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Ersen GOKTURK*
Department of Chemistry, Faculty of Arts and Science, Hatay Mustafa Kemal University, Hatay, Turkey

Received: 14.05.2020 @  Accepted/Published Online: 01.07.2020 @  Final Version: 26.10.2020

Abstract: In this study, the catalytic activity and stability of flowerlike hybrid horseradish peroxidase (HRP) nanobiocatalyst (HRP-
Cu*) obtained from Cu** ions and HRP enzyme in the polymerization reaction of guaiacol were analyzed. We demonstrated that
HRP-Cu’* and hydrogen peroxide (H,0O,) initiator showed significantly increased catalytic activity and stability on the polymerization
of guaiacol compared to that of free HRP enzyme. Poly(guaiacol) was observed with quite high yields (88%) and molecular weights
(38,000 g/mol) under pH 7.4 phosphate-buffered saline (PBS) conditions at 60 °C with 5 weight% of HRP-Cu?* loading. HRP-Cu?*
also shows very high thermal stability and works even at 70 °C reaction temperature; free HRP enzyme denatures at that temperature.
Furthermore, HRP-Cu** provided considerable repeated use and showed some degree of catalytic activity, even after the fourth recycle,
in the polymerization of guaiacol.
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1. Introduction

Enzyme biocatalysts are used in many scientific and technological fields such as chemistry, biochemistry, and medicine
because of their high catalytic activity, selectivity, low toxicity, and water-soluble properties [1-7]. A variety of reactions
can be catalyzed by enzymes under milder conditions and enzymes indicate activity against certain substrates or functional
groups. For example, peroxidase enzymes achieve oxidation reactions of proton donor compounds with H,0, oxidizer/
initiator. Peroxidase enzymes, such as horseradish peroxidase (HRP), contain iron (Fe) ions in their active centers [8].
These enzymes are used for radicalic reactions/polymerizations. Aniline and phenol derivatives can be successfully
polymerized in the presence of HRP enzyme and H,O,. A variety of environmentally friendly polyaromatic structures can
be synthesized in high yields. In addition to that, peroxidase enzymes can also oxidize different electron donor compounds
including indoles, phenolic acids, and sulfates [9-16].

Peroxidase enzymes generally lose their activities at high reaction temperatures, acidic or basic conditions, and in
organic solvents [6,17]. In addition, enzymes cannot be easily isolated from the reaction mixture, and therefore it is not
easy to recycle enzymes for further reactions. These problems limit the use of enzymes in larger scale applications. To
overcome these restrictions, immobilization of enzymes on solid support has been developed. The principal attribute of
the immobilization method is to bind an enzyme on a support and limit its movement [18]. Immobilization of enzymes
provides increasing reusability and more stable and economical catalyst systems. However, catalytic activities of many
enzymes were lost after immobilization due to improper conformation and mass transfer restrictions between enzyme
and substrate [19,20]. In order to use enzymes efliciently, discovering a suitable immobilization support exhibiting higher
catalytic activities is very important in both commercial and scientific areas.

In recent decades, the nanoflower shaped nanobiomolecular catalysts, including immobilized enzymes, have been
discovered to increase catalytic activity and stability [21-24]. The reasons behind the increased catalytic activity and
stability of these nanoflower shaped immobilized enzymes are explained as 1) high surface area of nanoflowers, 2) less
mass-transfer restrictions, 3) proper conformation of the enzyme in nanoflowers [21,22]. Hybrid nanoflower shaped
biocatalysts were first discovered by Zare and coworkers [25]. They reported that the hybrid nanoflowers were produced
from protein (bovine serum albumin) and Cu?* ions. Hybrid nanoflowers obtained from the immobilization of enzymes
on metal ions exhibited higher catalytic activities and stability than the free enzymes [21]. Ocsoy and coworkers reported
that the catalytic activity of the hybrid nanobiocatalyst formed by the HRP enzyme and Cu** ions was quite high on the
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oxidation of guaiacol compared to using free HRP enzyme [26,27]. In addition, the aforementioned nanobiocatalyst was
reported to show very high stability and reusability in contrast to free HRP enzyme. In these studies, only catalytic activity
and stability of hybrid nanoflowers were examined, and no information related to the polymerization behavior of guaiacol
or oxidation product was given. Guaiacol is a phenol derivative obtained from lignin. Guaiacol is used for the production
of vanillin and as a building block for the synthesis of a variety of molecules [28]. Therefore, we believe that it is essential
to show the polymerization tendency of guaiacol by using HRP-Cu** hybrid nanoflowers.

2. Materials and methods

2.1. Materials

Methanol (Isolab, catalog# 947046), guaiacol (Sigma-Aldrich, catalog# W253200-1KG-K), pH 7.4 phosphate-buffered
saline (PBS, MP biomedicals, catalog# 2810305), hydrogen peroxide (Merck, catalog# 1.08597), and copper (II) sulfate
(CuSO,, Sigma-Aldrich, catalog#18304) were used. Horseradish peroxidase (HRP) enzyme was purchased from Sigma-
Aldrich (catalog#77332, lyophilized, powder, beige, ~150 U/mg) and used as received.

2.2. Characterization

'H and "C NMR analyses were carried out with a Bruker-Instruments-NMR DPX-400 spectrometer using the DMSO-d6
solvent. Thermogravimetric analysis was carried out with a Mettler-Toledo TGA/DSC 1 Star system instrument in nitrogen
atmosphere at the temperature changing from room temperature to 900 °C at a heating rate of 10 °C/min. The FT-IR
spectra were performed on a Shimadzu IRAffinity-1S spectrometer. A Shimadzu LC-20AD instrument with an internal
differential refractive index detector was used for gel permeation chromatography (GPC) analyses. Agilent PLgel mixed-B
column was used with HPLC grade N,N '-dimethylformamide (DMF) mobile phase at 1 mL/min flow rate. Polydispersity
polystyrene (PS) standards were used for calibration.

