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Abstract

In this study, the macromolecular design was performed via interchange of xanthates (MADIX) polymerization. The macro
RAFT/MADIX agent containing the structure of polytetrahydrofuran (PTHF) (average Mn ~ 1000 g/mol) was synthesized to
use in the polymerization. PS-b-PTHF-b-PS triblock copolymer was obtained by styrene-controlled radical polymerization
using the RAFT/MADIX agent. The plot of In [M] /[M] versus monomer concentration versus polymerization time exhibits
first-order kinetic behavior. Block copolymer formation has a controlled character. The formation of the narrow molecular
weight polymer controlled by the styrene’s RAFT/MADIX polymerization is confirmed by the increase in the polymeriza-
tion time of the molecular weight. The results are in good agreement with theoretical values. Block copolymers having
a narrow molecular weight distribution and a predetermined average molecular weight have been obtained using this
polymerization process. The synthesized RAFT/MADIX agents, polymer, and copolymers were characterized by NMR
and FT-IR spectroscopy, GPC, and differential scanning calorimetry. Based on the vibration analysis, the thermodynamic
properties of the compound were also calculated. Optimized structure, frontier molecular orbitals (HOMO and LUMO)
and global reactivity descriptors were analyzed by DFT calculations. As a result of the DFT study with trimer and hexamer;
although the chain length is increased, the energy parameters obtained are very proximate to each other.
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1 Introduction

The synthesis of various types of macromolecules, including
block copolymers, is usually obtained by reversible-deacti-
vation radical polymerization [1]. In recent years, significant
developments have occurred in the synthesis chemistry,
such as the ability to obtain innovative polymeric materi-
als [2, 3], by controlling molecular properties [4, 5], chain
length distribution, stereogenicity, copolymer composi-
tion, block copolymer alignment, lengths and functional

group addition [6-11]. Controlled/living radical polymeri-
zation (CRP) are known as living polymerization techniques
[12-14]. The CRP mechanisms consist of different polymeri-
zation mechanisms which are used to obtain polymers with
controlled molecular weight growth and a narrow molecular
weight distribution [15-19]. The most commonly used CRP
techniques are nitroxide mediated radical polymerization
(NMP) [20-22], atom transfer radical polymerization (ATRP)
[6, 23, 24], reversible addition-fragmentation chain trans-
fer (RAFT), and macromolecular design via interchange of
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xanthates (MADIX) polymerizations [25-30]. More distinct
and specific results are obtained by combining CRP mecha-
nisms with certain other processes [31, 32]. DFT allows the
approximate inclusion of electron correlation at a lower
computational cost compared to traditional linked ab initio
methods such as Mgller-Plesset perturbation theory, con-
figuration interaction, and combined set theory. For large
molecules, it is now widely accepted that density functional
theory provides a valuable and in some cases the only alter-
native to obtain accurate values for these criteria. B3LYP
method provides a good balance between placed and local-
ized bond structures. However, the improvements are not
systematic and better results are obtained at the MP2 level,
but there are some well-known examples such as the '3C
chemical shift case on o-benzyne where HF and MP2 failed
and DFT performed well. Other studies are indicating the
usefulness of DFT methods. Recently, the performance of
DFT methods in the calculation of NMR properties has also
been the subject of many theoretical studies [33]. The semi-
empirical PM6 method was used to calculate the geometric
structures of the selected polymeric macro RAFT/MADIX
agent and the density functional theory (DFT) [34-36] based
on the level of B3LYP/6-31G (d, p) was used in the calcula-
tion of the HOMO-LUMO energy gaps [37-41]. There is a
good agreement between the accuracy of the DFT method
used and the calculation time required in many studies. The
calculated band gaps in the two available oligomers were
compared. Next, the reliability of the given methodology to
estimate the polymer structure of the studied compound
was evaluated. Here, the main purpose of our DFT study is
to determine the properties of the polymeric structure over
small molecule groups.

