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Abstract:

 Partial chemical modification of poly(vinyl alcohol) (PVA) was performed through tosylation followed by azidation. Amine functional PVA was also prepared by grafting propargylamine using click chemistry reaction. Through this approach, a tosyl group (a good leaving group), azide group (a group used in click chemistry) and amine group (a group used for amidation) were attached to PVA polymer chains. The three chemical modifications were performed in water. FTIR and XPS analysis confirmed the chemical modification after each step. Thermogravimetric analysis (TGA) was used to study the thermal stability of the modified PVA.
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1. Introduction

Polyvinyl alcohol (PVA) is the largest volume synthetic water-soluble polymer produced in the world [1]. PVA has excellent chemical resistance, a good mechanical property, a good film forming capability and an excellent biocompatibility [2]. In addition, PVA is biodegradable in the presence of suitable microorganisms. The several useful properties of PVA result in broad industrial use and make it particularly interesting to elaborate environmentally friendly materials [3,4,5]. However, PVA can be considered as an inert material. The introduction of chemical functionalities is necessary to improve its reactivity. Chemical modifications of PVA, which can be made through its hydroxyl groups, are reviewed in the literature. The most common PVA modification reactions are esterification, etherification or acetalization of the hydroxyl groups [6].

Particular attention has been recently devoted to the chemical modification of natural and synthetic polymers using a green solvent due to environmental factors. It is evident that water is the most available environmentally friendly and inexpensive solvent [7]. The present paper describes the incorporation of chemical group in PVA polymer chain using water as solvent. We mainly focused on the incorporation of tosyl, azide and amine groups leading to the enhancing of the reactivity of PVA.

The tosyl and azide groups were introduced in the PVA polymer chain using pyridine and DMF as solvent [8,9]. Tosyl moiety is an excellent leaving group in nucleophilic substitution reactions and can, for instance, be substituted by halogens, azide, or amines. Tosylation of cellulose and of lignin in water or in eco-friendly medium was reported in the literature [10,11,12]. To the best of our knowledge, the tosylation of PVA in aqueous media has not yet been reported.

Moreover, the presence of azide moiety is of considerable utility in the generation of other functionalities, e.g., amines via reduction, imines via rearrangement, triazoles and other heterocycles via cycloaddition [13,14,15]. Herein, we investigate the use of water as solvent during the azidation reaction. Finally, we made a reaction between the azido PVA and the porpargylamine by click reaction in order to introduce the amine function on the PVA polymer chain. The possibility to perform the click reaction in water has been reported [16]. The presence of amine moiety allows the reaction of PVA with polymer or molecules containing acid carboxylic function by amidation. For example, the formation of an amide function between modified PVA and cellulose fibers containing a high amount of carboxylic acid can be used to elaborate a homogenous biocomposite. The amidation can also be performed in water using a carbodiimide mediated pathway [17].



2. Experimental Section


2.1. Materials

Triethylamine (Et3N), p-toluenesulfonyl chloride (98%, Tosyl or TsCl), were purchased from Sigma-Aldrich, (Oakville, ON, Canada) (purity = 99%). Sodium azide (99%), propargylamine (98%), sodium ascorbate (99%) were supplied by Alfa Aesar, (Ward Hill, MA, USA). Copper sulfate pentahydrate (CuSO4·5H2O) was obtained from Caledon. Poly(vinyl alcohol) (degree hydrolysis 99%, molecular weight Mw = 77,000 g/mol) was acquired from Avantor, (Center Valley, PA, USA). Dialysis tubings (MWCO 6000–8000 dalton) were purchased from Biodesign, (New York, NY, USA) All of these products were used as received.



2.2. Methods


2.2.1. Preparation of PVA Solution

Ten percent (w/v) of PVA solution was prepared by adding the PVA to deionized water at 80 °C and stirring for 2 h.



2.2.2. Synthesis of Tosyl Functionalized PVA (PVA-Ts)

A solution (100 mL) containing PVA (2 g) was mixed with 4.33 g of TsCl (1 equiv) in the presence of 10.4 mL of Et3N (3.45 equiv). After 24 h of stirring at room temperature, the mixture was composed of unreacted TsCl, PVA-Ts and Et3N. Two ways were investigated for the next chemical modifications:


	Filtration to remove excess of unreacted TsCl. The filtrated solution (PVA-Ts + Et3N) will be used for the azidation.