2.3. Preparation of HRP-Cu** hybrid nanoflowers

Firstly, 120 mM CuSO, solution was prepared in ultrapure water. CuSO, (60 uL) was blended with 9 mL of free HRP
enzyme solution (0.2 mg/mL concentration) in pH 7.4 PBS buffer. The obtained mixture was stirred for 5 min to allow
homogenization and was left to incubate for three days at +4 °C. After centrifugation, the blue precipitate was washed with
water to remove inert waste. The obtained nanoflowers were then dried and used for polymerization experiments [27].

2.4. Representative polymerization procedure
Guaiacol and HRP-Cu?* were mixed in 5 mL of a buffer solution. After that, the temperature of the mixture was adjusted
to the desired reaction temperature. The compound H,O, (70 uL, 34.5%-36.5%) was added to the resulting solution 15
times every 10 min to initiate the polymerization. At the end of the reaction, the precipitated polymer was centrifuged.
The obtained product was washed with water and methanol and dried at 60 °C [29,30]. The colors of the obtained products
were black.

Poly(guaiacol) formation (Table 1; entry 4) = 'H NMR (400 MHz, DMSO-d,) § ppm 2.50 (s,3H), 6.74 (m, 2H), 6.90 (dd,
1H), 8.90 (s, 1H). *C NMR (100 MHz, DMSO-d,) 6 ppm 55.9, 112.7, 115.9, 119.6, 121.3, 146.9, 148.1.

2.5. Reusability experiments for the polymerization of guaiacol
The reusability of HRP-Cu?* was determined by consecutive polymerization reactions of guaiacol. After each reaction, 0.1
mL of HCI (0.1 M) was added to the mixture. The polymer product was centrifuged and separated from the reaction. Then,
another run was started to monitor the next polymerization [31].

3. Results and discussion

The coordination between Cu?* ions and amide nitrogen atoms in the protein structure of HRP enzyme formed
complexes is the principal step for the formation of hybrid nanoflowers (HRP-Cu®*) [27]. The Figure 1 demonstrates the
morphology of the obtained nanoflowers using a scanning electron microscope (SEM). According to the SEM image of
the nanoflowers, the obtained particles are micrometer sized, but they have nanoscale characteristics [25,27]. Therefore,
the obtained catalyst was named a nanoflower. The formation of hybrid nanoflowers (HRP-Cu?*) from copper ions (Cu?*)
and horseradish peroxidase (HRP) enzyme increases the catalytic activity and stability due to 1) high surface areas of
the obtained nanoflowers, 2) favorable HRP conformation in HRP-Cu*', and 3) entrapped HRP. Entrapped horseradish
peroxidase enzyme with Cu?* ions can have more available active sites of HRP in the nanoflowers, and therefore, HRP-Cu?**
shows higher catalytic activity and stability in contrast to free HRP enzyme. Previously, it was reported that the activity of
HRP-Cu?*in the oxidation of guaiacol was found to be about 300% higher compared to the activity of the free HRP enzyme
[27]. Inspired by this work, we discovered that the potential utilization of HRP-Cu?* for the polymerization of guaiacol
means high efficiency, stability, and reusability under mild reaction conditions.
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Table 1. Polymerization of guaiacol by HRP-Cu**in the presence of H,0O,.

Entry® (}rlfgf;'cuﬂ MU oH [T (0) [Yield (%) | T, (°C) | T, (°C) | M, (g/mol) | B

1 5 7.4 30 38 231 766 19000 1.05
2 5 7.4 40 55 239 776 23000 1.40
3 5 7.4 50 67 240 824 34000 1.14
4 5 7.4 60 88 252 828 38000 1.09
5 5 7.4 70 47 231 655 34000 1.17
6 10 7.4 60 90 245 809 35000 1.14
7 15 7.4 60 92 238 799 34000 1.20
8 5 8.0 60 68 235 683 13000 1.03
9 5 7.0 60 55 226 678 19000 2.42
10° 5 7.4 60 31 224 576 9700 1.11
11¢ 5 7.4 60 13 184 508 6000 1.09

* All polymerizations were carried out with 100 mg of guaiacol in pH buffers in the presence of H,O..

b The reaction is conducted with a mixture of 4.5 mL of pH 7.4 PBS buffer and 0.5 mL of methanol.

¢The reaction is conducted with a mixture of 4.0 mL of pH 7.4 PBS buffer and 1.0 mL of methanol.

T : the reaction temperature, T, and T, : the temperatures at 90% and 50% residues, respectively. M, : the number average
molecular weight, D: heterogeneity index.

10 pym EHT = 25.00 kv Signal A = SE1 Date :24 Dec 2014 ® ernam
WD = 65mm

Mag= 324KX Chamber = 4.50e-005 Pa

Figure 1. SEM image of synthesized HRP-Cu** hybrid
nanoflowers.

The variable parameters including reaction pH, temperature, and the amount of HRP-Cu** were optimized for the
polymerization of guaiacol (Figure 2). All polymerizations were conducted in pH buffer solutions with the careful
optimization of the amount of the catalyst and guaiacol to obtain the best polymerization conditions. To address the
impact of the pH of the solution on the polymerization of guaiacol, we investigated three pH buffers: pH 7.0, 7.4, and 8.0
(Table 1). The results have shown that the optimum conditions for the polymerization of guaiacol were achieved in pH 7.4
phosphate-buffered saline (PBS). Polymerization attempts using pH 7.0 and 8.0 bufters (Table 1; entries 8 and 9) were also
successful, however, obtained yields for those polymerizations were lower than the ones for the polymerization carried out
in pH 7.4 PBS buffer.

