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Abstract

Novel macro-xanthate agents containing azo initiator and polyethylene glycol (PEG)
were synthesized to prepare block copolymers via macromolecular design by an
interchange of xanthate (MADIX) polymerization. In this system, the multifunc-
tional agents were used as both macromolecular chain transfer agents and free radi-
cal sources. Polystyrene—polyethylene glycol-polystyrene (PS-PEG-PS) copolymers
were prepared easily with molecular weight (M,) from 23,000 to 43,000 g/mol by
MADIX copolymerization of styrene using PEG-N=N-PEG (M,, PEG =600, 1000,
1500, and 3000 g/mol) as the macro-MADIX agents. In this process, the molar mass
(M,) increased over time for a controlled MADIX polymerization process, but the
polydispersity varied slightly. The controlled polymerizations showed typical living
properties, and polymers having low polydispersity (below P <1.4) were obtained
with well-defined macromolecular structures. As a result, the macro-MADIX agents
and the azo-initiator macromolecules were performed successful formation of the
block copolymers. The obtained block copolymers were characterized by gel perme-
ation chromatography, differential scanning calorimetry, Fourier transform infrared
spectroscopy, and hydrogen nuclear magnetic resonance (‘H NMR) spectroscopy.
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Introduction

Synthesis of the block copolymer in polymer chemistry is important due to the
exploration of the new features of materials [1, 2]. Producing of well-defined
block copolymers could be performed to make complex and usefully macro-
molecular structures by many polymerization techniques according to their
advantages [3]. Reversible addition-fragmentation chain transfer (RAFT)
polymerization became one of the most versatile synthesis techniques for liv-
ing radical polymerizations [4-7]. RAFT polymerization is the most successful
method among degenerative chain transfer polymerizations, such as nitroxide
mediated polymerization (NMP) [8, 9] and atom transfer radical polymerization
(ATRP) [10-12]. These all polymerization processes enable the researchers to
control simultaneously the molecular weight and molecular weight distribution
[13]. The main difference of ATRP or NMP from the RAFT is that RAFT is based
on chain transfer agents (CTAs) [14]. Furthermore, the controlled/live free radi-
cal polymerization method provides excellent functional group tolerance and the
advantage of controlling all radical polymerizable monomers [15-17]. After the
reporting of the RAFT process, it has been described preparation of many differ-
ent structures of RAFT agents, which are monofunctional, difunctional different
dithioester structures, the xanthanes, etc. [11, 18-20]. Moreover, functional poly-
mer structure required an effective RAFT agent, which has good homolytic leav-
ing groups [21, 22]. This effective RAFT/MADIX agent design is very useful in
the preparation of functional block copolymer [23-26], star [27], branched [28],
surface modification, thermal and pH-sensitive, and similar architectures [19, 29].
Besides, the agents are required to well control polymer molecular weights and to
obtain polymer material with low polydispersity, i.e., narrow molecular weight
distribution [30, 31]. Recently, our group synthesized macro-reversible addition-
fragmentation termination (RAFT) agents based on poly(ethylene glycol)(PEG)
[32]. RAFT polymerization of the styrene was carried out in the presence of these
macro-RAFT agents and 2,2’-azobisisobutyronitrile (AIBN) to yield PS-b-PEG-
b-PS block copolymers [33]. In recent years, PEG and its solutions are widely
used as a beneficial reaction medium in many organic conversions due to their
excellent profile, such as inexpensive, non-toxic, biodegradable, recyclable, and
water soluble, which facilitates easy removal from the reaction product. In addi-
tion, replacing hazardous solvents with those that do not harm the environment
is one of the main focus areas of green chemistry. Therefore, the use of green
solvents like poly (ethylene glycols) (PEGs) is in great demand. In view of this,
it has been found that polyethylene glycol (PEG) is an interesting solvent system.
These attractive properties of PEG started using PEGs as the reaction medium at
room temperature. According to the literature, one of the goals has been to exam-
ine the effect of PEG molecular weight (MW 600-3000 g/mol) on the reaction.
The higher the MW of PEGs, the healthier the reaction will take place [34-36].
The use of azo initiators is common in radical polymerization [37-39]. Macro-
azo initiators (MAI) are useful compounds used in the synthesis studies of the
block copolymer. Cvetkovska et al. synthesized azo compounds containing
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polyethylene glycol [40, 41]. Nakamura and his coworkers reported the prepa-
ration of polydimethylsiloxane-block-poly(methyl methacrylate) (PMMA) using
polydimethylsiloxane-containing macro-azo initiator [42]. For vinyl monomers, it
is possible to synthesize block copolymers using both the initiator and the poly-
mer unit thereon [43]. The macro-azo initiators were sequenced with the polymer
segment and the azo group. Therefore, new design polymers are produced with
the effect of block groups [44]. Due to the solubility of macro-azo initiators, they
are involved in many types of polymerization [45]. In our system, in addition to
the above, as another advantage, we distinguish it from its toxicity by the elimina-
tion of the —CN nitrile group on the 2,2’-azobisisobutyronitrile (AIBN), which
we use to synthesize the azo initiator we produce. However, there are no reports
in the literature about the synthesis of the chain transfer agent-containing azo ini-
tiator for RAFT/ MADIX polymerization.

