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Abstract: Polypropylene oxide (PPO) and poly(9-(2,3-epoxypropyl) carbazole) (PEPK) di-block
copolymers are prepared in one pot via sequential monomer addition by using i-PrONa/i-BugAl
as an anionic catalytic system. An almost 100% monomer conversion is obtained, and the length of
each block is controlled through the monomer/ catalyst ratio used. Copolymer molecular weights
are quite close to theoretical values calculated assuming the formation of one polymer chain per
catalyst; therefore, it is hypothesized that the polymerization reaction proceeds with a living character.
The synthesis appears to be particularly efficient and versatile. The calorimetric properties of copoly-
mers obtained in this work are remarkable, since they show two distinct Ty values, corresponding to
the PPO and PEPK blocks. The optical measurements of di-block copolymers show more analogous
features than those of PEPK homopolymer. Copolymer solution emission spectra just exhibit isolated
carbazole fluorescence, whereas in the solid state, film spectra show excimer fluorescence.

Keywords: anionic polymerization; di-block copolymers; carbazole; living polymerization

1. Introduction

The synthesis of polymers with pendant carbazolyl groups has attracted great aca-
demic and industrial interest thanks to the unique spectroscopic properties that they
exhibit [1-7]. Starting from polyvinylcarbazole (PVK) [8], different kinds of polymers with
pendant carbazolyl groups, i.e., polyacrylate [9,10], polymethacrylate [11-14], polystyrene
[15-17], and polyolefin [18-21] derivates, have been reported. Poly(9-(2,3-epoxypropyl) car-
bazole) (PEPK) has been widely studied because of its high carrier and hole drift mobility,
too [22-26]. As regards photoconductive properties of PEPK, they are similar or superior
than those of PVK [1]. In recent years, block copolymers presenting polymeric blocks
containing pendant carbazolyl groups have also gained much attention because of their
potential ability to form ordered structures through self-assembly processes, which makes
them promising materials for applications in optoelectronics. For example, they could be
employed as light-emitting or organic photo-refractive materials. By tuning the chemical
nature and length of each block, block copolymers with peculiar chemical, physical and
optoelectronic properties can be suitably obtained. To this aim, controlled polymerization
techniques, i.e., controlled radical or living anionic methods, have to be employed. A va-
riety of research papers describe the synthesis of carbazole-containing block copolymers
using controlled radical polymerization [27-29]. By living anionic polymerization, block
copolymers based on olefin monomers containing carbazole groups were also obtained [30].
In this paper, the synthesis and characterization of di-block copolymers polypropylene
oxide (PPO) and PEPK are reported. PPO-b-PEPK copolymer samples (see Figure 1)
were synthesized in one pot via sequential monomer (propylene oxide (PO) and 9-(2,3-
epoxypropyl) carbazole (EPK)) addition by using i-PrONa and i-BuzAl as initiating system.
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It is worth noting that PO anionic polymerization initiated by alkali metal alkoxides mainly
produces oligomeric species, some of which exhibit terminal allyl unsaturations [31-33].

iy

Figure 1. Polypropylene oxide (PPO)-b-poly(9-(2,3-epoxypropyl) carbazole) (PEPK) copolymer structure.

Due to the high basicity of propagating species, a proton abstraction from the PO
methyl group may occur, resulting in a transfer reaction to monomers, as shown in
Scheme 1. However, this side reaction, leading to PO oligomeric species, can be avoided
by using initiating systems formed by combining an alkali metal alkoxide with trialky-
laluminum [34]. The latter, acting as an activator of PO, not only through the oxygen
coordination onto the electrophilic aluminum center, but also increasing selectivity to-
ward active species, would favor the ring opening polymerization reaction rather than the
monomer transfer reaction (see Scheme 1) [34].
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Scheme 1. Transfer reaction to monomer (top) and propagation reaction (bottom) in the anionic polymerization of PO.

As a matter of fact, Deffieux et al. reported a controlled anionic polymerization of
PO by using i-PrONa/i-BusAl as an initiating system, which provided 100% conversion
in a very short time [34]. The observed experimental PPO molar masses were very close
to the theoretical values calculated assuming the formation of one polymer chain per
i-PrONa and dispersity values were also quite narrow [34]. Therefore, starting from the
idea that anionic initiators based on alkali metal alkoxides and trialkylaluminum can lead,
at least in suitable experimental conditions, to the polymerization of PO presenting living
character, we applied this polymerization strategy to prepare PPO-b-PEPK copolymers
with the aim to obtain a precise control of each block length. It is worth underlining that
PPO-b-PEPK copolymers are truly intriguing materials because they combine the properties
of a low-toxic and soft material such as PPO with those of PEPK, which shows remarkable
photoconductive properties. Furthermore, the PPO-b-PEPK copolymers could be also able
to form ordered structures through self-assembly processes. The microstructure, physico-
chemical and optical properties of the obtained di-block copolymers are also reported in
the paper.
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2. Materials and Methods
2.1. Materials