In this work, we presented RAFT/MADIX agent design and
its usage in controlled radical polymerization. According to
our best knowledge, this is the first type of block copolymer
which was prepared by polymerization with poly (tetrahy-
drofuran) (PTHF) macro MADIX agent. A number of PS-b-
PTHF-b-PS triblock copolymers were prepared by CRP, and
a direct comparison of reaction kinetics was used. Also, in
this paper the analysis of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energies, the molecular electrostatic potential (MEP)
distribution of the molecule, the natural bond orbital (NBO)
analysis were used to explain the interaction between elec-
tron donors and receptors, as well as the Mulliken popula-
tion analysis of atomic charges of various molecular atoms.

SN Applied Sciences

A SPRINGER NATURE journal

2 Experimental
2.1 Materials

Poly tetrahydrofuran (PTHF) (average Mn ~ 1000 g/mol,
99% Sigma-Aldrich), carbon disulfide (CS,) 99% Merck),
potassium hydroxide (KOH) 85% Sigma-Aldrich), ben-
zoyl chloride (C4H;COCI) (99% Sigma Benzyl (Aldrich)
is a product of Styrene (St) (Sigma-Aldrich). 2,2.-Azobis
(isobutyronitrile) (AIBN) (%99 Sigma-Aldrich) was recrys-
tallized from toluene and stored in a refrigerator. Diethyl
ether (~99.5% Riedel-de Haen), Petroleum ether (99%
Riedel-de Haen), Sodium sulfate (Na,SO,) (99.5% Sigma),
Methanol (CH;0H) (~ 99% Emboy), Styrene (St) (> 99.0%
Sigma-Aldrich).

Gel Permeation Chromatography (GPC) has been car-
ried out WatersBreeze spectrometer and THF were used
as a solvent (1 mL/min). The system was calibrated with
polystyrene standards. FT-IR spectra were recorded of
the polymer films cast from CHCI; solutions, using a
Bruker Alpha-P spectrometer. NMR spectroscopy was
performed in indnii University. The devices are "H-NMR
BrukerAvance Il HD 600.134 MHz model and '*C-NMR
BrukerAvance Il HD 150.918 MHz. Differential scanning
calorimetry (DSC) analysis has been performed at a
heating rate of 10 °C min~' in the temperature range
of 25-500 °C under the nitrogen flow of 100 mL min™'
simultaneous DSC analyzer using DSC-60 SHIMADZU.

2.2 Synthesis of polytetrahydrofuran macro
xanthate/MADIX agent

The controlled radical polymerization technique was
applied. MADIX agent was used as azo initiator, benzene
as a solvent, and styrene as a monomer. 40 g PTHF and
15 mL benzene were added into the glass balloon and
left under stirring until completely dissolved. After add-
ing 0.08 mol of KOH to the solution, the mixture was
stirred for 7 h on a magnetic stirrer. Then, 0.08 mol (5 mL)
of carbon sulfide CS, which has a density of 1.21 g/cm?,
was added into the balloon. The mixture was left under
reflux with stirring for 18 h at room temperature. The
reaction is given in Scheme 1. The obtained mixture
was added to 0.08 mol of benzoyl chloride. A yellowish
brown color was observed.

The reaction mixture was filtered and the filtrate was
evaporated using a rotary vacuum evaporator at 40 °C
for 45 min. The residue was precipitated in a mixture of
50% diethyl ether-50% petroleum ether. After waiting
1 day in the freezer, the solvent was decanted. The pre-
cipitate was left on the oven (7-8 h). The difunctional
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Scheme 1 Synthesis of PTHF
Macro Xanthate/MADIX agent.
(Reaction time; 18 h, reaction
temperature at room tempera-
ture and used compounds;

40 g PTHF, 15 mL benzene,
0.08 mol KOH, 0.08 mol (5 mL)
CS,, 0.08 mol benzoyl chloride)

HOMOH + CS, + KOH

under reflux with stirring for
18 hours at room temperature

ﬁ
+Ks—c—o/(\/\ %C—SIC

0
N\
Nc-cl

(1)