In this study, we first synthesized the new functionalized xanthate agent called
MCTA containing azo-initiator group and PEG blocks and then used it as an agent
in styrene RAFT/MADIX polymerization to obtain well-defined statistical (PS
-PEG-PS) block copolymers. Furthermore, we reported the synthesis of the RAFT/
MADIX agent containing a macro-azo-initiator group for the first time.

Materials and methods
Materials

Styrene was purchased from Merck and purified by a conventional procedure. The
initiator, 2,2-azobis(isobutyronitrile) (AIBN) was recrystallized from toluene and
stored in a refrigerator. PEGs having 600, 1000, 1500, and 3000 g/mol molecular
weights were bought from Merck and used without further purification. Carbon
disulfide (Merck, 99%), potassium hydroxide (Aldrich, 85%), benzoyl chloride
(Aldrich, 99%), benzene (Aldrich, 99%), and styrene (Aldrich, 96%) were distilled
under vacuum before use. (Aldrich, 96%), diethyl ether (Riedel-de Haen, 99,5), and
petroleum ether (Riedel-de Haen, 99,5) were used as commercially supplied.

Characterization

Gel permeation chromatography (GPC) was used to determine the molecular weight
(M,) as well as polydispersity (D). GPC chromatograms were obtained using Waters
510 instrument by using THF as the solvent at a flow rate of 1 mL/min with a Waters
1515 isocratic HPLC pump equipped, a Waters 2414 refractive index detector, and
3 Waters Styragel HR columns. FT-IR spectra were recorded by a Bruker Alpha-P
spectrometer for the polymer films cast from CHCI; solutions. NMR spectra of the
products were taken by a Bruker Avance III NMR spectrometer in CDCl; solvent.
Differential scanning calorimetry (DSC) measurements were obtained by Shimadzu
60 differential calorimeter in the changing temperature from 20 to 200 °C at a heat-
ing rate of 20 °C in a nitrogen atmosphere.
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Synthesis of (MCTA1) with PEG 600

PEG 600 (24.05 g, 0.04 mmol) and 15 mL benzene were added to a 500-mL flask
equipped with a magnetic stirring bar, and the obtained mixture was dissolved. Fol-
lowed by the addition of (2.24 g, 0.04 mol) KOH reaction to the flask, the mixture
was stirred for 3 h. After adding d=1.26 g/cm3, 1.25 mL CS, reaction to the solu-
tion, it was stirred again for 16 h. After 16 h of stirring, a dark yellow—red solution
was formed.

2.5 mL (0.02 mol) benzoyl chloride was added to the yellow product. The reac-
tion solution was stirred with a magnetic bar for 9 h. After stirring, the viscous prod-
uct was obtained and the light brown solution was filtrated by a filtration filter. The
product was evaporated in an evaporator at 40 °C for 24 h. After evaporation of the
solvent, the product was deposited in diethyl ether—petroleum ether (50-50%, 0 °C)
and then was kept in the refrigerator for 1 day. The product was decanted and dried
in the oven at 25 °C for 7-8 h.