The impact of reaction temperatures and the amount of HRP-Cu?* on the polymerization of guaiacol in pH 7.4 buffer
were also investigated. When the polymerization was carried out with 5 weight% of catalyst loading at 60 °C in the presence
of H,0,, the highest yield product (88%) was observed (Table 1; entry 4). Horseradish peroxidase is known to be thermally

1287



GOKTURK / Turk ] Chem

deactivated at temperatures around 60 °C due to the denaturation of the enzyme [32-34]. However, the highest yielded
polymerization of guaiacol with HRP-Cu?* was achieved at 60 °C. According to the findings, HRP-Cu** hybrid nanoflowers
still work even at 70 °C reaction temperature (Table 1; entry 5). This achievement provides using HRP-Cu** for oxidative
polymerization reactions carried out at higher reaction temperatures. The optimum polymerization of guaiacol with 88%
yield and 38,000 g/mol molecular weight was accomplished in pH 7.4 buffer at 60 °C with 5 weight% of HRP-Cu**loading
(Table 1; entry 4). Increasing the amount of HRP-Cu** slightly increased the yield of the product (Table 1;entries 6 and 7),
but the molecular weights of the obtained polymers were almost the same as the ones obtained under the conditions given
in entry 4 in Table 1. Due to the high cost of HRP enzyme, the optimum HRP-Cu?* concentration was determined to be
5% by weight of guaiacol. The effect of the addition of an organic solvent to the reaction medium on the polymerization
yield and molecular weight of the obtained product was also investigated (Table 1; entries 10 and 11). The stability of
HRP-Cu?* was aimed to be determined by adding some amount of water-miscible organic solvents to the reaction media,
because HRP enzyme is known to denature in organic solvents [15]. Polymerization performed using a mixture of 4.5
mL of pH 7.4 PBS buffer and 0.5 mL of methanol (Table 1; entry 10) under 60 °C reaction temperature with 5 weight
% of catalyst loading showed a dramatic decrease in the yield (31%) and molecular weight (9700 g/mol) of the obtained
polymer. Further increase in the amount of methanol to 1.0 mL with 4.0 mL of pH 7.4 PBS buffer under the same reaction
conditions (Table 1; entry 11) resulted in losing a considerable degree of the catalytic activity of HRP-Cu** and gave a
polymer with 13% yield and 6000 g/mol molecular weight (see Supplementary information for GPC data).

The structure of the resultant polymer (Table 1; entry 4) was studied by FI-IR, 'H, and” C NMR spectra. To
understand the structure of the resulting product, '"H NMR analysis was first investigated for polymer entry 4 in
Table 1 (Figure 3). According to 'H NMR spectrum of the obtained product, methyl proton signals of the methoxy
group in the polymer structure appeared as a singlet peak at 3.74 ppm. The expected chemical shifts for the aromatic
protons of the product were observed at 6.74, 6.90, and 8.90 ppm, which confirmed the structure of poly(guaiacol).
The proton of the phenolic -OH was not detected in the 'H NMR analysis of the product, suggesting that

OH o—
OMe hCu-NFs, H,0, OMe OMe
pH buffer, heat

Figure 2. Polymerization of guaiacol by HRP-Cu?* hybrid nanoflowers and H,0, (hCu-NFs= HRP-Cu*").
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Figure 3.' H NMR spectrum of the product (Table 1; entry 4).
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—-OH protons of the product probably interacted with DMSO-d6 to exchange hydrogen and deuterium atoms [35].
Therefore, -OH protons of the product disappeared in the 'H NMR spectrum of the product.

Figure 4 displays the *C NMR spectrum for the obtained poly(guaiacol) (Table 1; entry 4). The presence of the methyl
carbon of methoxy group can be recognized at §= 56 ppm. The peaks observed between 112.7-148.1 ppm can be assigned
as aromatic carbons of obtained poly(guaiacol). The *C NMR spectrum confirmed that the obtained product had a perfect
agreement with the expected poly(guaiacol) structure.

Following these results, we evaluated the FT-IR analysis of guaiacol and poly(guaiacol) (Table 1; entry 4) to confirm
the occurrence of polymerization (Figure 5). An absorption band that appeared around 1650 cm™ in the FT-IR spectrum
of the product was probably related to the formation of a benzoquinone type structure in the backbone. -OH stretching
vibrations of guaiacol and the product were clearly matching around 3400 cm™. The absorption bands at 817 and 848
cm™ in the FT-IR spectrum of the product were attributed to 1,2,4-trisubstituted benzene ring formation in the polymer
structure [36]. These peaks verified that polymerization was propagated through ortho-ortho or ortho-para couplings of
guaiacol and verifying the formation of phenylene/oxyphenylene repeat units.

_148.08
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Figure 4. C NMR spectrum of obtained poly(guaiacol) (Table 1; entry 4).
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Figure 5. FT-IR spectra results of guaiacol and poly(guaiacol) (Table 1; entry 4).
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Thermogravimetric analysis was also performed to analyze the thermal stabilities of the obtained products. According
to the literature, 10% weight losses of poly(guaiacol) synthesized from manganese based catalysts were reported to be
between 100-200 °C, and 41% of initial weights of those products were found to remain after pyrolysis under nitrogen
atmosphere [36,37]. According to TGA thermograms, the obtained polymers synthesized from an HRP-Cu?* hybrid
catalyst have shown considerably higher thermal stabilities under nitrogen atmosphere (see Supplementary information
for TGA data). The polymer obtained from Table 1, entry 4 conditions started to decompose around 200 °C and lost 10%
and 50% of its initial weight at 252 °C and 828 °C, respectively. Pyrolysis residue (carbonaceous char) of the poly(guaiacol)
(Table 1; entry 4) was found to be 48% at 900 °C. Since poly(guaiacol) has a long conjugated polyaromatic backbone, the
obtained products demonstrated very high thermal stabilities.