All manipulations involving air and moisture sensitive compounds were carried out
under an atmosphere of dried and purified nitrogen with standard vacuum-line, Schlenk,
or glovebox techniques. Glassware and vials used in the polymerization were dried in an
oven at 120 °C overnight and exposed to a vacuum-nitrogen cycle three times. All reagents
and solvents were purchased from Sigma-Aldrich s.r.l. (Milan, Italy). Toluene was refluxed
over sodium for 48 h and distilled before use, propylene oxide was purified on CaH, and
distilled before use, and other reagents were used without further purification. i-PrONa
was synthesized by reaction of i-PrOH with sodium dispersed in toluene. The mixture was
reacted at 50 °C for one night and stored over a small excess of sodium.

2.2. Synthesis of 9-(2,3-epoxypropyl) Carbazole (EPK)

9-(2,3-Epoxypropyl) carbazole was prepared following a procedure already reported
in the literature [35]. In a 500 mL round bottom flask, to a solution of KOH (75.0 mmol,
4.21 g) in 200 mL of N,N-dimethylformamide, 5.02 g (30 mmol) of carbazole were added.
Mixture was allowed to stir for 30 min, then the temperature was lowered at 4 °C and
epichlorohydrin (60.0 mmol, 4.70 mL) was added dropwise. Temperature was left to raise
at 20 °C and the reaction mixture was stirred overnight. Afterwards, water (150 mL) was
added to the mixture and a white solid precipitant formed. The raw product was filtered,
washed with water (3 x 15 mL) and, finally, crystallized in a mixture of ethyl acetate and
hexane (1/2). Yields: 65 %. M.p.: 107.3 °C. 'H NMR (400 MHz, CDClz) &: 2.17 (1 H, t, CH),
1.93 (1H, m, CH;0), 2.71 (1H, m, CH,0), 3.67 (1H, d, CH;N), 4.04 (1H, d, CH;,N), 7.47-6.61
(8H, aromatic CH) ppm. ¥C NMR (100.62 MHz, CDCl3) 5:138.84, 124.30, 121.01, 118.64,
117.0, 107.15, 49.00, 43.58, 42.87 ppm.

2.3. PPO and PPO-b-PEPK Synthesis

The polymerization procedure reported below refers to samples 1 and 2 of Table 1. Ina
50 mL glass reactor equipped with a magnetic stirring bar, 3.0 mL of PO (42.9 mmol) was
dissolved in 6.0 mL of toluene under nitrogen atmosphere. The reactor was thermostated
at 0 °C and 0.25 mL of i-PrONa solution in toluene (0.45 M, 0.11 mmol) was added to
the reaction mixture. After fifteen minutes, 0.86 mL of tri-isobutyl aluminum (1 M in
toluene, 0.86 mmol) was added to start the polymerization. The system was maintained
under stirring in the thermostated bath. After 3.5 h, half of the reaction mixture was
transferred to another glass reactor and 0.5 mL of ethanol was added to stop polymerization.
Solvent was then evaporated under vacuum, and the polymer was dried until it reached a
constant weight. (Yield: 99%) As for the remaining half of the reaction mixture, the system
was heated up to room temperature (20 °C) and 0.478 g of EPK (2.1 mmol) was added.
The system was maintained under stirring for 3.5 h and then 0.5 mL of ethanol was added
to stop polymerization. The solvent was then evaporated under vacuum, and the polymer
was dried until constant weight. The recovered polymer sample was finally washed 3 times
with cold pentane. (Yield: 99%)

2.4. Methods

NMR: NMR spectra of the monomer were recorded on Bruker Advance 400 spec-
trometer (*H, 400 MHz; 13C, 100.62 MHz) operating at 298 K. The sample was prepared
by dissolving 5 mg of monomer in 0.5 mL of deuterated chloroform (CDCl3). Tetram-
ethylsilane (TMS) was used as internal chemical shift reference. NMR spectra of polymers
were recorded on a Bruker Advance 600 spectrometer (H, 600.13 MHz; 13C, 150.92 MHz)
operating at 298 K. The samples were prepared by dissolving 10 mg of polymer in 0.5 mL
of CDCl3. Tetramethylsilane (TMS) was used as internal chemical shift reference.

