direct preparation of luminescent
polymers comprising naphthalimide luminophores.

All attempts to homopolymerize the PN monomers to polymers highly
loaded with naphthalimide groups have failed. Therefore, the research effort was
turned to copolymerizations with ethynylarenes induced with [Rh(nbd)acac]
catalyst. They provided good yields of copolymers with the content of NP units
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close to the feed ratio (see Table 2), which indicates a good polymerization ability
of PN, which, in homopolymerization, is probably blocked by steric effects. Worth
noting is the interesting fact that some tested monoethynyl monomers (M5, M6,
M7) gave insoluble homopolymers but soluble copolymers with PN. This
observation also points to the positive effect of the structure irregularity on the
solubility of polymers with bulky pendent groups.

Table 2. Copolymerization of PN (PN1) and ethynylarenes induced with [Rh(nbd)acac]; f is feed
molar fraction of PN, F, fraction of PN units in polymer; Y isolated polymer yield, M,, and M,
mass-average and number-average molar masses (kg/mol); t the reaction time, A emission
maxima, 7 fluorescence lifetime, basic properties of free fluorophore are marked by grey.

No  Polymer fa : Y Fa M, M, Ar (nm) 7(ns)
code h %

1 P(PN) 1 24 ~0 -- -- PN 508 9.2 (100%)
2 P(PN1) 1 24 ~0 -- -- --

3 P(M3) 0 3 93 0 130 46

4 P(PN1/M3) 0.2 24 63 0.06 76 33

5 P(PN/M3) 0.2 24 87 0.14 107 55 509 8.7 (78%)
6 P(M4) 0 3 ~100 0 910 340

7 P(PN/M4a) 0.2 24 91 0.20 210 110 507 9.0 (87%)
8 P(PN/M4b) 04 24 70 0.35 53 20

9 P(PN/M4c) 0.6 24 48 0.51 13 6

10 P(M5) 0 24 91 0 Insol Insol

11 P(M6) 0 24 90 0 Insol Insol

12 P(M7) 0 24 72 0 Insol Insol

13 P(PN/M5) 0.2 24 83 0.17 86 40 508 8.7 (771%)
14 P(PN/M6) 0.2 24 74 0.18 130 36 510 8.7 (69%)
15 P(PN/M7) 0.2 24 75 0.20 170 65 507 8.7 (7a%)
16 P(M6/M8a) 0.2 24 59 0.15 Insol Insol

17 P(M6/M8b) 0.8 24 68 0.36 43 22

The modification strategy is described in Scheme 2 and the characteristics of
primary and final modified polymers are summarized in Table 3. Monomer M1
with tert-butyl groups has been chosen because these groups make easy
determining the copolymer composition from its NMR spectrum and chlorobutyl
groups serves as the modification centers. Copolymerizations of M1 and MO
induced with WOCI4/PhsSn catalyst gave reasonable isolated yields of desired
primary copolymers. As can be seen from Table 3, MO is more reactive than M1.
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40 °C, 24h piperidine
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Scheme 2. Modification path to polyacetylenes with naphthalimide chromophores.

and so the fraction of M1 units in the resulting copolymer is always lower than its fraction
in the feed monomer mixture. This difference in reactivity is a bit higher than it can be
expected regarding the structural similarity of the used monomers, but it can be
explained as the result of interactions of chlorobutyl side groups with catalytic centers.

Table 3. Copolymerizations of M0 and M1 with WOCI,/Ph,Sn; fi; is feed fraction of M1, Fy, the
fraction of M1 units in polymer, M,, mass-average molar mass, D dispersity; Y isolated yield of Ai;
Ar the fluorescence emission wavelength, ¢ fluorescence efficiency and 7 mean lifetime of the
main fluorescence component of the final modified polymers (and free chromophore PN).