	Concentration of the mixture in a rotary evaporator and precipitation of PVA-Ts with ethanol followed by filtration and washing with hot ethanol. A part of the product was dried at room temperature for further analysis. The modified PVA was dissolved in hot water directly after precipitation.






2.2.3. Synthesis of Azide Functionalized PVA (PVA-N3)

Sodium azide (3.08 g, 1 equiv) was added to a water solution (100 mL) containing 2 g of PVA-Ts (solution obtained by the way a or b). The solution was stirred at 80 °C for 48 h. After 48 h a solution was dialyzed in deionized water to remove excess NaN3 and by-product for 72 h. The surrounding water used for the dialysis was changed every 2 h. A film of modified PVA was formed for characterization. Another solution was directly used for the next modification without dialysis.



2.2.4. Synthesis of Amine Functionalized PVA (PVA-NH2)

Propargylamine (3.6 mL, 1 equiv) was mixed with PVA-N3 (2 g) in water (100 mL). Sodium ascorbate (105 mg, 0.53 mmol) was dissolved in 5 mL of water and added to reaction medium. Copper sulfate pentahydrate (65 mg, 0.26 mmol), dissolved in 5 mL of water was also added to the solution. The mixture was then left to react under mechanical stirring for 48 h at room temperature. After that, the reaction product was dialyzed to remove excess chemical products as described above. A film of the modified PVA was formed for characterization.

Figure 1 summarizes the synthetic strategy chosen for the chemical modification of PVA.

Figure 1. Synthetic strategy using for polyvinyl alcohol (PVA) modification in water.
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2.3. Characterization

A Perkin Elmer 1000 FTIR spectrometer (Perkin-Elmer, Ltd., Buckinghamshire, UK) equipped with Spectrum software was used to perform FTIR analysis. The spectra were obtained by preparing dried KBr powder pellets containing 2% w/w of the investigated sample. The discs were scanned over the range 4000 to 400 cm−1 with a total of 16 scans at a resolution of ±4 cm−1.

XPS experiments were carried out using a Kratos Axis Ultra spectrometer (Kratos, Manchester, UK). A 225 W monochromatic aluminum source (Alkα) was used. Survey scans were taken with 1.0 eV step and 160 eV analyzer pass energy, while the high resolution regional spectra were recorded with 0.1 eV step and 40 eV pass energy. The pressure was typically 10−9 Torr. An area of 2 mm2 at three different spots was analyzed in order to average over the sample, to avoid any bias due to an eventual heterogeneity. The position of the detector was at an angle of 90° to the sample surface. Deconvolution analysis was performed with casa XPS 2.3.15 (Kratos, Manchester, UK).

Thermal stability analysis (TGA) data of the samples was taken on Perkin-Elmer (Pyris Diamond) Thermoanalyzer (Perkin-Elmer, Yokohama, Japan) in nitrogen atmosphere. Samples were heated in open alumina pans. First the sample was heated from room temperature to 105 °C at heating rate of 20 °C/min. Then samples were maintained at 105 °C during 15 min to remove water. After that, samples were heated from 105 °C to 575 °C at a heating rate of 5 °C/min. Finally, samples were heated from 575 °C to 950 °C under air at a heating rate of 10 °C/min.




3. Results and Discussion


3.1. FTIR Analysis

Chemical modifications of PVA was monitored by FTIR. Figure 2 represents FTIR spectrum of: (a) unmodified PVA; (b) tosylated PVA (PVA-Ts); (c) azidated PVA (PVA-N3) and (d) PVA after the click reaction with propargylamine (PVA-NH2).

Figure 2. FTIR spectra of (a) unmodified PVA; (b) tosylated PVA (PVA-Ts); (c) azidated PVA (PVA-N3) and (d) PVA after click reaction with propargylamine (PVA-NH2).
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The FTIR analysis of unmodified PVA (Figure 2a) revealed characteristic PVA spectra that are in agreement with the literature [18]. We can clearly see the presence of a large peak at 3400 cm−1. This peak is linked to the stretching of O–H from the intramolecular and intermolecular hydrogen bonds. The peaks observed at 2840 cm−1 and 2920 cm−1 are respectively related to the symmetric and antisymmetric stretching vibrational of C–H from alkyl groups. Comparing with the unmodified PVA, after reaction with the tosyl group (Figure 2b), one can observe the appearance of new peaks. The new peaks appeared mainly at 1600 cm−1, 1365 cm−1, 1175 cm−1 and 816 cm−1. The peak at 1600 cm−1 may be assigned to the aromatic C=C stretching group. The two new peaks at 1365 cm−1 and 1175 cm−1 can be related to the S=O group, and the peak at 816 cm−1 can be related to the C–O–S bonds [19].