PEG 600 synthesis of pinner (MCTA1)

Obtained 18.302 g (2) macro-RAFT agent and AIBN 0.9 g were mixed and the mix-
ture was dissolved with benzene two-necked flask. HCI gas was passed through the
system, and the reaction was initiated. For HCI gas, 80 g NaCl salt was added in two
neck flask and dropwise H,SO, was added. After the reaction, 1 g H,O and NaHCO,
were added to the reaction mixture for neutralization. The product was filtrated and
evaporated in a vacuum evaporator at 40 °C for 24 h. After evaporation, solvent was
deposited in diethyl ether—petroleum ether (50-50%, 0 °C) and kept in the refrig-
erator for 1 day. FT-IR (v, cm™'): 3069 (-C-H, Ar), 1674 (-C=0) 1086 (—C=S).
'H NMR (CDCl,, 8, ppm): 7.9-7.6 (4H, ArH), 4.3 (2H, —-OCH,), 3.7-3.4 (4H,
~CH,CH,-), 3C NMR (CDCl,, 8, ppm): 167 (C=S), 163 (C=0), 143 (C-CH,,),
133-127 (Ar-C), 72 (O—CH,), 60 (2C, -CH,CH,-), 28-26 (-CH;) (Figure S1-S2).

Synthesis of PEG 1000 MAI—RAFT (MCTA2), PEG 1500 MAI—RAFT Agent (MCTA3),
and PEG 3000 MAI—RAFT Agent (MCTA4)

40.3884 g (0.04 mol) PEG 1000, 17 mL benzene, 2.24 g (0.04 mol) KOH, d=1.26 g/
cm?®, 1.25 mL CS,, d=1.21 g/cm® 2.5 mL (0.02 mol) benzoyl chloride. Yield (2)
23.604 g benzoyl chloride 1.6415 g AIBN. 60.5575 g (0.04 mol) PEG 1500, 15 mL
benzene, 2.24 g (0.04 mol) KOH, d=1.26 g/cm3, 1.25 mL CS,, d=1.21 g/cm3
2.5 mL (0.02 mol) benzoyl chloride. Yield (2) 45.85 g benzoyl chloride 1.6415 g
AIBN. 60.3226 g (0.02 mol) PEG 1500, 15 mL benzene, 2.24 g (0.01 mol) KOH,
d=126 g/cm®, 0.6 mL CS,, d=1.21 g/cm® 1.15 mL (0.02 mol) benzoyl chlo-
ride. Yield (2) 49.5 g benzoyl chloride 1.2812 g AIBN. FT-IR (v, cm™'): MCTA2
icin 3069 (-C-H, Ar), 1674 (-C=0) 1086 (-C=S), MCTA3 icin 3069 (-C-H,
Ar), 1674 (-C=0) 1086 (-C=S) ve MCTA4 icin 3069 (—C-H, Ar), 1674 (-C=0)
1086 (-C=S). '"H NMR (CDCls, §, ppm): MCTA?2 igin 7.9-7.5 (4H, ArH), 4.2
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(2H, ~OCH,), 3.5-3.3 (4H, -CH,CH,-), MCTA?3 i¢in 7.9-7.6 (4H, ArH), 4.5 (2H,
—~OCH,), 3.6-3.4 (4H, -CH,CH,-) ve MCTA4 icin 8.0-7.7 (4H, ArH), 4.5 (2H,
—OCH,), 3.7-3.3 (4H, -CH,CH,-). '*C NMR (CDCl,, 8, ppm): MCTA?2 igin 167
(1C, C=S), 162 (1C, C=0), 132 (1C, C-CHs,), 128-120 (6C, Ar), 71 (2C, O-CH,),
60 (2C, -CH,CH,-), 23-21 (-CH,) (Figure S4-S5). MCTA3 igin 166 (1C, C=S),
163 (1C, C=0), 133 (1C, C-CHj,), 129-127 (6C, Ar), 70 (2C, O-CH,), 60 (2C,
—CH,CH,-) 21-18 (—CH,) (Figure S7-S8). MCTA4 icin 167 (1C, C=S), 163 (1C,
C=0), 141 (1C, C-CHj,), 132-128 (6C, Ar), 72 (2C, O-CH,), 60 (2C, -CH,CH,-),
23-21 (-CH;) (Figure S10-S11).