FM1 FM1

Initial 1 Y, M, Modified 2
polymer i elem. é %  kg/mol polymer  (nm) o (ns)
anal. NMR
A0 0 0 0 89 300 28 | PN 508 072 920

A1 0.25 0.22 0.18 91 350 3.2 C1 507 0.45 8.6ss9
A2 05 027 0.24 70 120 2.8 C2 509 0.50 8.66s%
A3 0.75 0.48 0.50 74 110 2.5 C3 511 0.59 8.671

A4 1 1 1 46 75 2.8 C4 513 0.62 8.9539,
0.50{ =
0.454 u
LLEO.40-
Q
w=0.354
0.30+
0.25 L] ) ) ) )
0.2 0.4 0.6 0.8 1.0
FM1

Figure 1. Efficiency of conversion of a polymer of type A to the corresponding polymer of type B
as a function of the molar fraction of M1 units in the starting polymer of type A, Fui; Fuwis is molar
fraction of M1B units in the modified polymer of type B.



The first part of the modification outlined in Scheme 2 was found to proceed
incompletely: the dependence in Figure 1 demonstrates a monotonous decrease
in the degree of substitution of the chloro for azido groups with increasing molar
fraction of —CH,CI groups, Fu1, in the initial polymer (A1 to A4). This indicates
that the already present N3 groups prevent the exchange of Cl for N3 group in
their neighborhoods. Incompletness of the chloro-for-azido groups exchange has
been reported by some other authors.®”]

The second stage of the modification was found to proceed completely,
which can be documented by practically total disappearance of the vy-ny IR band
at 2096 cm™ (Figure 2, left) and appearence of the luminescence with parameters
that are typical of naphthalimide fluorophores (Figure 2, right) upon this reaction.
Thus the modification strategy has been successful, however, not totally due to
incomplete conversion in the first modification step.

Homopolymers of monomers M1 and M2 have been in addition modified by
the reaction of their chlorobutyl side groups with N-methylimidazole, which gave
new conjugated polyelectrolytes that are soluble in polar, so called “green”
solvents but not in water; however, they are soluble in aqueous methanol (above
50 % by volume).

[se} (2] =
Q ©Q . 3
® o =} <
£ 8
> 8
2
c i
2 )
500 600 700
g Wavelength, nm
©
g 3 3 B4
By (’Qv c A4
) ©
B4 : Q l
; [72]
‘ )
—
o
=)
i \
T T T T T — ! ' ' v
3500 3000 2500 2000 1500 1000 500 400 500 600 700
wavenumbers, cm™ ! Wavelength, nm

Figure 2. IR spectra (left) and fluorescence emission spectra (right) of polymers A4, B4, C4
and free monomer PN; inset shows the fluorescence spectra of C1 to C4 in CHCI; solution.

The experimental data concerning the luminescence of prepared copolymers
of monosubstituted (Table 2) and disubstituted (Table 3) acetylenes quite clearly
show that the main luminescence component of the both types of copolymers
exhibits characteristics that are close to those of free PN, This proves that an
efficient transfer of the excitation energy from the excited conjugated chains onto
naphthalimide chromophores located in pendants takes place in both types of the
PN-functionalized polyacetylenes.

Luminescent network polyacetylenes were prepared by copolymerizations of
PN with 4,4’-diethynylbiphenyl (M9) catalysed with [Rh(nbd)acac This reaction
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actually is an extension of copolymerizations of PN with monoethynyl aromates
(see Table 1) to a diethynyl aromate. Network copolymers have been obtained in
high isolated yields and their properties have been found to depend strongly on
the used feed fraction of PN in the monomer mixture: for fon = 0.1, a micro/meso-
porous network with specific pore area of 1000 m?/g, ca the same as P(M9), and
mesopore volume of 1.84 cm®/g, higher than P(M9) (1.35 cm®g) was obtained. In
contrast, for fon = 0.5, practically nonporous network is obtained. The BET
adsorption/desorption isotherms for network polymers P(M9) and P(PN/M9) (fe\ =
0.1) are shown in Figure 3 and luminescence emission spectra of these polymers
are compared in Figure 4.

;JI
L

/g STP) x10°

51.04

P(PN/M9)

Normalized intensity

0.5 4

Quantity Adsorbed (cm

T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 390 420 450 480 510 540 570 600 630
Wavelength (nm)

0.0

Relative pressure (p/p°)
Figure 3. N, adsorption/desorption isotherms for Figure 3. Luminescence spectra of P(M9) and
copolymer P(PN/M9) and homopolymer P(M9) P(PN/M9), excitation wavelength 340 nm.
at 77 K. Curves for P(PN/M9) are vertically
shifted by 300 cm®/g for better clarity; solid
points denote adsorption, empty points
desorption.

