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Abstract

The synthesis of poly(e-caprolactone-b-acryloyl chloride-g-vinyl chloride) [poly(CL-b-AC-g-VC)] ladder-type copolymer
was carried out by "click" chemistry of terminally azido poly(e-caprolactone-b-acryloyl chloride) block copolymer (PCL-b-
PAC-N;) and terminally propargyl poly(vinylchloride) (PVC-propargyl). For this purpose, chain transfer agent (RAFT-ROP
agent) was acquired by reaction of potassium salt of ethyl xanthogenate and the 5-bromo-2-hydroxybenzaldehyde. Poly(e-
caprolactone-b-acryloyl chloride) block copolymers was synthesized by a combination of reversible addition-fragmentation
chain transfer polymerization (RAFT) of acryloyl chloride (AC) and ring-opening polymerization of e-caprolactone (e-CL)
methods using chain transfer agent (RAFT-ROP agent) in one-step. Terminally azido poly(e-caprolactone-b-acryloyl chloride)
block copolymer (PCL-b-PAC-N,) was synthesized by using poly(e-caprolactone-b-acryloyl chloride) block copolymer and
sodium azide. PVC-propargyl was obtained by the reaction of propargyl alcohol with polyvinyl chloride. By using PCL-b-
PAC-N; and PVC-propargyl, ladder-type copolymer were also synthesized via "click" chemistry. The products were character-
ized comprehensively by 'H-NMR, GPC, FT-IR and SEM. Thermal properties of the ladder-type copolymer were monitored
by TGA and DSC methods. Spectroscopic and thermal analyses revealed that the reactions were successfully carried out.

Keywords "Click" chemistry - Ladder-type copolymer - Chain transfer agent - Reversible addition-fragmentation chain

transfer polymerization - Ring-opening polymerization

Introduction

Modification of the polymers obtained after a successful
polymerization process is an important task of macromo-
lecular science. Today, it is particularly important not only to
synthesize new types of plastic materials, but also to replace
existing polymers to meet the requirements of new applica-
tions [1]. Copolymerization is one of the methods to improve
polymer properties. The mix of two unique monomers, which
has got different physical properties as well as chemical ones,
leads to the formation of new materials in varying rates which
is important both scientifically and commercially in the same
polymer molecule [2-10]. Ladder polymers have made a rapid
progress in the synthesis of organic optoelectronic materials
thanks to their excellent properties without dissolution ten-
dencies, high mechanical strength, good thermal stability and
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their unique fused structure [11-13]. Lately, the utilization
of controlled / living radical polymerization techniques in
the synthesis of complex macromolecules has immediately
become widespread thanks to various monomers suitable for
the technique and greater tolerance in experimental conditions
in comparison with living ionic polymerization [14]. Revers-
ible addition-fragmentation chain transfer polymerization tech-
nique (RAFT) is among the most extensively utilized tech-
niques for controlled/living radical-polymerization (C/LRP)
method and is an effective technique used for the macromo-
lecular synthesis of a vast majority of well-identified polmers.
The method is characterized as versatile thanks to its compat-
ibility with a broad range of monomers and reaction conditions
[15-29]. Moreover, Controlled ring-opening polymerization
(ROP) is a widely used method for the polymerization of lac-
tides and lactones. ROP is a unique polymerization process to
produce a linear polymer by opening the cyclic monomer. Lac-
tones have got such exclusive properties as biocompatibility,
good mechanical properties, biodegradability, and notoxicity
[30-36]. Thesedays, coppercatalyzed azide-alkynic cycloactiv-
ity (CuAAC) reaction, which is the click chemistry method,
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has emerged as a unique method to obtain graft and block
copolymers. “Click” reactions which are vital for the perfor-
mance of the materials lead to surface control and function-
alization. Lately, “click” techniques have gained importance
in the synthesis of new nano-structured polymers and secured
their positions in a wide variety of scientific fields. The main
characteristics of "click" chemistry are indicated by simple
product isolations, high tolerances of functional groups, supe-
rior regional selectivity, lack of by-products, light and simple
reaction conditions, respectively [37-53].