PTHF Macro Xanthate/MADIX agent

double-ended macro xanthate MADIX agent was dried
in a vacuum oven. 46.3 g of the product was obtained
in 85% yield. The molecular weight of the PTHF Macro
Xanthate/MADIX agent is 1362 g/mol. FT-IR (cm™"): 2937
(Ar-H), 2852 (CH,-CH,), 1721 (C=0), 1499, 1453 (Ar),
1206 (C=S), 876 (C-S) (Fig. S2). "H NMR (600.134 MHz,
CDCl5): 6 (ppm) 7.87-7.16 (m, 5H, aromatic), 3.73-3.33
(m, 6H, (CH5CH,0)), 1.73 (m, 2H, (CH,CH,CH,)), 1.63
(s, 9H, (OCH,CH,)), 0.66 (t, 2H, SCH,CH,) (Fig. S4). '3C
NMR (150 MHz, CDCl5): 6 (ppm) 169 (C=S), 135 (C=0),
132-127.69 (aromatic), 69.48 (-OCH,CH,), 39.46 (-SCO),
26.1 (-CH,CH,CH,) (Fig. S5).

2.3 Synthesis of poly(St-b-PTHF-b-St) triblock
copolymer

0.9384 g (7x10™* mol) compound 1 was dissolved in
10 mL benzene and then, 10 mL styrene was added to the
solution. The obtained mixture was divided into 2 mL solu-
tion and stirring bar for per tube. The mixture in the tube
was degassed by argon gas. The tube was tightly capped
with a rubber septum and was placed into a silicone oil
bath which thermostated at 60-65 °C. Reaction was car-
ried out for 5, 10, 15, 20, 25, 30, 40, 45 and 50 h. After the
polymerization, poly(St-b-PTHF-b-St) triblock copolymer
was isolated in 50-60 mL methanol. The obtained copoly-
mers were dried under vacuum at room temperature for
2 days to yield a white solid (Scheme 2).

The copolymer reaction is given in Fig. 1. FT-IR (cm™;
2937 (Ar-H), 2852 (CH,—CH,), 1721 (C=0), 1499, 1453 (Ar),
1206 (C=S), 876 (C-S) (Fig. S3). "H NMR (600.134 MHz,
CDCl5): 6 (ppm) 7.87-7.16 (m, 5H, aromatic), 6 (ppm)
6.87-6.56 m, (Graft-5H, aromatic) 5,2 (m, CH-Ar),
3.73-3.33 (m, 6H, (CH;CH,0)), 1.73 (m, 2H, (CH,CH,CH,)),
1.63 (s, 9H, (OCH,CH,), 0.11 (t, 2H, SCH,CH,) (Fig. S6).

3 Results and discussion

The most important goal of CRP techniques is to produce
polymer materials with low heterogeneity index [42].
The narrow molecular weight distribution is the ratio of
the molecular weight (M,,) by weight to the molecular
weight (M,)) by number (B < 1.1). Another conception in
the literature is polydispersity (PDI). Our PDI values var-
ied between 1.3 and 1.48.

The success of polymerization is that the calculated
molecular weight is close to the result of GPC analysis.
In our studies, a great deal of equivalence was found
between M, ., and M, pc. The GPC analyzes are given
in Fig. 1a. The differences are thought to be caused by
reaction conditions, initiator activity and impurities.

Theoretical molecular weights of block copolymers
can be calculated according to the following equation
[43]:
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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¢r, is the molec-
ular weight of MCTA. Styrene was polymerized with Pol-
ytetrahydrofuran (PTHF) macro MADIX agent (1298 g/
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mol). There are two important properties of the synthe-
sized MADIX agent: first it is difunctional and the chain
end bears a benzoyl chloride group. The polymerization
reaction was carried out with a molar ratio monomer/
MADIXagent/initiator [St]:[XCTA]:[AIBN]=1000:8:1.6. PS-
PTHF-PS block copolymers were obtained using a sym-
metric macro MADIX agent. GPC analyzes of the obtained
block copolymers were carried out. PDI-Mn-Time graphics
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were plotted in all polymerization data according to the
results obtained from GPC analysis. The GPC analyzes
are given in Fig. 1a. Also, Fig. S7, Fig. S8 and Fig. S9 show
GPC chromatogram PS-b-PTHF-b-PS triblock copolymers
(PTHP5), (PTHP7), and (PTHP9) respectively.

3.1 Mechanism of the politetrahydrofuran (PTHF)
reaction

The radical active center is formed using azobisisobutyron-
itrile containing azo initiator groups. The radical source of
the reaction occurs in the initiation step. The macro MADIX
agent radical is formed by the addition of monomers.