Conclusions

The synthesis procedures developed allow preparation of various types of
conjugated polymers of mono- and disubstituted acetylenes with luminescence
enhanced by incorporated highly luminescent naphthalimide groups. These
procedures can be potentially applied for introducing another luminescent groups
functionalized by ethynyl group.

The polymer-modification strategy represents a feasible path for
incorporation of naphthalimide groups that are incompatible with polymerization
catalysts onto chains of polymers of disubstituted acetylenes. A new monomer
was synthesized providing 4-chlorobutyl groups that can be modified by a
nucleophilic substitution. Two step modifications of copolymers of this monomer
and (hex-1-yn-1-yl)benzene consisting in the exchange of chlorine atoms of
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pendent groups with azido groups and subsequent Huisgen “click” reaction of
azido groups with ethynyl groups of the naphthalimide monomer PN has been
performed as a good method for preparing polymers of disubstituted acetylenes
with significantly enhanced fluorescence efficiency. The UV/vis and stationary as
well as time resolved luminescence spectra of the PN modified polymers have
shown that the luminescence properties of the PN chromophores are preserved
upon binding PN to polymer chains.

Subsequently, experiments with the direct polymerization of monomers PN
and PN1 and their copolymerization with other monomers carrying the terminal
ethynyl groups were done. Copolymerizations with monoethynyl monomers with
[Rh(nbd)acac] catalyst carried out at various comonomer mole ratios were found
to provide well soluble, mostly high-molar-mass polyacetylenes comprising up to
one half of the naphthalimide monomeric units despite the fact that naphthalimide
monomers alone do not polymerize. The optical spectral properties of
naphthalimide groups remained preserved in these new polymers, same as in the
case of naphthalimide-functionalized copolymers of disubstituted acetylenes.
Luminescence spectra of these new polymers induced with excitation at 420 nm
(absorption band of the PN chromophore) are practically the same as the spectra
excited at 300 nm (band of aromatic side groups, typically biphenyl groups),
which proves efficient energy transfer from the aromatic onto naphthalimide
pendant groups. Taking into account that the copolymer emission bands are
centered at 510 nm, a very high Stokes shifts up to ca 13 700 cm™ are achieved
for these copolymers.

The PN monomer has also been copolymerized with 4,4°-diethynylbiphenyl
using the same rhodium-based catalyst and average functionality of monomers in
the mixture above 1.5. This copolymerization gave an insoluble
micro/mesoporous network polymer of a very high BET specific surface of ca
1000 m%g, which contains inbuilt PN monomeric units and thus exhibits
luminescence band centered at 510 nm that is characteristic of the naphthalimide
chromophore. The network can be applied in the construction of a fluorescence
sensor based on the micro/mesoporous sorbents.
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Uvod

Vyvoj novych organickych materiald, které mohou najit vyuZiti
v optoelektronice, pfipadné jako sensory, je aktualni tématikou moderniho
materialového vyzkumu. Konjugované polymery zaujimaji v této oblasti vyzkumu
velmi dulezité misto, protoze jejich optické, elektrické a dalsi funkéni vlastnosti
Ize ladit prostfednictvim sloZeni a regularity jejich fetézcl a volbou boénich
skupin pfipojenych k témto fetézclm.

Mnohé polymery odvozené od substituovanych acetylend vykazuji
luminiscenci, jejiz charakter Ize potencialné modifikovat zavedenim
odpovidajicich fluoroforti do jejich fetézct.["? Toho Ize nejsnadnéji dosahnout
pfimou polymerizaci &i kopolymerizaci monomerl obsahujicich dany fluorofor.
Nicméné, tento pfistup ma v pfipadé disubstituovanych acetylend dosti
omezenou aplikovatelnost, protoze tyto monomery jsou pfipravovany
koordinacnimi polymerizacemi katalyzovanymi komplexy W, Ta and Nb, které
jsou vétsSinou nekompatibilni s polarnimi skupinami obsazenymi ve fluoroforech.®
) Proto jako perspektivngjsi strategie modifikace poly(disubstituovanych
acetylen)li se jevi pfistup zaloZzeny na post-polymerizacnich modifikacich
zminénych polymerll, které obsahuji vhodné reaktivni skupiny, napf.
halogenalkylové skupiny.