Polymerization of guaiacol was also performed using free HRP enzyme in order to detect differences between activities
of free HRP enzyme and HRP-Cu**. The polymerization results of guaiacol by free HRP enzyme in the presence of H,0O,
are summarized in Table 2. The optimum polymerization of guaiacol with 51% yield and 9600 g/mol molecular weight was
accomplished with 5 weight% of HRP enzyme in pH 7.4 PBS buffer at 30 °C (Table 2; entry 13). Increasing the reaction
temperature to 40 °C (Table 2; entry 14) resulted in a decrease of the polymerization yield (35%) since HRP is sensitive to
heating and it denatures around 60 °C [32-34]. Enhancing HRP concentration to 10 weight% (Table 2; entry 15) slightly
increased the yield (53%) and molecular weight (10,800 g/mol) of the product. However, the addition of 15 weight% of
HRP (Table 2; entry 16) resulted in a small increase of the yield (56%) and a decrease of the molecular weight (8400 g/
mol) of the product compared to the conditions of entry 15 in Table 2. Since HRP is a very expensive enzyme, 5 weight%
of HRP was decided to be in an optimum concentration in the polymerization of guaiacol (Table 2; entry 13). According to
the obtained results, HRP-Cu?* was decided to have higher catalytic activity and stability in the polymerization of guaiacol
compared to free HRP enzyme. Polymerization of guaiacol carried out with HRP-Cu?* gave poly(guaiacol) with higher
yield and molecular weight compared to the free HRP enzyme. HRP-Cu?®* catalyst exhibited higher stability at reaction
temperatures of 60 °C and above, and it did not undergo denaturation in contrast to free HRP enzyme.

To examine the reusability of HRP-Cu*, consecutive polymerizations of guaiacol were performed under pH 7.4 PBS
buffer with 5 weight% HRP-Cu?* loading at 60 °C (Table 3). After each polymerization, the precipitated product was

Table 2. The polymerization results of guaiacol by free HRP enzyme and H,O,.

Entry?* HRP (mg) TP (°C) Yield (%) T, (°C) | T, (°C) | M, (g/mol) D

12 5 25 16 287 750 6000 1.09
13 5 30 51 296 780 9600 1.13
14 5 40 35 295 756 8000 1.08
15 10 30 53 273 763 10800 1.02
16 15 30 56 289 765 8400 1.04

* All polymerizations were conducted with 100 mg of guaiacol in pH 7.4 PBS buffer in 24 h under in
open-air conditions.

T : the polymerization temperature, T, and T, : the temperatures at 90% and 50% residues, respectively.
M_: the number average molecular weight, D: heterogeneity index.

Table 3. Reusability of HRP-Cu** in the polymerization of guaiacol.
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Entry* Recycle No Yield (%) M, (g/mol) D
17 Run 2 54 14000 1.29
18 Run 3 21 6000 1.10
19 Run 4 8 2900 1.13
20 Run 5 0 -

* All polymerizations were carried out with 100 mg of guaiacol, 5 mg
of HRP-Cu**and H,O, in pH 7.4 PBS buffer at 60 °C under in open-
air conditions.
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centrifuged and separated from the reaction media. After that, another run was started up with the addition of guaiacol to
the reaction media to see polymerization yield and molecular weight. The second run (Table 3; entry 17) showed that the
activity of HRP-Cu** was similar to the first run (Table 1; entry 4). Polymerization yield was 54% and the number average
molecular weight (M) of the obtained product was 14,000 g/mol. HRP-Cu** still showed some activity in the third run, and
gave poly(guaiacol) with 21% yield and 6000 g/mol molecular weight (Table 3; entry 18). The HRP-Cu** hybrid nanoflowers
showed slight catalytic activity even in the fourth run and gave a polymer with 8% yield with 2900 g/mol molecular weight
(Table 3; entry 19). However, no product was observed after the fourth run. HRP-Cu** probably lost its catalytic activity due
to the denaturation of HRP in nanoflowers and the deformation of nanoflower shapes of HRP-Cu?** after each run.

4. Conclusion

In conclusion, HRP-Cu®* obtained from the complexation between HRP enzyme and Cu?* ions exhibited enhanced
catalytic activity and stability in the polymerization reaction of guaiacol compared to that of free HRP enzyme. Optimum
polymerization of guaiacol was accomplished in pH 7.4 PBS buffer at 60 °C with 5 weight% of HRP-Cu**loading in the
presence of H,O, and resulted in poly(guaiacol) with 88% yield and 38,000 g/mol molecular weight. Polymerizations using
HRP-Cu?* exhibited poly(guaiacol) with higher yield and molecular weight compared to using the free HRP enzyme. HRP-
Cu* hybrid nanoflowers also exhibited higher stability at 60 °C and higher reaction temperatures and did not undergo
denaturation in contrast with free HRP enzyme. Furthermore, HRP-Cu?* showed some degree of catalytic activity even
after the fourth recycle and can be efficiently used for oxidative polymerizations.
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Supplementary information

Thermogravimetric Analysis

Aexo 2-PR-2018-27-TGA-BLANK-25-900-10-DERECE-AZOT 01.11.2018 10:09:41

mg |

‘] \" Sample: 2-PR-2018-27-TGA, 8,3941 mg
Residue 90,04@\

7,581 mg \\
6 Inflect. Pt. 230,85 °C —_—

| Midpoint 230,44 °C Residue 44,9774 %
e — 3,7754 mg
41 e

Residue 50,0229 %

4 4,1990 mg

Inflect. Pt. 765,52 °C

2 Midpoint 765,52 °C

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 °C

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 min
Lab: METTLER STAR® SW 12.10

Figure S1. TGA Thermogram of polymer 1 (Table 1, entry 1).