Gel permeation chromatography (GPC): The molecular weights (M,, and M,,) and
dispersity (D) of polymer samples were measured by gel permeation chromatography
(GPC) at 30 °C, using tetrahydrofuran (THF) as solvent, an eluent flow rate of 1 mL/min,
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and narrow polystyrene standards as reference. The measurements were performed on a
Waters 1525 binary system equipped with a Waters 2414 RI detector using four Styragel
columns (range 1000-1,000,000 A).

DSC: Calorimetric measurements were carried out on a DSC Q20 apparatus manu-
factured by TA Instruments in flowing Nj. Polymer samples of 5-10 mg were placed in
aluminum pans and heated/cooled at a rate of 10 °C/min. Measurements were taken in
the range —80 to 200 °C.

UV-vis and fluorescence analysis: UV-vis measurements were performed by a Varian
Cary 50 spectrophotometer and photoluminescence was recorded by a Varian Cary Eclipse
spectrophotometer. Thin polymer films were prepared by spin coating on a quartz slide
substrate. The film thickness and roughness were measured by a KLA Tencor P-10 surface
profiler. Fluorescence measurements in solutions were performed in THE.

3. Results and Discussion

PPO-b-PEPK block copolymer samples were obtained by highly selective one-pot
reaction adding sequentially PO and EPK monomers to the polymerization system. For the
sake of clarity, the polymerization reaction is depicted in Scheme 2. Experimental polymer-
ization conditions and copolymer features are shown in Table 1. Sequential polymerizations
were carried out with different EPK/i-PrONa ratios, as reported in Table 1, and the molecu-
lar weights of copolymers, both theoretical and experimental, increased with an increasing
EPK/i-PrONa ratio, indicating a living polymerization.
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Scheme 2. PPO-b-PEPK copolymer synthesis.

Table 1. Experimental polymerization conditions and copolymer features.

T

Run PO/ i-Bus Al/ _EPK/ anv. M, (teor) M exp) bb ¢ (g: )
i-PrONa i-PrONa i-PrONa (%) (g/mol) (g/mol) ¢
Tg(PPO)/ Tg(PEI’K)
12 390 7.8 - 100 22,651 24,100 1.05 —60/-
2 390 7.8 39 100 31,352 33,500 1.05 —60/130
3 390 7.8 78 100 40,053 43,000 1.10 —60/136
4 390 7.8 20 100 27,113 28,000 1.05 —60/97

2 Recovered from polymerization mixture after 3.5 h. b Estimated by gel permeation chromatography (GPC) based on polystyrene standards.
¢ Tgppo) = Tg of PPO block; Tgpepk) = Tg of PEPK block.

PPO-b-PEPK copolymer microstructures were evaluated by 'H and >C NMR analyses.
As an example, the 'H and '3C NMR spectra of sample 2 of Table 1 are shown in Figures 2
and 3, respectively. In particular, the characteristic signals of both PO and EPK regioregular
sequence units were recognized and assigned in both spectra. Unfortunately, in both
spectra, diagnostic signals, proving the effective formation of PPO-b-PEPK copolymer
rather than the presence of PPO and PEPK homopolymers, are not detectable. In order to
demonstrate the successful sequential polymerization of PO and EPK monomers, a DOSY
NMR experiment was set up. In detail, a DOSY NMR experiment of sample 2 was achieved
in dilute CDCl3. The DOSY map with the related 'H NMR spectrum projected on top
is reported in Figure 4. The "H NMR spectrum exhibits signals related to both PPO
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(6 = 3.56, 3.41, 1.15 ppm) and PEPK (5 = 7.89 - 6.89 (aromatic), 3.05, 2.52, 2.42 ppm)
blocks. As shown on the DOSY map, 'H NMR signals of PPO and PEPK present the same
diffusion coefficient—3.99 x 10~'! m? s~!, which is consistent with an efficient sequential
polymerization. Moreover, to prove that PPO growing chains totally reacted with EPK
monomer and no residual PPO homopolymer was present in sample 2, a dilute CDCl3
solution of sample 1 (PPO homopolymer) of Table 1 was analyzed by DOSY NMR and
compared to sample 2 (PPO-b-PEPK block copolymer) spectrum. The diffusion coefficient
of sample 1 was found to be 1.70 x 10~% m? s~!, different from the one of sample 2,
thus proving that no unreacted PPO homopolymer is present and that the formation of the
copolymer was successful.

—

T
6 4 2 ppm

Figure 2. 'H NMR spectrum of PPO-b-PEPK copolymer sample 2 (solvent: CDClj3 (*); TMS scale;
T=25°C).