Dalsi dullezitou vlastnosti podminujici praktické vyuziti konjugovanych
polymerl je jejich rozpustnost. Je-li dany polymer nerozpustny, musi byt
prakticky pouZzitelny v té formé, v jaké byl pfipraven, nebo neni vyuZitelny vibec.
Proto vyzkum v této oblasti je orientovan jednak na vyvoj rozpustnych polymerd,
které lze zpracovavat roztokovymi metodami a vyvoj pfimo vyuZzitelnych
poréznich polymernich siti. Cile mé doktorské prace vychazejici z vySe
uvedenych skutecnosti jsou uvedeny v nasledujicim odstavci.

Cile doktorské prace

Cilem mého doktorského projektu byl vyvoj syntéznich postupt pro pfipravu
novych luminiscen&nich materiald na bazi konjugovanych polymera, které mohou
potencialné najit aplikace v oblastech optoelektroniky a sensorl. Jako fluorofor
byl zvolen naftalamid a jako konjugované polymery byly zvoleny
poly(substitované acetylen)y Dili cile pfedkladané disertace prace byly
nasledujici:

(i) Vyvoj katalytickych procesl kterym nevadi naftalamidova skupina a
poskytuji rozpustné linearni polyacetyleny obsahujici tento fluorofor.

(i) Vyvoj syntéznich postupl zalozenych na post-polymerizacnich
modifikacich polyacetylent pfipravenych tradi¢nimi katalyzatory nekompatibilnimi
s naftalimidovou skupinou, které poskytnou linerarni luminiscenéné aktivni
polymery zpracovatelné z jejich roztoka.
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(iii)  Zjisténi  vlivu symetrie molekul a objemnosti substituentl
disubstituovanych acetylend na jejich polymerizovatelnost a na rozpustnost
odpovidajicich polymera. Jedna se o zasadni podminku pfipravy rozpustnych
luminiscenénich polyacetylend modifikacnimi pfFistupy, protoze modifikace
polymer odvozenych od monosubstituovanych acetylenll jsou malo perspektivni
kvuli dost vysokeé reaktivité jejich dvojnych vazeb.

(iv) Priprava mezoporéznich polyacetylenovych siti se zabudovanou
naftalimidovou skupinou a velkym vnitfnim povrchem, které by mohly byt vyuzity
v oblasti fluorescencénich senzorl par a plyna.

Vysledky

Latky pfipravené béhem feSeni mé doktorské prace jsou ukazané v Grafu
1.. Modfe jsou oznaceny nové latky, prvné pfipravené a charakterizované v ramci
této disertace.

: o 4,4'-diethynylbifenyl M9

hex-1-yn-1-yl-benzen M0 O
— Cl
—l—@——/\/\/ 1,2-bis-(4-t- butylfenyl)ethyn M10

I\)

1-(6-chlorohex-1-yn-1-yl)-4-( t-butyl)benzen M1 /L —
N\ 7 — 7/

< > — T
2-[(4-t-butylfenyl)ethynyl)Inaftalen M11

(6-chlorohex-1-yn-1-yl)benzen M2

<

1-ethynyl-4- t-butylbenzen M3

9-[(4-t-butylfenyl)ethynyl)Janthracen M12

1-ethynyl-2,4-difluorobenzen M4 [\

oy

o

)

— N\ 7/

C

-[(4-t-butylfenyl)ethynyl)lnafalen M13
2-ethynylnaftalen M5

_ \\_ ;:t )
/7 — 4/
1-fenylethynyl-4-ethynylbenzen M6
O O -(prop-1-yne-3-yl)-4-(piperidin-1-yl)-1,8-naftalimid PN

4-ethynylbifenyl M7 \\—\‘ n <:>

z

=/\/\/CI
6-chlorohex-1-yn M8
N-(pent-1-yn-3-yl)-4-(piperidin-1-yl)-1,8-naftalimid PN1
Graf 1. Monomery pfipravené v ramci pfedkladané prace
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Tabulka 1. Spektraini charakterizace monomert (M10 - M13 v roztoku THF, PN
a PN1 v CHCI3); Ax absorpéni maximum, Ag,: absorpéni hrana, €\ molarni
absorpcni koeficient; Eq Sife zakazaného pasu; Ar maximum emise; @r vytézek
fluorescence (excitace na 270 nm pro M10-M13 a 420 nm pro PN a PN1);
hodnoty spocitané metodou TD-DFT jsou oznaCeny jako dolni index ,cal”.