This study shows the synthesis of poly(e-caprolactone-
b-acryloyl chloride-g-vinyl chloride) [poly(CL-b-AC-
g-VC)] ladder-type copolymer by using reversible addition
fragmentation chain transfer polymerization (RAFT),
ROP and "click" chemistry. Firstly, chain transfer agent
(RAFT-ROP agent) was obtained using potassium salt of
ethyl xanthogenate and 5-bromo-2-hydroxybenzaldehyde
[54]. Secondly, poly(e-caprolactone-b-acryloyl chloride)
[poly(CL-b-AC)] block copolymer was synthesized by
using chain transfer agent to initiate polymerization of
e-caprolactone (e-CL) and acryloyl chloride (AC) in one-
step. Then, azido poly(e-caprolactone-b-acryloyl chloride)
(PCL-b-PAC-Nj;) block copolymer was obtained through
azidation of the poly(CL-b-AC) block copolymers with
NaNj. Thirdly, PVC-propargyl was obtained by reaction of
propargyl alcohol and polyvinyl chloride (PVC), as shown
in the literature [55]. Lastly, PCL-b-PAC-N; and PVC-
propargyl were used by "click" chemistry to synthesize
poly(CL-b-AC-g-VC) ladder-type copolymer. This work is
an example of a type of combination reaction, from ROP and
RAFT to "click" chemistry. In addition to this, the papers on
the combination polymerization reactions including "click"
chemistry appeared recently. For example, from ROP to
RAFT [27, 54], and from ROP to "click" chemistry [35,
57]. These methods for synthesis of ladder-type copolymer
are simple and efficient. The current study can be a simple
example of this point of view. This study provides novel,
well-characterized materials with potential industrial
application through the synergistic combination of the
PCL, PAC and PVC. In this work, we attempt to report the
synthesis of the ladder-type copolymer via RAFT, ROP, and
"click" chemistry methods. Characterization of the block and
ladder-type copolymer were comprehensively fulfilled by
'"H-NMR, GPC, FT-IR, SEM, TGA and DSC.

Materials and methods
Chemicals
Propargyl alcohol (99% Aldrich), PVC (approximately

Mn = 22,000 gmol~!, Sigma-Aldrich), 5-bromo-
2-hydroxybenzaldehyde (98% Merck), potassium
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ethyl xanthogenate (96% Aldrich), N,N,N’,N’ N”’
pentametildietilentriamin (PMDETA) (98% J&K Scientific),
Acryloyl chloride (AC) (>97% Aldrich), Copper(l)
bromide (CuBr) (98% J&K Scientific), e-caprolactone
(e-CL) (97% Sigma-Aldrich), Sodium azide (NaN3) (99.5%
Chemsolute), 2,2'-azobis(2-methylpropionitrile) (AIBN)
(99% Aldrich), stannous octoate [Sn(Oct),] (95% J&K
Scientific), Triethylamine (TEA) (>99% Sigma-Aldrich),
N,N-dimethylformamide (DMF) (99.9% Chemsolute),
methanol (>99.7% Sigma-Aldrich), Diethyl ether (99.5%
Riedel-de Haen), Petroleum ether (Riedel-de Haen),
Tetrahydrofuran (THF) (>99.0% Honeywell).

Instrumentation

The number average molecular weights (Mn,GPC), the
weight average molecular weights (Mw,GPC) and dispersi-
ties were examined with HPLC/GPC-Shimadzu RID-10A
GPC instrument with tetrahydrofuran mobile phase as the
solvent 40 °C using Refractive Index Detector (RID-10A).
Mw of polystyrene standarts were Mw values of the polysty-
rene standards were 1490, 2500, 5480, 9500, 20,800, 53,500,
171,000, 295,900, 410,000, and 566,200 Da. "H-NMR spec-
tra were detected using Bruker Ultra Shield Plus, ultra-long
hold time 400 NMR spectrometer using Dimethyl sulfoxide-
dg as solvent. FTIR-attenuated total reflectance (FTIR-ATR)
were detected using PerkinElmer Frontier Model and Alpha-
P Bruker FT-IR spectrometer. Scanning Electron Micros-
copy (SEM) images were taken on a Carl Zeiss Sigma 300
Field Emission electron microscope were coated with a thin
layer of gold on the polymers surfaces. Thermogravimetric
analysis (TGA) measurements were conducted using a Seiko
II Exstar 6000 model instrument. The samples were heated
at a rate of 10 °C/min from 25 °C to 600 °C under N, gas.
Diferential scanning calorimetry (DSC) measurements were
conducted at a rate of 10 °C/min from -80 °C to 150 °C
under N, atmosphere using a Perkin Elmer DSC 8500 series
instrument.