Table 2. Chem. shift assignments of the carbon atoms in PPO-b-PEPK '3C NMR spectrum.

Carbon Chem. Shift
C1 73.79
C2 75.38
C3 17.75
C4 69.20
C5 67.40
C6 4447
Cc7 140.59
C8 109.48
C9 125.43

C10 119.05
C11 120.25

C12 122.84




Polymers 2021, 13, 763 6of 11

WT)

1

NN S

140 120 100 80 60 40 20
ppm

*

—

Figure 3. 13C NMR spectrum of PPO-b-PEPK copolymer sample 2 (Solvent: CDCl3 (*), TMS. scale,
25 °C). In Table 2, carbon numbers are referred to those in the figure.
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Figure 4. A 600 MHz 2D DOSY NMR spectrum of PPO-b-PEPK copolymer sample 2 (CDCl3,
TMS scale, 25 °C) (Supplementary Materials).

In addition to the NMR evidence, PPO and PPO-b-PEPK samples showed monomodal
curves in the GPC analysis (see Figure 5). Molecular weights are quite close to theoretical
values, calculated assuming the formation of one polymer chain per i-PrONa (see Table 1).
Moreover, GPC curves also show very narrow dispersity values. Consistent with those
already reported in [34], polymerization seems to proceed with living character without
any significant contribution of the monomer transfer process.
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Figure 5. GPC traces of sample 1 (PPO, dashed line) and sample 2, 3, 4 (PPO-b-PEPK, solid lines) of
Table 1.

From thermal analysis, all PPO-b-PEPK copolymer samples showed decomposition
temperatures of 330 °C (5% weight loss), while DSC measurements showed two distinct Tg
values, corresponding to the PPO and PEPK blocks, respectively. It is worth underlining
that the two T values observed for each single copolymer seem to depend on the length of
each block, as reported in Table 1. In fact, while the Tg of the PPO block remains unchanged
in all copolymer samples, consistent with the similar PPO block length in each copolymer,
the T values relative to the PEPK block increase with increasing block lengths. As an
example, in Figure 6, TGA and DSC curves of PPO-b-PEPK sample 2 are reported.

A B
. 130 °C
o
=3
g
2 60 °C
‘a
[
I

75 -50 25 0 25 50 75 100 125
Temperature (°C)

100 200 300 400 500 600
Temperature (°C)

Figure 6. TGA (A) and DSC (B) curves of PPO-b-PEPK copolymer sample 2.

The optical properties of the obtained PPO-b-PEPK copolymer samples were also
investigated. As an example, the UV-vis spectrum of PPO-b-PEPK copolymer sample 2 is
shown in Figure 7. The peaks at 330 and 344 nm are distinctive of carbazole and are always
observed in the absorption spectra of carbazole-containing polymers [36,37].

The fluorescence spectrum of a THF solution of PPO-b-PEPK copolymer (sample 2,
Table 1), measured under an excitation wavelength of 290 nm at room temperature, is re-
ported in Figure 8A. Only two bands in the high energy region presenting maxima at
355 and 367 nm were detected. Differently, the fluorescence spectrum of PPO-b-PEPK
copolymer sample 2 film, in the solid state, presents a broad band at 400 nm with two
shoulders at 354 and 375 nm (see Figure 8B). As expected, both spectra are very similar to
those expected for the PEPK homopolymer. It is worth recalling that the optical properties
of EPK homopolymers and oligomers [38,39], as well as other polymers containing car-
bazole pendant groups, have been already deeply investigated [2-5,20]. It is well known
the peculiarity of the photophysical behavior of this class of polymers is able, in some
cases, to show excimer fluorescence [40—43]. In particular, it was reported that polymers
with pendant carbazolyl groups do not exhibit excimer emissions in diluted solutions at
room temperature, except when the carbazole chromophores are directly bound to the
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polymer backbone as in the case of PVK [1,40-43]. On the contrary, in the solid state,
carbazole-containing polymers also present a short spacer between the polymer chain
and the carbazole groups give rise to excimer fluorescence [1,2,15,18-21,40-43]. Moreover,
it was reported that, depending on polymer chain conformation, two different excimer
fluorescences can be generated: the low energy “sandwich like” excimer and/or the high
energy “partially overlapping” excimer fluorescence (see Scheme 3) [2,15,18-21,40-43].

261
293

Abs

330

250 300 350 400 450 500
Wavelength (nm)

Figure 7. Absorption spectrum of PPO-b-PEPK solution (THF, 1 mg/mL).

367 A 400 B
355 375
3 3
8 8
>
= -—;*' 354
s s
£ £
300 350 400 450 500 300 350 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 8. Photoluminescence spectra of PPO-b-PEPK (A) solution (THF, 1 mg/mL).and (B) film.