Monomer AA AA,caIc & X 10-3 A cut Eg A F A F;calc PF
[nm] [nm] [m2mol”  [nm] [eV] [nm] [nm]
1
]
M10 288 307 3.46 315 3.94 - - -
M11 306 332 1.86 333 3.72 342 359 0.81
276 281 2.98
M12 399 441 2.51 435 2.85 430 477 0.95
301 309 3.53
262 257 9.98
M13 319 348 2.05 350 3.54 361 380 0.18
270 270 1.52
PN 417 16.39 479  2.59 508 0.72
PN1 415 8.43 475 2.61 506 0.4

Disubstituované acetyleny M10 az M13 byly pfipraveny Sonogashirovou
reakci z odpovidajicich komeréné dostupnych prekurzord. Syntézy latek PN a
PN1 popisuje Schéma 1.

(CHz)x

H
\ N ‘
0. _O_ _O :(CHZ) ~NH, O O o
() e OO QQ

x=1 for PN ©
x=3 for PN1 O

Schéma 1. Pfiprava monomeru PN a PN1

Monomery M10 az M13 byly spektroskopicky charakterizovany (viz Tabulka
1) a spolu s monomery M0 a M1 polymerizovany s cilem zjistit vlivy strukturni
symetrie molekul monomerd a objemnosti jejich substituentd na
polymerizovatelnost disubstituovanych acetylenl a rozpustnost vyslednych
polymert. Asymetrické monomery poskytly rozpustné polymery na rozdil od
symetrickeho monomeru M10, ktery poskytl nerozpustny polymer, stejné jako
jeho jednodussi analog difenylacetylen. Proto ze studované skupiny
disubstituovanych acetylent byly nakonec vybrany monomery MO a M1, ze
kterych byly pfipraveny polymery pro nasledné post-polymerizacni modifikace
zamérené na zavedeni naftalimidové skupiny.

Pokusy o koordinaéni homopolymerizace monomerd PN a PN1, které by
pfimo poskytly homopolymery bohaté na naftalimidové fluorofory, nebyly
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uspésné. Bylo ale zjisténo, Ze tyto nehomopolymerizujici naftalimidové
acetylenické monomery celkem snadno vytvareji kopolymery s monoethynyl
aromaty pfi pouziti katalyzatoru [Rh(nbd)acac], jehoz aktivitu nenarusuji
naftalimidové skupiny. Takto pak byly uspéSné pfipraveny rizné kopolymery
s obsahem NP jednotek blizkym slozeni vychozi komonomerni smési (vysledky
polymerizaci a charakteristiky polymeru jsou shrnuty v Tabulce 2). Ziskané
vysledky ukazuji, Ze neschopnost PN monomert homopolymerizovat je ziejmé
zpusobena sterickymi vlivy naftalimidového substituentu. Zde je zajimavé zminit
fakt, ze nékteré vybrané ethynylareny (M5, M6, M7), které tvofi nerozpustné
homopolymery, vyvareji s PN monomery rozpustné kopolymery. Tato pozorovani
potvrzuji pozitivni vliv strukturni nepravidelnosti polymernich Fetézcl na
rozpustnost daného polymeru.

Tabulka 2. Kopolymerizace PN (PN1) a ethynylarent indukovana katalyzatorem
[Rh(nbd)acac]; fa je molarni podil PN v nasadé, Fa je molarni podil PN
v ziskaném polymeru; Y iszolovany vytézek polymeru, M, a M, hmotnostni a
Ciselny stfed molekulovych hmotnosti (kg/mol); t reakéni €as. Ar (nm) poloha
emisniho maxima, z doba Zivota hlavni sloZzky fluorescence (v zavorce je uveden podil),
Sedé jsou podbarveny zakladni vlastnosti fluoroforu.