Synthesis of chain transfer agent (RAFT-ROP
agent)

RAFT-ROP agent was synthesized as the literature [54]. For
example, a 100 mL flask was mixed with 30 mL of THF,
1.504 g of 5-bromo-2-hydroxybenzaldehyde, 3.014 g of
potassium ethyl xanthogenate, respectively. The flask con-
taining the mixture was placed on a magnetic stirrer in an
oil bath at 30 °C. After 72 h, the content was filtered to
remove the unreacted xanthate. Solvent partially removed.
The residue was precipitated in (1v/1v) cold diethyl ether
and petroleum ether. The produce was kept in a refrigerator
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overnight. After decantation, RAFT-ROP agent was dried in
a vacuum oven at room temperature for 48 h without solvent.
The synthesis amount of the RAFT-ROP agent was deter-
mined gravimetrically.

Synthesis of poly(e-caprolactone-b-acryloyl
chloride)[poly(CL-b-AC)] block copolymer

The general procedure for one-step polymerization of
poly(CL-b-AC) block copolymeris as follows: to a round
bottom 25 mL flask equipped with magnetic stirring bar,
0.101 g of chain transfer agent (RAFT-ROP agent), 5 mL
of solvent (DMF),0.080 g of stannous octoate [Sn(Oct),],
1.503 g of e-caprolactone (¢-CL), 1.518 g of acryloyl chlo-
ride (AC), 0.001 gof 2,2'-azobis(2-methylpropionitrile)
(AIBN) were added, respectively. The flask was degassed
by flushing pure argon gas and placed in a thermostated
silicon-oil bath at 90 °C temperature. The block copolymers
formed were precipitated in ten-fold methanol.

Synthesis of terminally azido
poly(e-caprolactone-b-acryloyl chloride)
[PCL-b-PAC-N;] block copolymer

0.450 g of poly(CL-b-AC) block copolymer, 0.206 g of
NaNj, and 5 mL of DMF were added into a round bottom
25 mL flask. The flask was degassed by flushing pure argon
gas. The reaction flask was immersed in an oil bath at 35 °C
on a magnetic stirrer. After 72 h, the samples were filtered.
The solution was drained into excess methanol to separate
PCL-b-PAC-N; After decantation, obtained product was
dried at room temperature under vacuum for 72 h.

Synthesis of polyvinyl chloride propargyl
(PVC-propargyl)

The similar procedure reported in the cited literature was
used for synthesis of propargyl PVCs by using PVC [55].
For example, 0.501 g of PVC in 5 mL of CH,Cl, was mixed
with 2 mL of TEA. The reaction mixture was cooled down
to below 0 °C and argon gas was injected into the flask. This
solution was added 0.680 g of propargyl alcohol in 3 mL
of CH,Cl, via a dropping funnel for the duration of half an
hour. The reaction mixture was stirred for two hours at down
to below 0 °C. The mixture was stirred at 50 °C for 72 h.
The resulting product was precipitated into cold methanol.
Afterwards decantation, the samples was dried at 25 °C in a
vacuum oven for two days.