The function of the group-Z allows radical groups to
bind easily to the thiocarbonyl (C=S) bond, where Z is the
group of PTHF xanthate. The benzoyl group separates to
form a radical end. During the first step of the polymeri-
zation, the growing radical polymer is added to the thio-
carbonylthio [RSC (Z) =S ‘(1)] compound. Intermediate
radical R" and a polymeric thiocarbonylthio compound
are obtained.

The leaving group (-R’) formed at the end of the reac-
tion enters the reaction with one of the styrene monomers
present in the solution medium. Thus, another active poly-
mer chain is formed. The active chain obtained in this step
will be subjected to growth-fragmentation and stabiliza-
tion steps by itself. R-PS occurs as a result of adding the
monomer to the new radical (R).

The radical group on the growing macro-MADIX agent
and R-PS’ thiocarbonyl compounds reversibly interact. This
reversible reaction forms the equilibrium, the most basic
step of polymerization. It is so common in the traditional
radical polymerization that chain termination steps do not
occur in this system. Rapid equilibrium occurs with the
radical group of the active growing macro-MADIX agent
and R-PS. At the same time, due to the predominant effect
of thiocarbonylthio compounds, it provides equal oppor-
tunity for the growth of all chains and the production of
narrow molecular weight polymers. Therefore, the styrene
monomer was separated from the active growing chains.
A block copolymer of PS-PTHF-PS was obtained at the ter-
mination step (Scheme 3).

The indication of the completed control of MADIX
polymerization is the linear increase of the M -time
graph. During the polymerization, the molecular weight
increases proportionally to monomer consumption. Also,
it is desired that MADIX polymerizations have polydisper-
sity values close to 1. The reaction data are given in Table 1.

Considering the green colored marks according to
Fig. 1, it is seen that the PDI values are almost the same in
the copolymer reaction. Here they prove that controlled
reversible chain transfer has been working since the first
growth step. This result shows us that the molecular

weight distribution of the polymers obtained by MADIX
polymerizations is very narrow. PDI values of 1.21-1.44
obtained as a result of MADIX polymerization are the
expected values.

According to Fig. 1a the experimental and theoreti-
cal molecular weights of the synthesized copolymers are
compatible with each other. During the reaction, the %
efficiency increases linearly. The time-conversion effi-
ciency and time In[M]/[M] Fig. 1b were plotted using the
amounts of synthesized polymer and the values given in
Table 1.

The MADIX agent shows 1-2 ppm -CH, protons,
3.6-5 ppm -CH protons, and 7.5-8 ppm aromatics —-CH
protons in the "H-NMR spectra. In the "H-NMR spectra of
the block copolymers, the —-CH, protons in the polytet-
rahydrofuran structure is about at 1-2 ppm, the oxy-
bonded CH, protons in the polytetrahydrofuran structure
is between the 3-3.5 ppm, and the —CH protons in the
aromatic structure are between the 7.5 and 8 ppm. '3C-
NMR (CDCl,): In the ™3 C-NMR spectra of MADIX agent
shows —CH, groups is 23 ppm, solvent and —~CH, groups is
40 ppm, —-OCH groups is 75 ppm, The —-CH groups in the
aromatic ring is 130 ppm, the C=0 groups is 135 ppm, and
the C=S groups is 170 ppm. Comparison of experimental
and theoretical FT-IR spectra of PS-b-PTHF-b-PS triblock
copolymers (Fig. S11). Figure S1 shows FT-IR spectrum of
PTHF 1000.

The thermal properties of the synthesized polymers
are determined by DSC analysis. Temperature transitions
in a general DSC analysis of PS-b-PTHF-b-PS were given
in Fig. 2b and Fig. S10. While the melting chains in the
semi-crystalline structure are identified by the melting
point (T,,), the amorphous parts are characterized by the
glass transition temperature (T), which shows from glassy
(hard) behavior to the rubbery (soft) behavior of a polymer.
If the melting point value is exceeded, all crystal structures
of the polymer will melt and only the amorphous structure
will remain. Every thermoplastic polymer has a different
glass transition temperature as distinctiveness. Thermo-
plastic polymers have wide melting temperatures in addi-
tion to Tg. Unlike small molecules, polymers do not have
aregular molecular weight and cannot melt at a constant
temperature.