No Polymer t Y
code fa H % Fa M,, M, Ae (nm) 7(ns)

1 P(PN) 1 24 ~0 - - PN 508 9.2 (100%)
2 P(PN1) 1 24 ~0 - - -

3 P(M3) 0 3 93 0 130 46

4 P(PN1/M3) 02 24 63 0.06 76 33

5 P(PN/M3) 0.2 24 87 014 107 55 509 8.7 (78%)
6 P(M4) 0 3 ~100 0 910 340

7 P(PN/M4a) 0.2 24 91 0.20 210 110 507 9.0 (g7%)
8 P(PN/M4b) 04 24 70 0.35 53 20

9 P(PN/M4c) 06 24 48  0.51 13 6

10 P(M5) 0 24 91 0 Insol  Insol

11 P(M6) 0 24 90 0 Insol  Insol

12 P(M7) 0 24 72 0 Insol  Insol

13 P(PN/M5) 0.2 24 83 0.17 86 40 508 8.7 (771%)
14 P(PN/M6) 0.2 24 74 018 130 36 510 8.7 (s9%)
15 P(PN/M7) 0.2 24 75 020 170 65 507 8.7 (7a%)
16 P(M6/M8a) 0.2 24 59 0.15 Insol Insol

17 P(M6/M8b) 0.8 24 68 0.36 43 22
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Modifikaéni strategie pFipravy funkcionalizovanych polyacetylend je
naznatena ve Schematu 2 a characteristiky primarnich kopolymeru
disubstituovanych acetylend a finalnich funkcionalizovanych polymer( jsou
shrnuty v Tabulce 3. Pro snazSi a spolehlivé stanoveni slozeni primarniho
kopolymeru pomoci NMR spektroskopie byl jako hlavni komonomer zvolen
disubstituovany acetylen M1, ktery vedle modifikovatelnych 4-chlorobutylovych
skupin obsahuje i snadno detegovatelné tert-butyl skupiny. Kopolymerizace
monomerd M1 a MO0 byla katalyzovana WOCI4/PhsSn. Zvoleny katalyticky systém
poskytoval uspokojivé vytézky zadanych kopolymerl. Zdat v Tabulce 3 je
zifejmé, ze komonomer MO je ve srovnani s komonomerem M1 o néco
reaktivnéjsi. Molarni frakce komonomeru M1 je ve vysledném kopolymeru vzdy
nizsi, nez byla vkomonomerni nasadé. Toto zjiSténi je pomérné prekvapivé
vzhledem ke strukturni podobnosti obou monomerid. Moznym vysvétlenim je
interakce chlorbutylovych skupin s katalytickymi centry.

$©$MW$Q$MW$©$

40 °C, 24h piperidine
40 °C, 4h

CI CI C' Ns J:

samples A samples B <:\/ o samplesC

Schéma 2. Navrzena strategie postpolymeriza¢ni modifikace

Prvni ¢ast post-polymerizaéni modifikace primarnich kopolymera - nukleofilni
substituce atomd chloru za azidové skupiny (viz Schéma 2) neprobiha
kompletné. Zavislost v Obr. 1 dokumentuje plynuly pokles dosazeného stupné
konverze dané substituce srostoucim obsahem  modifikovatelnych
chlorobutylovych skupin v primarnim kopolymeru. Toto pozorovani naznacuje, ze
jiz zabudované azidové skupiny inhibuji zavedeni dalSi azidové skupiny do svého
nejbliz§iho sousedstvi. Nejméné dvé obdobna pozorovani jsou popsana
v literature.l®!

Prvni &ast post-polymerizaéni modifikace, Huisgenova click reakce azidové
skupiny s trojnou vazbou ethynylovaného naftalimidu PN, na rozdil od
pfedchoziho kroku probiha prakticky kvantitativné. Toto je dokumentovano
vymizenim pasu valen¢ni vibrace  azidovych skupin pfi 2096 cm’
z infraCervenych spekter (Obr. 2, vlevo) a pfitomnosti lumiscencniho pasu
typického pro naftalimidovou skupinu v luminiscencnich spektrech finalnich
modifikovanych polymeru (Obr. 2, vpravo) Vysledny modifikovany kopolymer byl
ziskan ve velmi dobrém vytézku. Modifikaéni strategie tedy byla uspésna, i kdyz
ne uplné, a to kvuli nedostate¢né konverzi dosahované v jejim prvnim stupni.
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Obrazek 1. Stupefi konverze polymer( A na polymery B jako funkce molarni frakce M1 jednotek
v polymerech A, Fyq; Fmis J& molarni frakci M1B jednotek modifikovanych azidem v polymerech
B.