Synthesis of poly(e-caprolactone-b-acryloyl
chloride-g-vinyl chloride) [poly(CL-b-AC-g-VC)]
ladder-type copolymer by "click" chemistry

Poly(CL-b-AC-g-VC) ladder-type copolymer was synthe-
sized by "click" chemistry. 0.202 g of PCL-b-PAC-Nj; blok
copolymer and 0.403 g of PVC-propargyl were dissolved in
argon purged 4 mL of DMF in schlenk tube. 0.020 mL of
PMDETA and 0.014 g of CuBr were added in the schlenk
tube followed by injecting argon for 5 min and then the tube
was placed in an oil bath at 30 °C on a magnetic stirrer.
Then 72 h, the tube content was filtered. The sample was
drained into cold methanol to separate precipitated poly(CL-
b-AC-g-VC) ladder-type copolymer. After decantation, the
copolymer was dried in a vacuum oven at 25 °C.

Results and discussion
Synthesis of RAFT-ROP agent

First of all, chain transfer agent (RAFT-ROP agent) was
obtained by reaction of 5-bromo-2 hydroxybenzaldehyde
and potassium ethyl xanthogenate as a light brown solid. The
yield was obtained with a 36.1 wt %. The synthesized chain
transfer agent was characterized by using FT-IR and 'H-
NMR. FT-IR spectrum of RAFT-ROP agentin Fig. 1 shows
the signals at 3300 cm™" for -OH group, 2973-2865 cm™" for
-CH and CHj group, 1640 cm™ for -C=0 group, 1132 cm™!
for -COC group, 1087 cm™! for -SC group. The 'H-NMR
spectrum of RAFT-ROP agentin Fig. 2 displayed peaks
at; (5, ppm): 7.84 (b, -HC=0), 7.03 (c, aromatic -CH),
4.65 (d, CH,), 4.02 (a, OH), 1.48 (e, CH;). The chemical
synthesis mechanism of RAFT-ROP agent was shown in
Scheme 1(first line).

Synthesis of poly(CL-b-AC) block copolymer

Poly(CL-b-AC) block copolymerwas synthesized
by the combination of RAFT and ROP in one-step
in the presence of ¢-CL, AC and chain transfer agent
(RAFT-ROP agent) with Sn(Oct), as a catalyst. The
yield was found as 56.43 wt %. The block copolymer
was characterized '"H-NMR, FT-IR, SEM and TGA
measurements. FT-IR spectrum of poly(CL-b-AC)
block copolymer in Fig. 3a shows the signals about
2950-2865 cm™! for -CH and CH, group, 1721 cm™! for
-C =0 group, 1170 cm™! for -COC group, 1107 cm™! for
-SC group. The 'H-NMR spectrum of poly(CL-b-AC)
block copolymer in Fig. 4a displayed peaks at; (5, ppm):
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Fig. 1 FT-IR spectrum of the
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PAC unit), 2.50 (¢, CH,CO of PCL unit), 2.28 (g, CH,
of PAC unit), 1.55(b, CH, of PCL unit), 1.30 (a, CH,
of PCL unit) 1.15 (h, CH; of ethyl xanthogenate unit).
Scheme 1 (second line) shows the synthesis path for the
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Synthesis of PCL-b-PAC-N; block copolymer

Scheme 1 (third line) shows the reaction pathway for
PCL-b-PAC-N;. The yield was 0.441 g. The gravimetric
yield obtained from the weight of PCL-b-PAC-N; was
67.20 wt%. PCL-b-PAC-N; was characterized 'H-
NMR, FT-IR and GPC measurements. FT-IR spectrum
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Scheme 1 Reaction outlines for - THF HC—o0
syntheses of RAFT-ROP agent, =0 S 30°C  HO
poly(CL-b-AC) block copoly- HO u 72h
mer and PCL-b-PAC-Nj; block + K" S——C——OCH,CH; —— S
copolymer : u
KBr S——C—OCH,CH;