The thermal behavior of all polymers was measured by
DSC and reported in Fig. 2a. The glass transition tempera-
tures (Tg) of the polymers were calculated. While the glass
transition temperatures (Tg) were determined between
28 and 35 °C for PTHF block and, the melting tempera-
tures were obtained between 230 and 250 °C for Ps block
at Fig. 2b. Since the synthesized copolymer contains two
different blocks, glass transition and melting temperatures
are expected to differ according to the homopolymer
structures.
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Table 1 Numerical values of the reaction obtained as a result of styrene polymerization with PTHF-1000 MADIX agent

Exp. no Exp. code? Time (h) Substance  In [M]/[M]

M theoric (@/mol)  Mgpc (@/mol)®  PDIM,/M,  Efficiency (%)°

amount
1 PTHP, 48 03134 0.4228 16,532 35,591 1.44 3448
2 PTHP, 72 0.3430 0.4748 19,400 41,752 1.42 37.74
3 PTHP, 96 0.4272 0.6348 29,171 43,500 1.43 47.01
4 PTHP; 120 0.4410 0.6639 30,936 45,142 1.42 48.51
5 PTHP¢ 144 0.5757 1.0033 48,798 46,230 141 63.33
6 PTHP, 168 0.5154 0.8370 41,673 48,507 1.38 56.71
7 PTHPg 192 0.6439 1.2322 59,000 41,968 1.42 70.84
8 PTHP, 216 0.6614 1.3005 61,298 57,199 1.26 72.76

@Each polymerizations were performed in benzene using (PTHF 1000-MADIX agent)

bDetermined by means of GPC in THF eluent using polystyrene standards

Calculated by gravimetric results

a)

PS-PTHF-PS
Block Coplymer

P5- Mn= 45142 g/mol

A MwiMn=1,26

P6- Mn= 46230 g/mol

B) Mw/Mn=1,26

P7- Mn= 48500 g/mol

© Mw/Mn=1,23

300 400 500 600 l7.‘00' Y 900 " 10,00
Minutes

b)

DSC
mWimg

200¢

1.00¢

\ 10000 20000
T8 Temp [C]

Fig.2 Overall temperature transitions in GPC traces (a) and DSC analysis (b) of PS-b-PTHF-b-PS

3.2 Computational details
3.2.1 Ground state structural aspects

The Gaussian 09 W program package was used for the
theoretical calculations [44]. All calculations were per-
formed using a DFT study at the B3LYP/6-31G (d, p) basis
set [45]. The conformational structure of Avogadro ver-
sion 1.2 was checked for the preparation of the molecule.
However, it was used to visualize and tabulate the input
file prepared by the Gausviev program and the data gen-
erated after the calculation. The geometry optimization
of the synthesized molecule was performed as the first
step of the computational study. The lowest energy state

of the molecule was determined by the ground state. In
particular, it requires the sensitivity of the interaction
energy to change the shape of the molecule induced
by the movement of the core positions in general. The
molecular structure, vibration frequencies and energies
of the optimized geometries of poly (tetrahydrofuran)
were calculated by using the DFT method.

3.2.2 Geometry optimization

The optimized basic state structure of the poly (tetrahy-
drofuran) (PTHF-MADIX Agent) is given in Fig. 3. The
optimized parameters of the title molecules calculated
with B3LYP/6-31G (d, p) are listed in Table 2. Optimized
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Table 2 Theoretically derived bond lengths (A) and bond angles (°) of the molecule

Atom groups Bond lengths (A) Atom groups

Bond angles(®)

Atom groups Dihedral angles (°)