Aexo 2-PR-2018-26-TGA-BLANK-25-900-10-DERECE-AZOT 01.11.2018 10:11:42
mg '\
) \_" Sample: 2-PR-2018-26-TGA, 3,8621 mg
1 Residue 90,0371?\
3] 3,4773 mg \
. Inflect. Pt. 239,28 °C —
- Midpoint 238,31 °C — Residue 43,3769 %
) 1 —- 1,6752 mg
] Residue 50,1294 %
4 1,9360 mg
E Inflect. Pt. 776,28 °C
17 Midpoint 776,74 °C
04
450 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 °C
Firtrbpiptpipilpbpipptrbybp iyl gty gty bttty byt gLttty

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 min
Lab: METTLER STAR® SW 12.10

Figure S2. TGA Thermogram of polymer 2 (Table 1, entry 2).

Aexo
mg Sample: 2-PR-2018-45-TGA, 3,7678 mg
\
1 —
)] Residue 90,0419 %
] 3,3926 mg
] Inflect. Pt. 240,06 °C \~\
i Midpoint 240,67 °C — Residue 48,4217 %]
] Residue 50,0654 %
i 1,8864 mg
] Inflect. Pt. 824,46 °C
1 Midpoint ~ 822,68 °C
%7 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 °C
; ! ! L : ! X : ? X ? X ) L ! X ; 3
R L R R L E
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 min
Lab: METTLER STAR® SW 12.10

Figure S3. TGA Thermogram of polymer 3 (Table 1, entry 3).



GOKTURK / Turk ] Chem

Aexo 2-PR-2018-37-TGA-BLANK-25-900-10-DERECE-AZOT 01.11.2018 10:15:58

] Sample: 2-PR-2018-37-TGA, 3,3381 mg

-\“

34 \?\\\

’ Residue 90,0868 %

1 3,0072 mg -

] Inflect. Pt, 251,63 °C \

I Midpoint 252,85 °C Residue 47,6657 %
\ 1,5911 mg

Residue 49,9990 %

| 1,6690 mg
5 Tnflect. Pt. 828,38 °C
Midpoint 828,89 °C

1 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 °C

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 min
Lab: METTLER STAR® SW 12.10

Figure S4. TGA Thermogram of polymer 4 (Table 1, entry 4).

Aexo 2-PR-2018-40-TGA-BLANK-25-900-10-DERECE-AZOT 01.11.2018 10:07:16
mg |
4; Sample: 2-PR-2018-40-TGA, 4,2961 mg
] Residue 90,1091 %
] 3,8712 mg
3 Inflect. Pt. 231,15 °C \\\
] Midpoint 231,60 °C T
A — Residue 36,5171 %
2] Residue  50,0952% - 1688 Mg
] 2,1521 mg s
1 Inflect. Pt. 654,99 °C
1 Midpoint 655,46 °C
o
| 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 °C
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8 min

Lab: METTLER STAR® SW 12.10

Figure S5. TGA Thermogram of polymer 5 (Table 1, entry 5).

~exo 2-PR-2018-47-TGA-BLANK-25-900-10-DERECE-AZOT 09.07.2019 16:21:22

mg
Sample: 2-PR-2018-47-TGA, 7,3241 mg

Step -0,2954 % !
-21,6365€-03 mg
6 Residue 90,1164 %

6,6002 mg
Inflect. Pt. 244,67 °C
Midpoint 243,30 °C

Step -21,1397e-03 %
-1,5483-03 mg
Residue 50,0077 %
3,6626 mg
Inflect. Pt. 809,89 °C
Midpoint 809,56 °C

3] Residue 46,6639 %
3,4177 mg
2
1
R 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850  °C
T s ]
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85min
Lab: METTLER STAR® SW 12.10

Figure S6. TGA Thermogram of polymer 6 (Table 1, entry 6).
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Aexo 2-PR-2018-32-TGA-BLANK-25-900-10-DERECE-AZOT 09.07.2019 16:15:29
mg
Sample: 2-PR-2018-32-TGA, 1,5191 mg
16
14
Step -0,3388 %
-5,1459e-03 mg
1.2 Residue 90,0534 %
1,3680 mg Step -0,1877 %
Inflect. Pt. 237,87 °C 2,8507e-03 mg
1,0 Midpoint 237,58 °C Residue 50,0589 %
0,7604 mg
Inflect. Pt. 801,14 °C
08 Midpoint 799,63 °C
06
Residue 42,2882 %
04 0,6424 mg
02
0071 50 100 150 200 250 300 350 400 450 500 55 600 650 700 750 800 80  °C
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85min
Lab: METTLER STAR® SW 12.10

Figure S7. TGA Thermogram of polymer 7 (Table 1, entry 7).

rexo 2-PR-2018-25-TGA-BLANK-25-900-10-DERECE-AZOT 01.11.2018 10:13:25
mg'_
Sample: 2-PR-2018-25-TGA, 4,7091 mg
4]
Residue 90,1996 %
4,2476 mg
Inflect. Pt. 234,95 °C
3] Midpoint 235,61 °C

Residue 38,8919 %
1,8315 mg

2] Residue 50,0496 %
2,3569 mg T+

Inflect. Pt. 682,59 °C

Midpoint 682,40 °C

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 °C
sl NI L M Laaaa Lo Lo y
T

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 min
Lab: METTLER STAR® SW 12.10

Figure S8. TGA Thermogram of polymer 8 (Table 1, entry 8).