Br

5-brom0-2-hydroxybenzaldehyde potassium ethyl xanthogenate

of PCL-b-PAC-N; in Fig. 3b shows the signals about
2950-2865 cm™! for -CH and CH, group, 2095 for cm™!
N, group, 1720 cm™' for -C =0 group,1174 cm™! for
-COC group, 1107 cm™! for -SC group. Figure 3b for
FT-IR spectrum of PCL-b-PAC-N; block copolymer
shows small band feature at about 2095 cm™! specific
for stretching vibration of azide. This was an important
proof for azidation of PCL-b-PAC block copolymer.
Namely, creation of specific -N; stretching band at about
2095 cm™! shows effective azidiation of PCL-b-PAC block
copolymer. The 'H-NMR spectrum of PCL-b-PAC-Nj; in
Fig. 4b displayed peaks at; (5, ppm): 4.00 (e, CH;0 of
ethyl xanthogenate unit, d, CH;O of PCL unit), 3.58 (1,
OH of PCL unit), 3.36 (f, CH of PAC unit), 3.32 (DMSO),
2.50 (c, CH,CO of PCL unit), 2.28 (g, CH, of PAC unit),
1.53 (b, CH, of PCL unit), 1.29 (a, CH, of PCL unit), 1.15
(h, CH; of ethyl xanthogenate unit). Mn value of PCL-
b-PAC-Nj; block copolymer was obtained 4,534 g.mol~!.

RAFT-ROP agent

90 °C Caprolactone (CL)

DME acryloyl chloride (AC)
Sn(OCt)2

- KBr
AIBN

HC—o0
(6]
m S

s_u_OCHZCH3

poly(CL—b—AC)

NaN,
DMF
-NaClI
HC—o
(6]
m S
CH,—CH S_H_OCHZCH3

Terminally azido (PCL—b—PAC—NS)

Dispersity value of PCL-b-PAC-N; block copolymer was
found to be 1.31. GPC trace of the block copolymer was
given as supplementary data.

Synthesis of PVC-propargyl

PVC-propargyl was synthesized by reacting PVC and
propargyl alcohol. The gravimetric yield obtained from
the weight of PVC-propargyl was 56.09 wt%. Scheme 2
(first line) includes the reaction pathway for the synthesis
of PVC-propargyl. FT-IR spectrum of PVC-propargyl
in Fig. 3c shows the signals at 3220 cm~! for C=C
group, 2980 cm™! for aliphatic -CH and CH, group,
and 1254 cm™' for -COC group. The formation of the
C=C band at about 3220 cm™! proves the successful
propargylation of PVC. The '"H-NMR spectrum of PVC-
propargyl in Fig. 4c displayed peaks at; (5, ppm): 4.50 (t,
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Fig.3 FT-IR spectra of (a)

poly(CL-b-AC) block copoly- A)
mer; (b) PCL-b-PAC-Nj; block
copolymer; (¢) PVC-propargyl;
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CH), 4.00 (v, CHO) 3.40 (DMSO), 3.26 (y,CH,0), 2.50 (s,
CH,), 1.25 (x, C=CH). Mn value of PVC-propargyl was
obtained 34,163 g.mol™! and dispersity of PVC-propargyl
was 2.11. GPC trace of PVC-propargyl was given as
supplementary data.
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Synthesis of poly(CL-b-AC-g-VC) ladder-type
copolymerby "click" chemistry

Poly(CL-b-AC-g-VC) ladder-type copolymerwas reported by
means of "click"chemistry, RAFT and ROP methods. These
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Fig.4 "H-NMR spectra of (a)
poly(CL-b-AC) block copoly-
mer; (b) PCL-b-PAC-Nj; block
copolymer; (¢) PVC-propargyl;
(d) poly(CL-b-AC-g-VC)
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methods used for polymer synthesis is simple, effective,
environmentally friendly and has low energy consumption.
The yield of poly(CL-b-AC-g-VC) ladder-type was 72.40
wt%. FT-IR spectrum of poly(CL-b-AC-g-VC) ladder-
type copolymer in Fig. 3d shows the signals at about
2950-2850 cm™! for -CH and CH, group, 1726 cm™! for
-C=0 group, 1239 cm™! for -COC group. FT-IR spectrum of
poly(CL-b-AC-g-VC) ladder-type copolymer, disappearance
of specific -Nj stretching band shows to obtain poly(CL-b-
AC-g-VC) ladder-type copolymer. The 'H-NMR spectrum
of poly(CL-b-AC-g-VC) ladder-type copolymer in Fig. 4d
displayed peaks at; (8, ppm):7.95 (m, CH of triazole),4.50
(t, CH of PVC unit), 4.30 (v, CHO of PVC unit) 4.00 (d,
CH;0 of PCL unit), 3.90 (1, OH of PCL unit), 3.42(f, CH
of PAC unit), 3.36 (d-DMSO), 2.50 (¢, CH,CO of PCL
unit, s, CH, of PVC unit), 2.28 (g, CH, of PAC unit), 1.58
(b, CH, of PCL unit), 1.32 (a, CH, of PCL unit).The CH