Trimer Hexamer Trimer Hexamer Trimer Hexamer
C18H19 1.092 1.092 H8-C2-C3 120.31 120.30 017-C14-513-C12 -32.90 -31.47
C18H20 1.093 1.093 H19-C18-017 108.14 108.23 C21-C18-017-C14 —155.10 -157.79
016C12 1.217 1.217 H20-C18-H19 109.50 109.45 C27-C24-C21-C18 -179.35 —179.68
3-C2 1.400 1.400 016-C12-513 122.82 122.83 C47-C44-043-C40 -178.42 —178.95
017-C14 1.337 1.336 3-C2-C1 119.77 119.78 C24-C21-C18-017 —186.65 —186.08
C12-C3 1.479 1.479 017-C14-S13 109.71 109.84 C50-C47-C44-043 -179.53 -179.54
C21-C18 1.526 1.525 C21-C18-017 104.41 104.34 043-C40-C37-C34 -179.19 -178.97
043-C40 1.458 1.456 C47-C44-043 106.23 106.66 C44-043-C40-C37 -180.13 -179.42
043-C44 1.455 1.456 C24-C21-C18 111.34 111.39 C18-017-C14-S13 —193.07 -192.14
017-C18 1.496 1.495 043-C40-C37 106.54 106.68 C14-513-C12-C3 -189.12 -189.79
S15-C14 1.681 1.681 C44-043-C40 11291 112.78 S$13-C12-C3-C2 -7.55 -7.25
S13-C14 1.846 1.845 C18-017-C14 120.23 120.17 016-C3-S13-C12 2.63 2.52
S13-C12 1.947 1.948 S$15-C14-017 128.70 128.64 S$15-513-017-C14 1.34 1.41

structural parameters such as bond length and bond
angle of all compounds are determined by the molecule’s
atomic numbering scheme. The B3LYP method has been
used in many studies on metallic-organic compounds and
verifies the linearity of the core and the planarity of the
environment with optimized structures. Optimized geom-
etries of the PTHF-MADIX Agent were calculated by two
methods and minimum potential energy was obtained.
Figure 3 shows the optimized structures of the molecule.
All bond lengths and bond angles in the phenyl rings are
in the normal range. The C-C bond distance for the PTHF-
MADIX agent is the same value as 1.40 A for the trimer
and hexamer. The C18-H20 bond was found to be 1.09 A.
All optimized bond lengths are the same in both trimer
and hexamer. When examining S-C bonds in MADIX agent,
according to Table 2, (S15-C14, S13-C14 and S13-C12)
bond lengths are 1.68 A, 1.84 A and 1.95 A, respectively.
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The aliphatic bond lengths are uniform throughout the
polymer chain. The O43-C40 trimer extends in the range
1.46 and the hexamer 1.45 A.

All C-C-C angles in the aromatic ring are between
111.34° and 119.06°. In the thio groups, S15-C14-017
was calculated as 128.70°. Optimized parameters of the
selected compounds of trimer and hexamer based on
B3LYP/6-31G (d, p) are given in Table 2.

3.2.3 Frontier molecular orbitals [HOMO-LUMO]

The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are located
at the outermost frontiers of the molecule [46-49]. Fron-
tiers molecular orbitals (FMO) are used to determine
the electronic and optical properties of the molecule.
While HOMO has an electron-donating character, the
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LUMO represents an electron retrieval character. There
is a critical dimension for the molecules that the closed-
shell state gives to the AFM (antiferromagnetic) ground
state. The appearance of the AFM state with the size
can be attributed to the reduced HOMO-LUMO cav-
ity for the closed-shell state. As the HOMO-LUMO gap
approaches zero, it makes the AFM state more stable by
electron-electron interaction. Increased HOMO-LUMO
clearance indicates increased stability. This increased sta-
bility can be explained by Clar’s rule of six; that is, stabil-
ity increases with the number of aromatic. The two rings
on the edges of the molecules increase the number of
hexes up to two, thus making the respective molecules
more stable. The critical dimension shows the view of the
AFM ground state and hence the difficulty in carrying
out a synthesis. This suggests that determining the criti-
cal dimension can indeed explain the synthesis difficulty
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Table 3 Electronegativity () and global electrophile (w) etc. values

Molecular parameters Trimer Hexamer
Eromo (V) —5.8943 -5.9028
Eumo (V) -2.1728 -2.1541

Energy gap (A) |Eyomo— ELumol 3.7215 3.7487
lonization potential (I = —E,;om0) 2.1728 2.1541

Electron affinity (A =—E, uo) 5.8943 5.9028
Electronegativity (y=(/ + A)/2) 4.0335 4.0284
Chemical potential (u=—( + A)/2) —4.0335 -4.0284
Chemical hardness (n=(/ — A)/2) 1.8607 1.8743
Chemical softness (S=1/2 n) 0.9303 0.9371

Electrophilicity index (w=p%/2 n) 43717 43290
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Fig.4 Visual and energy values of HOMO, and LUMO for trimer and hexamer shape of PTHF-MADIX Agent
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and therefore guide experimental efforts [50]. Figure 4
shows the visual and energy values of HOMO, HOMO_,,
LUMO and LUMO,, for the PTHF-MADIX Agent [51-53].
It is seen that LUMOs are mostly concentrated on sulfur
atoms. The HOMOs of all molecules have shifted towards
heterocyclic rings and some benzene rings.