Aecc =290 nm.
Qi.i\
AL
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_sSN

"sandwich like™ excimer "partially overlapping” excimer

S

)

Scheme 3. Excimer structures.

Consistent with the literature concerning the PEPK homopolymer photoluminescent
feature [1], the fluorescence spectra of diluted solutions of PPO-b-PEPK copolymers do not
exhibit excimer emission (see Figure 8A): the observed bands at 354 and 375 nm, have to be
associated to the isolated carbazole fluorescence of PEPK block. Conversely, PPO-b-PEPK
copolymers in the solid state as thin films seem to show excimer emissions. In our opinion,
the broad band observed at 400 nm should be associated to excimer fluorescence, probably,
to the low energy “sandwich like” excimer fluorescence. As already reported for other
polymers containing pendant carbazole groups [15,18-21], these experimental results can
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be explained assuming that polymer chain conformational freedom in solution prevents
excimer formation, while in the solid state, a reduced conformational freedom allows the
excimer formation.

4. Conclusions

PPO-b-PEPK copolymers have been synthesized by using i-PrONa/i-BugAl as an initi-
ating system in one pot via sequential monomer addition. This synthetic approach allows
the length of each block to be easily controlled by modulating the ratio initiator/monomer
in the reaction mixture. The formation of copolymer structures rather than homopolymer
mixtures, when starting from a PPO block, was proved by NMR investigations on the
diffusion coefficient of the PPO homopolymer compared to the one of PPO-b-PEPK block
copolymer. Interestingly, both the copolymer molecular weights, quite close to theoreti-
cal values calculated, indicate the formation of one polymer chain per i-PrONa, and the
narrow dispersity values seem to indicate that polymerization proceeds with living char-
acter. Altogether, the findings here open the route for an efficient, economic synthesis of
copolymers whose blocks can be easily modulated depending on the desired final material.
With respect to PPO-b-PEPK copolymers, they show intriguing “calorimetric” properties
since they consist of two blocks based on homopolymers with very different T values.
Such Tgs values are both reproduced in the final copolymeric products making the latter
particularly interesting as compatibilizers. As for optical properties, copolymer solutions
show only isolated carbazole fluorescence, whereas in the solid state, PPO-b-PEPK film
samples give rise to excimer emission.

Supplementary Materials: The supplementary materials are available online at https:/ /www.mdpi.
com/2073-4360/13/5/763/s1.

Author Contributions: Conceptualization, S.P.; execution, P.L. and O.S.; validation, all authors;
investigation, S.P. and L.I.; writing—original draft preparation, S.P. and L.I.; writing—review and
editing, S.P. and L.I; visualization, S.P. and L.I; supervision, S.P.; project administration, S.P. and L.L;
funding acquisition, S.P. and O.S. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was supported by Ministero dell'Universita e della Ricerca Scientifica e Tecno-
logica (MIUR).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank Patrizia Oliva and Ivano Immediata for technical assistance.

Conflicts of Interest: The authors declare no conflict of interests.

References

1.  Grazulevicius, ].V,; Strohriegl, P,; Pielichowski, J.; Pielichowski, K. Carbazole-containing polymers: Synthesis, properties and
applications. Prog. Polym. Sci. 2003, 28, 1297-1353. [CrossRef]

2. Liguori, R.; Botta, A.; Rubino, A.; Pragliola, S.; Venditto, V. Stereoregular polymers with pendant carbazolyl groups: Synthesis,
properties and optoelectronic applications. Synth. Met. 2018, 246, 185-194. [CrossRef]

3. Bugatti, V.; Concilio, S.; Iannelli, P.; Piotto, S.P.; Bellone, S.; Ferrara, M.; Neitzert, H.C.; Rubino, A.; Della Sala, D.; Vacca, P.
Synthesis and characterization of new electroluminescent molecules containing carbazole and oxadiazole units. Synth. Met. 2006,
156, 13-20. [CrossRef]

4. Jiang, Z.; Yao, H,; Liu, Z,; Yang, C.; Zhong, C.; Qin, J.; Liu, Y. Bent ladder-type hexaphenylene with carbazole core and spiro
linkage as stable and efficient blue emitter. Org. Lett. 2010, 11, 4132—4135. [CrossRef]

5. Hung, YW.,; Chi, L.C.; Chen, WJ.; Chen, Y.M.; Chou, S.H.; Wong, K.T. A new benzimidazole/carbazole hybrid bipolar material
for highly efficient deep-blue electrofluorescence, yellow—green electrophosphorescence, and two-color-based white OLEDs.
J. Mater. Chem. 2010, 20, 10113-10119. [CrossRef]