Polymerization of styrene with MCTA1 (P1), MCTA2 (P2), MCTA3 (P3), and MCTA4
(P4)

The initial molar ratio of each component was [St] / [MCTA1]=88/1, respectively.
MCTAL1 (1730 g/mol) yield (3) 1.732 g (0.001 mol), [St] / [MCTA 2]=440/5.
MCTA2 (MW =2560 g/mol) yield (3) 2.50 g, [St] / [MCTA3]=440/5. MCTA3
MW =3560 g / mol) yield (3) 3.56 g and [St] / [MCTA4]=249/1. MCTA4
(MW =6560 g / mol) yield (3) 2.2829 g. Each component was separately dissolved
in 10 mL of benzene, and 10 mL of styrene (0.087 mmol) was added. The resulting
mixtures were shared separately with 2 mL of solution and 10 stir bars per tube.
The mixtures in the tube were degassed with argon gas. Tubes were tightly capped
with a rubber chamber and placed in a thermostated silicone oil bath at 60-65 °C.
The reaction started at 5, 10, 15, 20, 25, 30, 40, 45, and 50 h. After polymerization,
PS-b-PEG-b-PS triblock copolymers were precipitated in 50-60 mL of methanol per
tube. From the resulting copolymers, it were dried under vacuum at room tempera-
ture for 3 days to obtain a white solid (Scheme 1). FT-IR (v, cm™'): 3069 (~CH, Ar)
for P1, 1674 (-C=0) 1086 (-C=S), 3069 (—CH, Ar) for P2, 1674 (-C=0) 1086
(-C=S), 3069 (-CH, Ar) for P3, 1674 (-C=0) 1086 (-C=S) and 3069 (-CH, Ar)
for P4, 1674 (-C=0) 1086 (-C=S). '"H NMR (CDCl,, 8, ppm): 7.5-6.8 (4H, ArH)
for P1, 4.4 (2H, -OCH2), 3.8-3.6 (4H, -CH2CH2-), 1.8-1.1 (CH2-C-CH?2) (Fig-
ure S3), 7.3-6.7 (4H, ArH) for P2, 4.4 (2H, -OCH2), 3.7-3.4 (4H, —-CH2CH?2-),
1.8-1.4 (CH2-C-CH2) (Figure S6), 7.5-7.1 for P3 (4H, ArH), 4.2 (2H, -OCH2),
3.8-3.6 (4H, -CH2CH2-) 1.8-1.5 (CH2-C-CH2) (Figure S9), and 8.1-7.8 for P4
( 4H, ArH), 4.4 (2H, -OCH2), 3.7-3.5 (4H, -CH2CH2-), 2.1-1.8 (CH2-C-CH2)
(Fig. S12).

Results and discussion

It is important to note that the synthesis of xanthate compounds containing
macro-RAFT agents from the organic synthetic process is limited. In the design
of the macro-RAFT agent RS (C=S) OZ, the appropriate selection of both the R
and the Z group plays an important role in the rapid addition of the active poly-
meric radical and a high rate of fragmentation, respectively [24, 46, 47]. In the
architecture of the MCTAs, we synthesized polymer blocks of the PEG series
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Scheme 1 Synthetic pathways of MCTA1-4 and RAFT polymerization of styrene via MAI- RAFT agent

with a molecular weight of 600, 1000, 1500, and 3000 g/mol. Also, as an advan-
tage, the RAFT agent is capable of producing thermally radicals with azo-initi-
ator properties. As the RAFT agent difunctional xanthate, it advances the con-
trolled radical mechanism from both sides.
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Macro-radicals are more affected by the R group than the Z group in chemical
bonding to the C=S double bond on thiocarbonyl thio transfer agent. The binding
activity of the Z group varies in the following order: Z=aryl > alkyl > S-alkyl > O
-alkyl > N, N-dialkyl [48]. Following that description, the benzoyl group was cho-
sen as the R group to reinitiate styrene polymerization. In our system, all copo-
lymerization experiments were carried out in a homogeneous solution medium,
but the free radical initiator was not used. The azo-initiator group presented in the
structure of the agents provides the radical source. Then, ABA triblock type and
well-defined statistical PS-PEG-PS block copolymers (P1-4) were synthesized
under the control of MCTA1-4 using styrene monomer. Tables 1 and 2 summa-
rize the experimental conditions and the characteristics of the three-block copoly-
mers obtained in solution polymerization of styrene with MADIX. Theoretical
molecular weights of block copolymers can be calculated according to the follow-
ing equation [29]:

LM] X Conversion X MW

Mn(Theo) = m styrene

+ MWMcra

where [M] is the molar concentration of styrene, [MCTA] is the molar concentration
of MCTA, MW styrene is the molecular weight of monomer, and MWM_p, is the
molecular weight of MCTA. The theoretical molecular weights of the block copoly-
mers and the molecular weights determined by the GPC calculated showed good
compatibility. A comparison of GPC spectra for block copolymers is given in Fig. 1.
It is also presented in detail in support information (Figure S13-S16).

Table1 PS-PEG-PS (P 1-2) characteristics were obtained for graft copolymerization of styrene with
macro-MCTA 1 and MCTA 2 at 60 °C

Entry Time (hours) Substance In MI/IM] M peosie Mgpe  “P My/M, Conversion%
Amount (g/mol)  (g/mol)
‘P6P1 5 0.3129 0.4219 6966 30,651 1.45 35
P6P 2 10 0.4652 0.7169 13,392 32,600 1.5 51
P6P 3 35 0.8253 2.3851 37,662 34,816 1.42 90
P6P 4 45 0.8936 4.0779 46,212 36,862 1.43 98
P6P 5 50 0.900 5.6065 48,272 37,371 1.43 99
"PIOP1 10 0.3771 0.5359 10,047 31,403 14 42
P1OP2 25 0.7529 1.7618 33,212 33,076 1.41 83
PIOP3 35 0.8264 2.3983 39,362 34,407 142 91
P10P4 45 0.9688 4.6151 42,962 34,507 1.42 99

#Each polymerization was performed in benzene using MCTA 1 (PEG 600-RAFT agent)
PEach polymerization was performed in benzene using MCTA 2 (PEG 1000-RAFT agent)
“Mn, theo =([styrene] /[MCTA] x Mw(styrene) x Conv.) + Mw (MCTA))/2

4Determined through GPC in THF eluent using polystyrene standards

Calculated by gravimetric results
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Table2 PS-PEG-PS (P 3—4) characteristics obtained for graft copolymerization of styrene with macro-
MCTA 3 and MCTA 4 at 60 °C

Entry Time (hours) Substance In M peoic Mgpe P My/M, Conversion %
Amount [M]/[IM] (g/mol)  (g/mol)
“PISP1 5 0.3614 0.5068 10,482 23,354 1.28 39.76
PISP2 10 0.5323 0.8808 18,832 29,046 1.37 58.56
P15P3 20 0.7774 1.9325 36,187 31,136 1.38 85.52
PI15P4 35 0.8384 2.5553 40,262 35,664 1.47 92.23
PI15P5 50 0.8467 2.6803 42,522 42,041 1.37 93.15
"P30P1 5 0.5246 0.8606 21,518 31,299 142 57.71
P30P2 10 0.6348 1.1984 24,667 32,538 142 69.83
P30P3 15 0.7475 1.7278 27,887 35,091 1.40 82.23
P30P4 25 0.8658 3.0465 31,267 37,161 141 95.24
P30P5 40 0.8924 4.0029 32,027 39,064 1.4 98.17
P30P6 45 0.9075 6.4068 32,458 40,209 1.4 99.83

#Each polymerization was performed in benzene using MCTA 3 (PEG 1500-RAFT agent)
YEach polymerization was performed in benzene using MCTA 4 (PEG 3000-RAFT agent)
“Mn, theo = ([styrene] /[MCTA] x Mw(styrene) x Conv.) + Mw (MCTA))/2