The PTHF-MADIX agent is stable and provides
an efficient electron transfer. From Table 3, HOMO
—5.8943 eV-LUMO -2.1728 eV value for trimer and
HOMO -5.9028 eV-LUMO —2.1541 eV value for hexamer
were calculated. The energy difference between LUMO/
HOMO was calculated for the trimer and the hexamer and
found to be AE=3.7215 eV and 3.7487 eV respectively. In
the present study, the chemical potential (u) of the PTHF-
MADIX Agent was found to be 4.0335 and 4.0284 eV for
the trimer and the hexamer, respectively. The higher the
electronic chemical potential (absolute values), the less
stable or more reactive the compound. Various molecular
parameters are presented in Table 3; such as the electronic
chemical potential (u), the electronegativity (x), the global
electrophilic (w) the ionization potential (I) and the elec-
tron affinity (A) is calculated from LUMO and HOMO orbital
energies.

3.2.4 Molecular electrostatic potential surface

The determination of molecular activity and monitoring of
the structure on a single scale with the electrostatic poten-
tial map of the molecule is a very useful feature [54]. With
this map, it is possible to determine the electrophilic attack
and the direction of nucleophilic reactions, the hydrogen
bond affinity and many molecular sensitivities. Different
color codes are used when performing the MEP analysis
of the molecule [55]. Here, red, blue and green colors are
used and delocalization of the colors according to the
electronic density.

Fig.5 Molecular electrostatic
(MEP) maps of trimer and
hexamer structures of PTHF-
MADIX agent compound
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Here, the red electron-rich, blue electron deficiency and
the green offers neutral potential. In this study, the molec-
ular electrostatic potential (MEP) [40] maps were mapped
to the PTHF-MADIX agent as shown in Fig. 5. In the case of
the PTHF-MADIX agent, trimer and hexamer were exam-
ined. The electrostatic map, with red color around oxygen
atomes, is observed on both oxygen and thio carbonyl thio
polymer atoms. The absence of a clear blue indicates the
lack of a positive region. The hydrogen atoms (blue—green)
in the structure represent the positive charge. The green
color in both aromatic and aliphatic chain groups shows
an almost neutral potential.

3.2.5 Natural bond orbital (NBO) analysis

The natural bond orbital analysis is explored in the study
of the interaction between intramolecular and intermo-
lecular interactions with charge transfer and conjugate
interactions in both full and virtual orbital spaces [55-58].
NBO analysis was performed at DFT/B3LYP/6-31 G (d, p)
with Gaussian version. All orbitals belonging to the pres-
ence of intramolecular delocalization or hyperconjugation
were obtained by analysis. The analyzed results are given
in Table 4. In addition, the intramolecular charge transfer
of the m-electron increases the polarity of the molecule
and may be responsible for its NBO properties.