Scheme 2 Reaction pathways

protons of the triazole ring acting as a bridge were seen at
about 7.95 ppm and this is evidence that the polymerization
has been successful. The secondline in Scheme 2 contains
the basicoutline for the synthesis of poly(CL-b-AC-g-VC)
ladder-type copolymer. Mn value of poly(CL-b-AC-g-VC)
ladder-type copolymer was 55,378 g.mol™~!. Dispersity value
of the ladder-type copolymer formed by "click" reaction was
found to be 1.38. Increases in the molecular weight of the
ladder-type copolymer as compared with these of reactants
is consistent with the formation of the copolymer.

Thermal analysis of poly(CL-b-AC-g-VC) ladder-type
copolymer were carried out by DSC and TGA curves. Tg
value of the ladder-type copolymerswas 38 °C (Fig. 5). Tg
values were reported in the literature for homo PCL and
homo PVC as -72 °C [56] and 80 °C [8], respectively. Tg
value of the ladder-type copolymers changed to the value
which was less than the value of PVC because of PCL

in the syntheses of PVC-prop-
argyl and poly(CL-b-AC-g-VC)
ladder-type copolymer
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Fig.5 DSC curve of poly(CL-
b-AC-g-VC) ladder-type .
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Fig.7 SEM images of poly(CL-b-AC) block copolymer; 4000 X (A), 15,000 X (B), 15,000 X (C) and poly(CL-b-AC-g-VC) ladder-type copoly-
mer; 4000 X (D), 15,000 X (E), 200,000 X (F)
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segment. The only one glass transition temperature value
for the poly(CL-b-AC-g-VC) ladder-type copolymer shows
the miscible nature of the related polymers. Tg value of
the ladder-type copolymers was consistent with theoretical
Tg values of the homopolymers. Decomposition tempera-
ture (Td) of poly(CL-b-AC-g-VC) ladder-type copolymer
obtained from TGA. TGA curve of poly(CL-b-AC-g-VC)
ladder-type copolymer has showed interesting properties of
the copolymers indicating continuous weight loss starting
from 180 °C to nearly 550 °C with derivatives at 296 °C,
375 °C and 458 °C through three steps (Fig. 6).

To examine the morphological properties of poly(CL-
b-AC) block copolymer and poly(CL-b-AC-g-VC) ladder-
type copolymers, SEM was used. The surface morphologies
poly(CL-b-AC) block copolymer and poly(CL-b-AC-g-VC)
ladder-type copolymerwas shown in Fig. 7. According to the
SEM images of poly(CL-b-AC) block copolymer has ivy and
strongly intermingles structure. According to the SEM images
of poly(CL-b-AC-g-VC) ladder-type copolymers, homogeni-
zation of the copolymer was good. The copolymer samples
were characterized by a morphology consisting platelets with
channels. The SEM images of the ladder-type copolymers
show a rough surface and form a continuous phase.

Conclusions

In this study, the synthesis of ladder-type copolymer with
the combination of many polymer synthesis techniques
("click"chemistry, RAFT, ROP) was studied. These
methods used for polymer syntheses are simple, effective,
environmentally friendly and have low energy consumption.
In addition to allowing polymer synthesis with different
architecture by using different monomers with the click
reaction, the superior properties of the triazole ring formed
as a result of the click reaction have been utilized. These
methods are simple and effective for synthesizing the ladder-
type copolymers. The characterization of the products was
accomplished by using FT-IR, '"H-NMR, SEM, TGA, DSC
and GPC analyses.
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