Aexo 2-PR-2018-44-TGA-BLANK-25-900C-10DERECE-N2 25.01.2019 15:22:18
mg ]| Sample: 2-PR-2018-44-TGA, 5,7998 mg
> Residue 90,1200 % \\
b 5,2268 mg —
47 Inflect. Pt. 226,42 °C ——
] Midpoint 224,98 °C T
] \ Residue 40,6762 %
34 \_‘\\ 2,3591 mg
1 Residue 50,0365 % \*_
B 2,9020 mg
27 Inflect. Pt. 678,08 °C
1 Midpoint 678,51 °C
17
150 100 150 200 250 300 35 400 450 500 550 600 650 700 750 800 850 °C
bbb bbbkttt by
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 min
Lab: METTLER STAR® SW 12.10

Figure S9. TGA Thermogram of polymer 9 (Table 1, entry 9).
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Aexo 2-PR-2017-42-TGA-BLANK-25-900C-10DERECE-N2 24.01.2019 10:49:39
mg -| Sample: 2-PR-2017-42-TGA, 4,9748 mg
T
4] Residue 90,3272 %\'\\
h 4,4936 mg
1 Inflect. Pt. 224,20 °C T
3 Midpoint 222,35 °C \\‘\
N \\+\
2: Residue 50,0613 % i
E 2,4904 mg
: Inflect. Pt. 575,66 °C Residue 37,4932 %
1] Midpoint 573,88 °C 1,8652 mg
07 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 °C
Mot e b e b e b b e b e o b v b e e b o e e b e b v b b b e b e e N
T T T T T T T T T T T T T it T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 min

Lab: METTLER STAR® SW 12.10

Figure S10. TGA Thermogram of polymer 10 (Table 1, entry 10).

Aexo 2-PR-2017-3-BLANK-25-900-10-DERECE-AZOT 01.11.2018 10:53:57
mg 1

4 Residue 90,0958 %
4,4823 mg
Inflect. Pt. 184,39 °C

3] Midpoint 183,72 °C \\

2] Residue 50,2377 % Residue 22,9291 %

0-

Sample: 2-PR-2017-3, 4,9751 mg

~—
2,4994 mg ™ 1,1407 mg

Inflect. Pt. 507,81 °C -

Midpoint 508,26 °C \\qﬁ-

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 °C

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 min

Lab:

Fi

METTLER STAR® SW 12.10

gure S11. TGA Thermogram of polymer 11 (Table 1, entry 11).

Aexo 2-PR-2018-55-TGA-BLANK-25-900-10-DERECE-AZOT 01.11.2018 09:53:14
me4_ Sample: 2-PR-2018-55-TGA, 3,3231 mg

] T

3 S
i Residue 90,0127 % \
i 2,9912 mg
i Inflect. Pt. 287,42 °C I

24 Midpoint 286,24 °C T

Residue 40,2987

1,3302 m
Residue 50,0187 %
1,6622 mg

14 Inflect. Pt. 750,28 °C
R Midpoint 751,56 °C

4 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 °C
A I L T NS ST I A S SR
T T T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 min

Lab:

METTLER STAR® SW 12.10

Figure S12. TGA Thermogram of polymer 12 (Table 2, entry 12).
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rexo 2-PR-2018-51-TGA-BLANK-25-900-10-DERECE-AZOT 01.11.2018 09:51:42
mg - Sample: 2-PR-2018-51-TGA, 3,3261 mg
—
3- T
] Residue 90,0557 %
2,9953 mg
7 Inflect. Pt. 296,09 °C -
] Mi i 296,16 °! —
2 idpoint 296,16 °C — Residue 43,3460 %
il — 1,4417 mg
] Residue 50,0032 %
- 1,6631 mg
1] Inflect. Pt. 779,70 °C
J Midpoint 779,58 °C
0- 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 °C
LR T ST ST S T T AT AT AT TS ST SR ST SR
T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 min
Lab: METTLER STAR® SW 12.10

Figure S13. TGA Thermogram of polymer 13 (Table 2, entry 13).

Aexo 2-PR-2018-57-TGA-BLANK-25-900-10-DERECE-AZOT 01.11.2018 10:04:09
mg |
| Sample: 2-PR-2018-57-TGA, 3,2301 mg
[
3] \Y\
] Residue 90,0877 % ™
2,9099 mg \
] Inflect. Pt 294,73 °C -
5 Midpoint 294,73 °C — Residie 413007 1
4 —_— esidue ’ o
i T 1,3340 mg
| Residue 50,0572 %
R 1,6169 mg +
n Inflect. Pt. 755,55 °C
i Midpoint 755,86 °C
0], 50 100 150 200 250 300 350 400 450 500 S50 600 650 700 750 800 850 °C
0 5 10 15 20 25 30 35 40 45 S50 55 60 65 70 75 8  min
Lab: METTLER STAR® SW 12.10

Figure S14. TGA Thermogram of polymer 14 (Table 2, entry 14).