4Determined through GPC in THF eluent using polystyrene standards

“Determined by gravimetric results

————————— > PS-PEG-PS with MCTA

_______ = PS-PEG-PS with MCTA2
——————— - PS-PEG-PS with MCTA3
_--» PS-PEG-PS with MCTA4

"'600 700 800 900 1000 11,00
Minutes

Fig. 1 GPC Analysis diagram of PS-PEG-PS block copolymer via MCTA 1-4
Macro-RAFT agents
After removing the PEG 600, KOH, CS,, and benzoyl chloride were added to a

monofunctional xanthate. The macro-RAFT agent (MCTA1-4) with azo initiator
was obtained by a single side macro-RAFT agent. The success of controlled radical
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RAFT polymerization is dependent on the synthesis of the chain transfer agent
[49-52]. In this study, using the molecular weight of 600, 1000, 1500, and 3000 g/
mol PEG series, we synthesized MAI- RAFT agents MCTA1-4.

Polymerization of styrene by synthesized MAI-RAFT agents

The most important function of RAFT polymerization is to perform molecular
weight control [51-53]. Another function is to achieve close polydispersity (B=1)
[49-52]. In our study, the PDI values were ranging from 1.35 to 1.45 for all macro-
RAFT polymerization. Copolymers (P1, P2, P3, and P4) with different molecular
weights were synthesized in RAFT polymerization by controlling with MCTA1-4
agent. All the polymerization data were plotted using Origin 2018 programs.

The block copolymers were characterized by DSC techniques. The glass transition
temperature (T,) of the block copolymers was measured by differential scanning calo-
rimetry (DSC), and the results are shown in Fig. 2. DSC studies showed that 7, values
were around 86.9 °C, 85.8 °C, 84.1 °C, and 59.1 °C. The reason for the high decrease
in 7, in the graph of P4 is the effect of the PEG block. The structural changes that occur
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Fig.2 The data of styrene polymerization with MCTA1-4 agent were compared values of DSC
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Scheme 2 a Initiation and growth step of the controlled radical polymerization mechanism of styrene with p
MCTA1-4 agents. b The re-initiation and termination of the controlled radical polymerization mechanism of
styrene with the MADIX agents

are highly dependent on the composition of the copolymer. Transitions between 50 and
90 °C can be attributed to relaxations and concomitant changes in the organization of
the PEG segments. In Fig. 2, the typical DSC scan appeared as a different peak in a
range (For P4) that disappeared upon heating.

Mechanism of MAI-RAFT polymerization of styrene
Initiation

The reaction I entails a two-step initiation mechanism, while the generation of initiat-
ing RAFT agent radicals P,e via thermal effect. (Scheme 2a) Produced P,e radicals
initiate new polymeric chains P e, but also it may terminate before escaping the solvent
cage and form inactive products. Thus, radical initiation has an initiator efficiency of
(0<f<1) [54]. Value f usually decreases with the conversion of [M] which becomes
lower and viscosity becomes higher. The radical source of the reaction occurs in this
step. RAFT agent radical P e was formed by monomers addition [55].

Reversible chain transfer

The growth step was similar to a conventional RAFT polymerization, but it was
slightly different because obtained MADIX agent radical had two tasks. First, this
agent was used together with the thiocarbonyl compound to control the polymeri-
zation. The second task was the addition of a large number of styrene to the active
radical center (P,e). These reactions performed a degenerative chain transfer
mechanism.

Re-initiation

Resulting in a reversible reaction, the obtained benzoyl radical (-Re) group reacted
with existent styrene in solution and formed different active polymer chain radicals.
That is why the leaving group of the original MADIX agent (i.e., the R group) needs
to be chosen in such a way that it is a better hemolytic leaving group than the poly-
mer chain (P,) [56, 57]. The net result of this sequence of the forward reactions was
the generation of a new polymer (oligomer) chain (R-PSe).

Main equilibrium: chain-to-chain transfer
A bond was formed between the growing active macro-MADIX radical group and

the R-PS radical. All of this forward reaction sequence showed an addition-fragmen-
tation cycle [55].
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Termination

RAFT polymerization termination step is suppressed by a decrease in radical con-
centration [58]. The termination was achieved by stopping the reaction mixture
manually. Thus, styrene monomer was removed by actively growing chains. In
the termination step, the block copolymer of PS-PEG-PS was obtained. Reaction
step V represents the conventional termination reaction. However, in the current
Scheme 2b, it shows not only combination termination but also the termination of
the growing PS block on the initiator. Both reactions are generally considered chain
length dependent, but in an effective working MADIX reaction, both PS blocks are
almost the same size (i = j).