6. Ye, T,; Chen,].; Ma, D. Electroluminescence of poly(N-vinylcarbazole) films: Fluorescence, phosphorescence and electromers.
Phys. Chem. Chem. Phys. 2010, 12, 15410-15413. [CrossRef]

7. Fenwick, O.; Fusco, S.; Baig, T.N.; Di Stasio, F,; Steckler, T.T.; Heriksson, P.; Fléchon, C.; Andersson, M.R.; Cacialli, F. Efficient red

electroluminescence from diketopyrrolopyrrole copolymerised with a polyfluorene. APL Mater. 2013, 1, 032108. [CrossRef]


https://www.mdpi.com/2073-4360/13/5/763/s1
https://www.mdpi.com/2073-4360/13/5/763/s1
http://doi.org/10.1016/S0079-6700(03)00036-4
http://doi.org/10.1016/j.synthmet.2018.10.005
http://doi.org/10.1016/j.synthmet.2005.07.341
http://doi.org/10.1021/ol901635v
http://doi.org/10.1039/c0jm02143a
http://doi.org/10.1039/c0cp00461h
http://doi.org/10.1063/1.4820433

Polymers 2021, 13, 763 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Hoegl, H. On Photoelectric Effects in Polymers and Their Sensitization by Dopants. J. Phys. Chem. 1965, 69, 755-766. [CrossRef]
Uryu, T.; Ohkawa, H.; Oshima, R. Synthesis and High Hole Mobility of Isotactic Poly(2-N-carbazolylethyl acrylate). Macromolecules
1987, 20, 712-716. [CrossRef]

Hu, C.J.; Oshima, R;; Sato, S.; Seno, M. Synthesis and photoinduced discharge characteristics of polyacrylates with pendant
carbazole group. J. Polym. Sci. C Polym. Lett. 1988, 26, 441-446. [CrossRef]

Keyanpour-Rad, M.; Ledwith, A.; Hallam, A.; North, A.M.; Breton, M.; Hoyle, C.; Guillet, J.E. Some photophysical properties of
five new carbazole-containing methacrylate polymers. Macromolecules 1978, 11, 1114-1118. [CrossRef]

Du, ES.; Li, Z.C.; Hong, W.; Cao, Q.Y.; Li, EM. Vinyl monomers bearing chromophore moieties and their polymers. XI. Synthesis
and photochemical behavior of carbazole-containing methacrylic monomers and their polymers. J. Polym. Sci. A Polym. Chem.
2000, 38, 679-688. [CrossRef]

Ledwith, A.; Rowley, N.J.; Walker, S.M. Fluorescence emission from poly[2-(9-ethyl)carbazolyl-methylmethacrylate]. Polymer
1981, 22, 435-436. [CrossRef]

Barik, S.; Valiyaveettil, S. Synthesis and self-assembly of copolymers with pendant electroactive units. Macromolecules 2008, 41,
6376-6386. [CrossRef]

Botta, A.; Pragliola, S.; Capacchione, C.; Rubino, A.; Liguori, R.; De Girolamo Del Mauro, A.; Venditto, V. Synthesis of poly(4-(N-
carbazolyl)methyl styrene)s: Tailoring optical properties through stereoregularity. Eur. Polym. . 2017, 88, 246-256. [CrossRef]
Kanbara, T.; Yokokawa, Y.; Hasegawa, K. Palladium-catalyzed modification of poly(p-bromostyrene) with carbazole and related
heteroarenes containing an N-H bond and their properties. J. Polym. Sci. A Polym. Chem. 2000, 38, 28-34. [CrossRef]

Cho, Y.S.; Kim, SSW.; Thn, C.S,; Lee, ].S. Anionic polymerization of 4-(9-carbazolyl)methylstyrene. Polymer 2001, 42, 7611-7616.
[CrossRef]

Botta, A.; Pragliola, S.; Venditto, V.; Rubino, A.; Aprano, S.; De Girolamo Del Mauro, A.; Maglione, M.G.; Minarini, C. Synthesis,
characterization, and use as emissive layer of white organic light emitting diodes of the highly isotactic poly(N-pentenyl-
carbazole). Polym. Compos. 2015, 36, 1110-1117. [CrossRef]

Botta, A.; Venditto, V.; Rubino, A.; Pragliola, S. Highly isotactic poly(N-butenyl-carbazole): Synthesis, characterization, and optical
properties. J. Chem. 2016, 2016, 1656459. [CrossRef]