Aexo

2-PR-2018-53-TGA-BLANK-25-800-10-DERECE-AZOT 01.11.2018 09:49:29

] Residue 90,0181 %
1,54 1,7905 mg \
b Inflect. Pt. 273,19 °C

1,0 .
i Residue 50,0266 % \
0,9951 mg
J Inflect. Pt. 762,85 °C
0,5 Midpoint 762,84 °C
0,0-

Sample: 2-PR-2018-53-TGA, 1,9891 mg

\

| Midpoint 272,31 °C \ Residue 39,0170 %
] — 0,7761 mg
—

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 °C
A i i AR

AR AR A T R I R A AP AN AT IR R AT EN SN EN AV RN R
T T L A R T T T LI i B R T

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 min

Lab: MI

ETTLER STAR® SW 12.10

Figure S15. TGA Thermogram of polymer 15 (Table 2, entry 15).
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exo
mg ] Sample: 2-PR-2018-31-TGA, 3,3278 mg

—————

3- T
g Residue 90,1881 %

3,0013 mg \
Inflect. Pt. 288,92 °C ~_

: Midpoint 287,50 ©

2 idpoint - 287,50 °C T Residue 41,7367 %
- — 1,3889 mg
] Residue 50,04m\
| 1,6655 mg +

- Inflect. Pt. 765,28 °C
i Midpoint 766,19 °C

97 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 °C
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80  min

Lab: METTLER STAR® SW 12.10

Figure S16. TGA Thermogram of polymer 16 (Table 2, entry 16).

Gel Permeation Chromatography

mV
Detector A

# Humber Ave. M| Weight Ave. M. |Z Ave. M.W. (Mz| Z+1 Ave. M.W. ( | Viscosity Ave. Mw/Mn Mv/Mn MzMw Intrinsic Viscos|

%

Total 19148 20151 21288 22551 0 1.05238 0.00000 1.05642 1.00000
1 19148 20151 21288 22551 a 1.05239 0.00000 1.05642 1.00000

Figure S17. GPC chromatogram of polymer 1 (Table 1, entry 1).

100.0000
100.0000
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mv
etector A Ch1
7.54

7.04
6.5
6.0]
5.5
5.0

457

0.5]
1.0
1.59
0.0 2‘5 5‘0 7‘5 10‘0 12‘5 15‘0 17‘5 min
# Humber Ave. M| Weight Ave. M. [Z Ave. MW. (Mz| Z+1 Ave. MW. ( | Viscosity Ave. Mw/Mn Mv/Mn MzMw Intrinsic Viscos| %
Total 23286 32684 52450 54941 1) 1.40358 0.00000 1.60475 1.00000 100.0000
1 23286 32684 52450 84941 0 1.40358 0.00000 160475 1.00000 100.0000

Figure S18. GPC chromatogram of polymer 2 (Table 1, entry 2).

v
25-Defestor A CHT
20]
18]
10]
5]
/\p——v—/\ L
U F
5]
104
15
20]
T T T 7 ’ T T T ; i
00 10 20 30 40 50 60 70 80 90 100 min
# [Humber Ave. M| Weight Ave. M. [Z Ave. MW. (Mz| Z+1 Ave. MW. (| Viscosity Ave. | Mw/Mn MM MzMw__[Intrinsic Viscos %
Total 286726 1026727 1972730 3021058 0 358086 0.00000 192138 1.00000 1000000
1 506851 1096030 1977489 3021218 0 1.80801 0.00000 1.80421 1.00000 934474
2 33640 38391 43229 47722 0 114122 0.00000 112601 1.00000 65526

Figure S19. GPC chromatogram of polymer 3 (Table 1, entry 3).
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mV
etector A ChT

# Humber Ave. M| Weight Ave. M. [Z Ave. M.W. (Mz| Z+1 Ave. M.W. ( | Viscosity Ave. Mw/Mn Mv/Mn MzMw Intrinsic Viscos| %

Total 323200 921302 1814966 2399044 o 285056 0.00000 1.87000 1.00000 100.0000
1 526712 966615 1818873 2899198 o 1.83519 0.00000 1.88169 1.00000 95.1024
2 38011 41423 44545 47234 o 1.08978 0.00000 1.07535 1.00000 43976

Figure S20. GPC chromatogram of polymer 4 (Table 1, entry 4).

V.
etector A Ch1

m
15.0
12.5+
10.04

7.5+

0.0

251

5.0

751

-10.0

0.0 25 5.0 75 10.0 12,5 15.0 175 min

z HNHumber Ave. M| Weight Ave. M. |Z Ave. M\W. 1Mz| Z+1 Ave. MW. ( | Viscosity Ave. | Mw/Mn Mv/Mn MzMw Intrinsic Viscos| %
Total 34110 39774 49383 64908 0 1.16605 0.00000 124158 1.00000 100.0000
1 34110 39774 49383 643908 o 1.16605 0.00000 1.24159 1.00000 100.0000

Figure S21. GPC chromatogram of polymer 5 (Table 1, entry 5).
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mv
etector A Ch1

104

15

20

25

304

0.0

5.0

# Humber Ave. M| Weight Ave. M. | Z Ave. M.W. (Mz| Z+1 Ave. M.W. ( | Viscosity Ave. Mw/Mn Mv/Mn MzMw Intrinsic Viscos| %
Total 246738 798994 1568996 2402271 0 323823 0.00000 1.96371 1.00000 100.0000
1 425336 852129 1574028 2402491 0 2.00342 0.00000 184717 1.00000 93.4560
2 35265 40172 44650 43480 0 113912 0.00000 111147 1.00000 6.5440
.
Figure S22. GPC chromatogram of polymer 6 (Table 1, entry 6).
mV
etector AChT
20+
16+
104
o
n /\/_‘_/_\ )
T G
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 1.0 12.0 13.0 min
# Humber Ave. M| Weight Ave. M. [Z Ave. MW. (Mz| Z+1 Ave. MW. ( | Viscosity Ave. I Mw/Mn Mv/Mn MzMw Intrinsic Viscos| %
Total 258976 1014841 2015576 3103956 0 391867 0.00000 1.98610 1.00000 100.0000
1 601122 1099680 2022029 3104200 0 1.82938 0.00000 1.83874 1.00000 91.9832
2 34389 41411 43348 57053 0 1.20419 0.00000 1.19164 1.00000 8.0168

Figure S23. GPC chromatogram of polymer 7 (Table 1, entry 7).