Kinetic studies of controlled polymerization of styrene were performed in
the presence of xanthate type MCTA 1-4 containing azo initiator in benzene at
60 °C. As shown in Figs. 3d and 4d, the styrene polymerization rate was faster in
the presence of MCTA 4. According to these plots (Figs. 3, 4 and 5) in the polym-
erization PS-PEG-PS with MCTA 1-4, the rate constants were determined to be
k;=1,81x107, k,=3,35x107, ky=2,3%x107, and k,=2,53x107 s7!, respec-
tively. These values show that the chain length of the PEG block did not change the
kinetics of the overall polymerization reaction rate. Furthermore, when monitored
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Fig.3 Mngpc and Mnqy,, versus the conversion (%) with a MCTA 1 and b MCTA 2, ¢MCTA 3 and d
MCTA 4
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in Fig. 4a and b, the value of In [M]/[M] versus the time graph showed that it was a
first-order reaction rate.

Molecular weight and kinetic monitoring are the most important parameters
among the performance and success of controlled/living radical polymerizations
[59-63]. Concerning the control of molecular weight, the use of MCTA agents
yielded favorable results (Figs. 3, 4, and 5). In all the polymerizations, depending
on the reaction time, M, pc) increased linearly with the monomer conversion fol-
lowing the live polymerization theory. The slope of the curve at 65 °C is linearly
dependent on the conversion of styrene monomers. Thus, perfect control over the
molecular weight was also observed. As seen in Fig. 5a and b, M, gpc, values are
very close to M, (heoreticaly fOT all block copolymers. However, there are deviations in
the first 5-10 h period of polymerization. This can be attributed to that the reaction
reached high molecular weight in a controlled manner from the beginning. Besides,
as the advantage of having the azo initiator in the MCTA structure, the initiator was
not affected by the lattice effect and steric obstacles.

The 'H NMR spectra of the macro-RAFT agents are shown the connected to the
benzene ring —CH, protons at 1-2 ppm, the -CH; protons at 2.5 ppm (Fig. 6). The
—CH protons are shown between 7.5-8 ppm. RAFT agents, solvent, and CH, groups
at 40 ppm in '3C NMR spectra as seen in Fig. 7, -CH groups at 75 ppm at CH,
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Fig.4 In [M]o/[M]and PDI values versus the conversion (%) via a MCTA 1, b MCTA2, ¢ MCTA 3 and
d MCTA4 at [M] /[MCTA],=166/2 and thermal polymerization at 60-65 °C in benzene
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Fig.5 Comparison graph between theoretical and GPC molecular weight with a MCTA 1, b MCTA 2, ¢
MCTA 3 and d MCTA 4

groups at 130 ppm C=0 groups at 135 ppm C=0 at 170 ppm are observed. Peaks
belonging to S groups are not apparent.

Conclusion
In this study, the synthesis of new macro-RAFT/MADIX agents with the azo initia-
tor and different PEG blocks on both sides was accomplished with a new approach

to prepare block copolymers. Controlled radical polymerization of styrene with
the obtained MCTA 1-4 agents, and the molecular weights of PS-PEG-PS block
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Fig.6 'H-NMR spectrum of PS-PEG-PS with xanthate macro-RAFT agent (MCTA1)

copolymers ranging from 23,000 to 43000 g/mol, the polydispersity (D <1.4) was
produced. In our system, it was created on the RAFT agent as the first source of
radical. Then, the molecular control was achieved by polymeric chain growth and
reversible chain transfers over the agent. The results of various analyses have been
presented successfully in binding the RAFT polymerization at the targeted capacity
and forming the block copolymer. Synthesized xanthate group with a difunctional
and azo initiator makes the RAFT agent superior to conventional agents. By using
controlled radical polymerization, we achieved a successful mechanism and good
copolymers with good polydispersity.
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