Liguori, R.; Botta, A.; Pragliola, S.; Venditto, V.; Velardo, A.; Aprano, S.; Maglione, M.G.; Prontera, C.T.; De Girolamo Del Mauro,
A. Study of the electroluminescence of highly stereoregular poly(N-pentenylcarbazole) for blue and white OLEDs. Semicond. Sci.
Technol. 2017, 32, 065006. [CrossRef]

Botta, A.; Costabile, C.; Venditto, V.; Pragliola, S.; Liguori, R.; Rubino, A.; Alberga, D.; Savarese, M.; Adamo, C. Optoeletronic
properties of poly(N-alkenyl-carbazole)s driven by polymer stereoregularity. J. Polym. Sci. A Polym. Chem. 2018, 59, 242-251.
[CrossRef]

Mandowska, E.; Mazela, W.; Crub, P.; Mandowski, A.; Pielichowski, J.; Swiatek, J. Luminescence properties of epoxy resins
modified with a carbazole derivative. Macromol. Symp. 2004, 212, 269-273. [CrossRef]

Malinauskas, T.; Vilionskiene, I.; Grazulevicius, ].V.; Getautis, V.; Reina, J.A.; Sidaravicius, J. Synthesis and properties of new
derivatives of poly[9-(2,3-epoxypropyl)carbazole]. Polym. Int. 2008, 57, 1159-1164. [CrossRef]

Khetubol, A.; Van Snick, S.; Stanislovaityte, E.; Hassinen, A.; Coutifio-Gonzales, E.; Vanderlinden, W.; Firdaus, Y.; Fron, E,;
Vlasselaer, M.; Simokaitiene, J.; et al. Triplet Harvesting in Poly(9-vinylcarbazole) and Poly(9-(2,3-epoxypropyl)carbazole) Doped
with CdSe/ZnS Quantum Dots Encapsulated with 16-(N-Carbazolyl) Hexadecanoic Acid Ligands. J. Polym. Sci. B Polym. Phys.
2014, 52, 539-551. [CrossRef]

Akhmedov, K.M.; Karimov, K.S.; Scherbakova, LM.; Porschnev, Y.N.; Cherkashin, M.I. The synthesis and properties of N-(2,3-
epoxypropyl)carbazoles and the oligomers based on them. Russ. Chem. Rev. 1990, 59, 425. [CrossRef]

Grazulevicius, J.V.; Kublickas, R. Polymerization of carbazolyl-containing epoxides by activated monomer mechanism. Eur. Polym.
J. 1991, 27, 1411-1416. [CrossRef]

Nakabayashi, K.; Mori, H. Novel Complex Polymers with Carbazole Functionality by Controlled Radical Polymerization. Int. J.
Polym. Sci. 2012, 2012, 170912. [CrossRef]

Nakabayashi, K.; Mori, H. Recent progress in controlled radical polymerization of N-vinyl monomers. Eur. Polym. J. 2013, 49,
2808-2838. [CrossRef]

Benoit, H.L.; Maric, M. Water-Soluble/Dispersible Carbazole-Containing Random and Block Copolymers by Nitroxide-Mediated
Radical Polymerisation. Can. J. Chem. Eng. 2013, 91, 618-629.

Kim, M.J.; Yu, Y.G.; Kang, N.G.; Kang, B.G.; Lee, ].S. Precise Synthesis of Functional Block Copolymers by Living Anionic
Polymerization of Vinyl Monomers Bearing Nitrogen Atoms in the Side Chain. Macromol. Chem. Phys. 2017, 218, 1600445.
[CrossRef]

Boileau, S. Comprehensive Polymer Science, Chain Polymerization; Pergamon: Anatolia, Turkey, 1989; Volume 3, pp. 467487, part 1.
Gagnon, S.D. Encyclopedia of Polymer Science and Engineering, 2nd ed.; Kruschwitz, ].I., Ed.; Wiley-Interscience: New York, NY,
USA, 1985; Volume 6, pp. 273-307.

Quirk, R.P; Lizarraga, G.M. Anionic synthesis of well-defined, poly[(styrene)-block-(propylene oxide)] block copolymers. Macro-
mol. Chem. Phys. 2000, 201, 1395-1404. [CrossRef]