Vedle modifikaci zacilenych na zavedeni fluoroforl byly téz otestovany
modifikace homopolymerd monomerd M1 a M2 zavedenim iontovych skupin na
jejich tetézce, zamérené na ziskani polyelektrolytl rozpustnych v polarnich,
ekologicky pfijatelnych rozpous$tédlech. Ziskané polyelektrolyty
s polyacetylenovymi fetézci sice nejsou rozpustné v samotné vodé, ale v 50 %-
nim vodném roztoku methanolu jiz ano. Kombinace obou typl modifikaci, ktera
by poskytla takto rozpustny naftalimidovy polymer, se zatim nepodafila.

Tabulka 3. kopolymerizace monomertt MO a M1 s katalytickym systémem
WOCI4/PhsSn; fan molarni frakce v kopolymerni nasadé komomonomeru M1, Fyy
molarni frakce komomnomeru M1 ve vysledném kopolymeru, M,, hmotnostni stfed
molekulové hmotnosti, D disperzita; Y izololovany vytézek Ai; [l maximum emise, @
kvantovy vytézek fluorescence and 7 stiedni doba Zivota hlavni slozky emise finalniho
modifikovaného polymeru (a volné chromofory PN).

Initial Fwu ITMI Y, M, Modifikovany 2.
lymer ™ clem. H %  kg/mol olymer Pr 7(ns)
poYy anal. NMR & POty (nm)
A0 0 0 0 89 300 2.8 PN 508 0.72  9.2100%
Al 025 0.22 0.18 91 350 32 C1 507 045  8.6559,
A2 0.5 0.27 0.24 70 120 2.8 C2 509 0.50  8.6459
A3 0.75 048 0.50 74 110 2.5 C3 511 0.59  8.699
A4 1 1 1 46 75 2.8 C4 513 0.62  8.9¢30,

Z dat uvedenych vtabulkach 2 a 3 pro kopolymery mono- a
disubstituovanych acetylenu je patrna blizkost charakteristik hlavnich komponent
emitovaného luminiscenéniho zafeni vSech pfipravenych kopolymerl a zaroven
jejich podobnost k charakteristikam fluoroforu volného PN. Tuto skuteCnost
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vysvétluje ucinny prenos excitacni energie z hlavnich polymernich fetézcl na
naftalimidové chromofory vazané v boénich skupinach.

g 8 . :
7 g > s
: < © 5
£ 3
= 2
B ¢
C z
2 i
g 5miNaveIenglsf)?wm o
& [0)
g g B4
Ry e A4
2 )
B4 : Q l
; [72]
o
o K‘
3
[
A4 b L] L] L] L]
3500 3000 2500 2000 1500 1000 500 400 500 600 700
Wavenumbers, cm™! Wavelength, nm

Obrazek 2. IR spektra (vlevo) a fluorescenéni spektra (vpravo) polymert A4, B4, C4 a
samotného monomeru PN; inset ukazuje the fluorescenéni spektra vzorki C1 az C4 CHCl;
roztoku

Luminescenéni polyacetylenové sité byly pfipravené kopolymerizacemi
monomeru PN s 4 4’-diethynylbiphenylem (M9) katalyzovanymi komplexem
[Rh(nbd)acac]. Jedna o rozSifeni kopolymerizaci monomeru PN z komonomert
typu monoethynyl aromatu (viz Tabulka 1) na typ diethynyl aromatti. Kopolymerni
sité byly ziskané ve vysokych izolovanych vytézcich. Bylo zjiSténo, ze vlastnosti
téchto siti silné zaviseji na slozeni komonomerni smési. Smési obsahujici nizsi
molarni frakci monomeru PN: foy = 0.1, poskytly mikro/meso-porézni sit se
specifickym povrchem kolem 1000 m?g, pfiblizné stejnym jako P(M9), a
objemem mesoportl rovnym 1.84 cm®/g, vy$sim nez P(M9) (1.35 cm®/g). Naopak
systéem s fon = 0.5 poskytl prakticky neporézni sit. BET adsorpéni/desorpCni
izotermy polymernich siti P(M9) a P(PN/M9) (fen = 0.1) jsou ukazany na Obr. 3 a
luminiscenéni emisni spectra téchto polymeru jsou porovnana v Obr. 4 (str. 10).
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Obrazek 3. adsorp¢ni a desorpéni izotermy N, Obrazek 4. Luminescenéni spektra P(M9) a
kopolymerd P(PN/M9) a homopolymeru P(M9)  p(pN/mg), excitaéni vinova délka byla 340
pfi 77 K. Kfivky P(PN/M9) jsou verikalné
posunuty o 300 cmslg pro lepsi Citelnost; pIné
body oznacuji adsorpci, prazdné body desorpci.