Intramolecular interactions are observed as an increase
in electron density (ED) in the (S-O) bonding orbitals
bonds. The electron density of the conjugated substi-
tuted bond (1.996 au) clearly shows a strong delocaliza-
tion. The occupancy rate of the mbonds is lower than the o
bonds and this provides more localization. Delocalization
of 0 (C2-C3) electrons in the ring and hyperconjugative
effect increases the stabilization of the molecule. C1-C6
m*, C4-C5 ni*, C12-016 i*, m bond indicates a strong con-
jugation of 17.64-23.44 kcal/mol.
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I;';'V‘*V‘t‘h:‘f?c'ﬁf‘::ggnf‘gf:x:? NBO()  Type ED/e  NBO() Type ED//e  E*(Kcal/mol) E()-EGQ)®(@u) F(jC (a.u)
and non-Lewis orbitals using Q-3 o 197,507 C1-C2  o* 001644 293 1.29 0.055
m:f; LYP/6-31 G (d, p) level of C1-H7  o* 001095 1.80 1.19 0.041
C2-H8  o* 00139 134 119 0.036
C3-C4  o* 002435 453 127 0.068
C3-C12  o* 006128 228 114 0.046
C4-HO  o* 001498 154 1.20 0.038
C12-016 o* 001082 153 123 0.039
m 163564 C1-C6 m* 001653 17.64 0.28 0.063
C4-C5  m 028845 20.09 0.28 0.068
C12-016 m* 020508 23.44 024 0.070
C2-H8 o 197809 C1-C2 o* 001644 135 111 0.035
C1-C6  o* 001653 290 1.10 0.050
C2-C3  o* 002521 148 1.09 0.036
C3-C4 o 002435 342 1.08 0.054
S13-C14 o* 009327 096 0.64 0.022
C4-C5 o 197916 C3-C12 o 006128 258 114 0.049
C12-513 o 197404 C3-C4 o 002435 262 111 0.048
C3-C12  o* 006128 063 0.98 0.022
C12-513 o* 020193 081 0.61 0.021
$13-C14 o 009327 082 0.66 0.021
C14-515 o* 010070 079 0.75 0.022
C14-S15 m* 008567 170 0.51 0.029
C14-017 o* 002435 0.89 0.85 0.025
C12-016 o 199719 C2-C3 o 002521 0.86 1.70 0.034
C3-C12  o* 006128 072 157 0.031
C12-016 n 198172 C2-C3  m* 002521 4.90 0.41 0.044
$13-C14 o 197931 C3-C12 o 006128 057 1.05 0.022
017-C18 o* 003829 3.40 0.80 0.047
C14-515 o 198084 C14-S15 o* 010070 095 0.85 0.026
C14-S15 m* 035867 3.36 0.62 0.045
m 197425 C12-§13 o* 020193 1.2 041 0.020
C14-S15 o* 010070 292 0.55 0.036
C14-S15 m* 035867 807 031 0.049
017-C18 o 197978 S$13-C14 o* 009327 3.1 0.87 0.047
C21-C24 o* 001284 179 114 0.040
C18-H19 o 198814 017-C18 o*  0.03829 0.88 0.70 0.022
C21-H22 o* 001400 1.88 0.99 0.038
C18-H20 o© 198838 017-C18 o* 003829 1.24 0.70 0.027
C18-C21 o* 001425 051 0.90 0.019
C21-H23 o* 001239 2.10 097 0.040
C40-H41 o 198755 C37-H39 o* 001260 2.09 0.98 0.040
C37-C40 o* 001484 052 0.90 0.019
C40-043 o* 003982 1.1 0.71 0.025
C40-H42 o 198732 C37-H38 o* 001251 209 0.98 0.040
C40-043 o* 003982 1.3 0.71 0.024
C40-043 o 198481 (34-C37 o* 001476 170 114 0.039
C44-545 o* 031954 065 0.75 0.021
C44-545 m 009590 274 0.98 0.047

?E(2) means energy of hyper conjugative interaction (stabilization energy)
PEnergy difference between donor and acceptor i and j NBO orbitals
F(i, j) is the Fock matrix element between i and j NBO orbitals
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4 Conclusion

In conclusion, the usability of the xanthate group MADIX
agent, which contain polytetrahydrofuran (PTHF) (M
1000 g/mol) polymer block, was investigated in styrene-
controlled polymerization and, the spectroscopic charac-
terization of the MADIX agent was performed. The better
control range was obtained by changing the MADIX agent/
monomer/initiator ratio. The theoretical study of the trimer
and hexamer of the synthesized polymeric macro MADIX
agent was optimized using the DFT/B3LYP method with
the 6-31G (d, p) basis set. We have calculated the frontier
orbitals, MEP and thermodynamic properties. If the fron-
tier orbital energy gap of molecules is lower (were found
for trimer and hexamer and AE=3.7215 eV and 3.7487 eV),
makes the dipole moment and polarity values of the mol-
ecule more reactive and more polar. The existing quantum
chemical study can also play an important role in under-
standing the copolymer dynamics.
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