GOKTURK / Turk ] Chem

mv
40-Deftector A

L e e L B e e 0 L A s s e o L B e e e e R ]
0.0 25 5.0 75 10.0 12.5 15.0 17.5 20.0 min

# HNumber Ave. M| Weight Ave. M. |Z Ave. MW. 1Mz| Z+1 Ave. MMW. ( | Viscosity Ave. | Mw/Mn Mv/Mn MzMw Intrinsic Viscos| %
Total 12666 13000 13378 13800 o 1.02637 0.00000 1.02906 1.00000 100.0000
1 12666 13000 13378 13800 0 1.02637 0.00000 1.02806 1.00000 100.0000

Figure S24. GPC chromatogram of polymer 8 (Table 1, entry 8).

mV
efecior A
12,55

10.04

7.59

-10.09

-12.5

-15.09

-17.5

-20.09

# Humber Ave. M| Weight Ave. M. |Z Ave. M.W. (Mz| Z+1 Ave. MW. ( I Viscosity Ave. I Mw/Mn MviMn MzMw Intrinsic Viscos| %

Total 19057 46164 110185 202216 0 242246 0.00000 2.38681 1.00000 100.0000
1 19057 46164 110185 202216 a 242246 0.00000 2.38681 1.00000 100.0000

Figure S25. GPC chromatogram of polymer 9 (Table 1, entry 9).



GOKTURK / Turk ] Chem

\
40]Detector A

# Humber Ave. M| Weight Ave. M. | Z Ave. M.W. (Mz| Z+1 Ave. M.W. ( | Viscosity Ave. Mw/Mn Mv/Mn MzMw

Figure S26. GPC chromatogram of polymer 10 (Table 1, entry 10).

9736
9736

10779
10779

12150
12150

13801
13801

1.10706 0.00000 112724
o 1.10706 0.00000 1.12724

mV.
etector A

4.0

5.0

6.0

7.0 80 9.0 10.0 1.0

100.0000
100.0000

% [number Ave. M| Weight Ave. M. |Z Ave. MW. (M2| Z+1 Ave. MW. (| Viscosity Ave. | Mw/Mn MvMn MzMw

%

Figure S27. GPC chromatogram of polymer 11 (Table 1, entry 11).

5955
5955

64380
6490

7113
7113

7808
7809

0 1.08983 0.00000 1.09588
o 1.08983 0.00000 1.08598

100.0000
100.0000

11
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mV
Detector A

0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 min

# Humber Ave. M| Weight Ave. M. | Z Ave. M.W. (le Z+1 Ave. MW. ( | Viscosity Ave. I Mw/Mn Mv/Mn MzMw Intrinsic Viscos|

%

Total 6013 6536 7124 7751 0 1.08687 0.00000 1.08988 1.00000
1 6013 6536 7124 7751 o 1.08697 0.00000 1.08988 1.00000

Figure S28. GPC chromatogram of polymer 12 (Table 2, entry 12).

100.0000
100.0000

v
etector A

# Humber Ave. M| Weight Ave. M. | Z Ave. M.\W. (Mz| Z+1 Ave. M.W. (| Viscosity Ave. Mw/Mn Mv/Mn MzMw Intrinsic Viscos|

Total 9641 10893 12447 14196 0 112995 0.00000 1.14258 1.00000
1 9641 10893 12447 14196 0 112995 0.00000 114258 1.00000

Figure S29. GPC chromatogram of polymer 13 (Table 2, entry 13).

100.0000
100.0000
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.
6-Detecior A
4
J
A
A
]
|
-
# Humber Ave. M| Weight Ave. M. [Z Ave. MW. (Mz| Z+1 Ave. MW. ( I Viscosity Ave. | Mw/Mn Mv/Mn MzMw Intrinsic Viscos| %
Total 7617 8267 9047 9932 0 1.08535 0.00000 1.09425 1.00000 100.0000
1 7617 8267 9047 9932 o 1.08535 0.00000 1.09425 1.00000 100.0000
.
Figure S30. GPC chromatogram of polymer 14 (Table 2, entry 14).
etector
804
707
60+
50
409
30+
207
" W
]
409
o]
]
R N U S S S S S S (UM IS SRS S
# Humber Ave. M| Weight Ave. M. | Z Ave. M.W. (Mz| Z+1 Ave. M.W. ( | Viscosity Ave. Mw/Mn MviMn MzMw Intrinsic Viscos| %
Total 10809 10975 11140 11304 0 1.01542 0.00000 1.01503 1.00000 100.0000
1 10809 10975 11140 11304 0 1.01542 0.00000 1.01503 1.00000 100.0000

Figure S31. GPC chromatogram of polymer 15 (Table 2, entry 15).
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5.0

2.5+

m
etector A

-2.5+

-5.04

-7.5+

-10.0

0.0

Number Ave. M| Weight Ave. M. |Z Ave. MW. (Mz| Z+1 Ave. MW. (| Viscosity Ave. |

Mw/Mn

Mv/Mn

MzMw

Intrinsic Viscos|

Total

Figure S32. GPC chromatogram of polymer 16 (Table 2, entry 16).
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Figure S33. GPC chromatogram of polymer 17 (Table 3, entry 17).
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1 5963 6581 7260 7953 0 110373 000000 110323 1.00000 100.0000
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Figure S34. GPC chromatogram of polymer 18 (Table 3, entry 18).
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Figure S35. GPC chromatogram of polymer 19 (Table 3, entry 19).
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