nm.

Zavéry

Vyvinuté syntézni postupy umoznuji pFipravu rlznych typu konjugovanych
polymerd mono- a disubstituovanych polyacetylent s luminiscenci zesilenou
zavedenim vysoce fluorescentnich naftalimidovych skupin. Vyvinuta strategie
muze byt potencialné vyuzita k zavadéni jinych fluroforld funkcionalizovanych
trojnou vazbou.

Strategie post-polymeriza¢nich modifikaci pfedstavuje dobfe schidnou cestu
k zavedeni naftalamidovych & obdobnych skupin nekompatibilnich
s polymeriza¢nim katalytickym  systtmem do fetézcu  polymer(
disubstituovanych acetylend. Pro tyto ucely byl pfipraven novy monomer
obsahujici 4-chlorobutylové skupiny, které jsou snadno modifikovatelné
nukleofilni substituci, a ftert-butyl skupiny pro snadnou identifikaci NMR
spektroskopii. Dvojstupfiova modifikace homopolymeru a kopolymert a tohoto
noveho monomeru spociva v nukleofilni substituci chlorového atomu za azidovou
skupinu a nasledné Huisgenové click reakci azidové skupiny s trojnou vazbou
naftalimidového monomeru PN. UV/vis stejné jako emisni spektra ukazuji, ze
inkorporaci do kopolymerniho systému se vlastnosti naftalimidového fluoroforu
nijak podstatné neméni.

Pfimé kopolymerizace monomerd PN a PN1 smono ethynylareny
katalyzované  komplexem  [Rh(nbd)acac] poskytly dobfe  rozpustné
vysokomolekularni polymery obsahujici nejvySe polovinu naftalimidovych
monomernich jednotek. To spolu se skuteCnosti, Ze tyto monomery
nehomopolymerizuji, svédCi o alternacni struktufe kopolymer( obsahujicich
polovinu jednotek typu PN a také o tom, Ze jednim zfaktorl zabrariujicim
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uspésné homopolymerizaci monomeru PN1 je zifejmé stericka zabrana, tedy
objemnost naftalimidové jednotky.

Opticka spektra naftalimidové skupiny zlUstavaji prakticky nezménéna v obou
liniich provedenych experimentd, tedy u kopolymert PN s monosubstituovanymi
arylacetyleny i u polymert ziskanych modifikacemi disubstituovanych acetylena.
Charakter emisnich spekter polymer( je obdobny jak pfi excitaci v absorp&nim
maximu naftalimidové skupiny u 420 nm, tak pfi excitaci u 300 nm kde absorbuje
konjugované polyacetylenové fetézce. To ukazuje na udinny pfenos excitacni
energie mezi polymernim fetézcem a vazanou naftalimidovou skupinou. Z polohy
emisniho pasu  modifikovanych kopolymer(, ktery se nachazi ve vSech
pfipadech kolem 510 nm, plyne velmi vysoka hodnota Stokesova posunu, ktery
dosahuje hodnot aZ cca 13 700 cm™.
katalyzatoru [Rh(nbd)acac]. Zminéna kopolymerizace poskytla nerozpustnou
mikro/mesoporézni polymerni sit, ktera vykazuje velky specificky povrch (kolem
1 000 m?/g). Zabudovany naftalimidovy fluorofor vykazujici emisi cca 510 nm
predurcuje vzniklou sit’ jako material vhodny pro pfipravu fluorescentnich senzor(
vhodnych pro plynné polutanty.
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