Billouard, C.; Carlotti, S.; Desbois, P.; Deffieux, A. Controlled High-Speed Anionic Polymerization of Propylene Oxide Initiated
by Alkali Metal Alkoxide/Trialkylaluminum Systems. Macromolecules 2004, 37, 4038-4043. [CrossRef]


http://doi.org/10.1021/j100887a008
http://doi.org/10.1021/ma00170a002
http://doi.org/10.1002/pol.1988.140261004
http://doi.org/10.1021/ma60066a010
http://doi.org/10.1002/(SICI)1099-0518(20000215)38:4&lt;679::AID-POLA2&gt;3.0.CO;2-
http://doi.org/10.1016/0032-3861(81)90156-7
http://doi.org/10.1021/ma8008349
http://doi.org/10.1016/j.eurpolymj.2017.01.032
http://doi.org/10.1002/(SICI)1099-0518(20000101)38:1&lt;28::AID-POLA4&gt;3.0.CO;2-V
http://doi.org/10.1016/S0032-3861(01)00259-2
http://doi.org/10.1002/pc.23445
http://doi.org/10.1155/2016/1656459
http://doi.org/10.1088/1361-6641/aa6906
http://doi.org/10.1002/pola.28899
http://doi.org/10.1002/masy.200450829
http://doi.org/10.1002/pi.2459
http://doi.org/10.1002/polb.23451
http://doi.org/10.1070/RC1990v059n05ABEH003534
http://doi.org/10.1016/0014-3057(91)90244-I
http://doi.org/10.1155/2012/170912
http://doi.org/10.1016/j.eurpolymj.2013.07.006
http://doi.org/10.1002/macp.201600445
http://doi.org/10.1002/1521-3935(20000801)201:13&lt;1395::AID-MACP1395&gt;3.0.CO;2-H
http://doi.org/10.1021/ma035768t

Polymers 2021, 13, 763 11 of 11

35.

36.
37.
38.

39.

40.

41.

42.

43.

Zang, Y.; Tangadanchu, VK.R.; Cheng, Y.; Yang, R.G.; Lin, ].M.; Zhu, C.H. Potential Antimicrobial Isopropanol-Conjugated
Carbazole Azoles as Dual Targeting Inhibitors of Enterococcus faecalis. ACS Med. Chem. Lett. 2018, 9, 244-249. [CrossRef]
[PubMed]

Berlman, I.B. Handbook of Fluorescence Spectra of Aromatic Molecules Academic; Elsevier: Amsterdam, The Netherlands, 1971.
Johnson, P.C.; Offen, H.W. Excimer Fluorescence of Poly(N-vinylcarbazole). Chem. Phys. 1971, 55, 2945-2949. [CrossRef]
Gaidelis, V.; Krisciunas, V.; Montrimas, E. Optical and Photoelectric properties of Thin Layers of Poly-N-epoxypropylcarbazole.
Thin Solid Films 1976, 38, 9—14. [CrossRef]

Perepichka, D.F,; Perepichka, LE,; Bryce, M.R.; Sokolovc, N.I; Moore, A.]. m-Extended nitrofluorene-1,3-dithiole chromophore:
Enhancing the photoresponse of holographic materials through the balance of intramolecular charge transfer and electron affinity.
J. Mater. Chem. 2001, 11, 1772-1774. [CrossRef]

Itaya, A.; Okamoto, K.; Kusabayashi, S. Singlet Excitation Energy Transfer in the Vinyl Polymers with Pendant Carbazolyl Groups.
Bull. Chem. Soc. Jpn. 1977, 50, 22-26. [CrossRef]

Johnson, G.E. Emission properties of vinylcarbazole polymers. J. Chem. Phys. 1975, 62, 4697—4709. [CrossRef]

Evers, F,; Kobs, K.; Memming, R.; Terrell, D.R. Intramolecular excimer emission of poly(N-vinylcarbazole) and rac- and meso-
2,4-di-N-carbazolylpentane. Model substances for its syndiotactic and isotactic dyads. J. Am. Chem. Soc. 1983, 105, 5988-5995.
[CrossRef]

Rivaton, A.; Mailhot, B.; Derderian, G.; Bussiere, P.O.; Gardette, J.L. Investigation of the Photophysical Processes and Photochemi-
cal Reactions Involved in PVK Films Irradiated at A > 300 nm. Macromolecules 2003, 36, 5815-5824. [CrossRef]


http://doi.org/10.1021/acsmedchemlett.7b00514
http://www.ncbi.nlm.nih.gov/pubmed/29541368
http://doi.org/10.1063/1.1676521
http://doi.org/10.1016/0040-6090(76)90273-X
http://doi.org/10.1039/b102081l
http://doi.org/10.1246/bcsj.50.22
http://doi.org/10.1063/1.430418
http://doi.org/10.1021/ja00357a005
http://doi.org/10.1021/ma034354x

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of 9-(2,3-epoxypropyl) Carbazole (EPK) 
	PPO and PPO-b-PEPK Synthesis 
	Methods 

	Results and Discussion 
	Conclusions 
	References