Two ways were investigated for the azidation reaction after the tosylation. The FTIR spectra of the PVA-N3 are similar and compared to the Figure 2c. Indeed, Figure 2c showed the disappearance of the entire peaks related to the presence of tosyl and the appearance of a new peak at 2106 cm−1. The peak at 2106 cm−1 is assigned to the azide antisymmetric stretch. These results suggested the consumption of the tosyl group and confirmed the introducing of the azide function on the PVA backbone. This result indicated that, for azidation reaction, the precipitation of PVA-Ts is not necessary. Moreover, the presence of Et3N does not influence the azidation reaction. In addition, avoiding the precipitation allowed gain time and used less energy. Also, in the case of using a click reaction to introduce amine function on the PVA backbone, two ways were investigated after azidation. The first one consisted of undertaking the reaction in the presence of the excess of NaN3. The second way consisted of removing NaN3 excess by dialysis. FTIR analysis (Figure 2d) showed identical results. We mainly notice the decreased intensity of the peak at 2106 cm−1 and the appearance of a new peak at 1560 cm−1. This new peak should be related to the primary amine function. This result confirms the introducing of the amine function on the backbone of PVA. The first way enables us to gain the time wasted during the dialysis step. A comparison between the mass yield for way a (75%) and the way b (40%) showed that the filtration offered another advantage compared to the precipitation.

The FTIR analysis proved that the chemical modification of PVA was confirmed. The different step of the chemical modification was also supported by XPS analysis.



3.2. XPS Analysis

After modification, PVA was characterized by XPS. Figure 3 shows the survey spectra of unmodified PVA and of PVA after each chemical modification. The elements compositions from each spectrum were calculated and listed in Table 1.

Figure 3. XPS spectra of (a) unmodified PVA; (b) tosylated PVA (PVA-Ts); (c) azidated PVA (PVA-N3) and (d) PVA after click reaction with propargylamine (PVA-NH2).
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Table 1. Elements compositions of unmodified PVA and PVA after each chemical functionalization.


	Sample
	C%
	O%
	S%
	N%





	PVA
	69.95
	30.05
	-
	-



	PVA-Ts
	71.92
	24.81
	3.27
	-



	PVA-N3
	77.42
	17.74
	-
	4.84



	PVA-NH2
	72.15
	23.82
	-
	4.03








For unmodified PVA, only characteristic peaks of C and O can be found. After tosylation (Figure 3b), the XPS spectrum showed two additional peaks at 169 eV and 233 eV which are assigned to the binding energy of S2p and S2s respectively. These peaks are related to the presence of the tosyl group.

For the tosylation we measured the degree of substitution (DS) from the XPS data using the following method:


	% [Ts] = % [S] = 3.27


	% [OTs] = 2 × 3.27 = 6.54 (each molecule of Ts contains 2 Oxygen atoms)


	% [OVA] = % [1 VA] = 24.81 − 6.54 = 18.27 (VA = unit of polyvinyl alcohol; each molecule of VA contains 1 Oxygen atom)


	Finally the DS of tosylation is obtained by dividing % [tos] per % [One VA]


	DS = [Ts]/[1 VA] = 0.1789




This value is in good agreement with the literature [10].





After azidation, the characteristic peaks of S disappeared in the XPS spectrum (Figure 3c) suggesting the consumption of the tosyl group. In addition, the XPS spectrum showed an additional peak at 401 eV which is assigned to the binding energy of N1s. This peak suggested the introducing of the azide group on PVA polymer chains. After click reaction, (Figure 3d) XPS spectra showed the same chemical composition (presence of C, O and N) with different atomic percentage. In order to confirm the click reaction, a comparison between the high resolution spectrum of the N1s before and after click reaction was shown in Figure 4.

Figure 4. High-resolution XPS N1s core level spectra of (a) PVA-N3 and (b) PVA-NH2.
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In Figure 4a we observed the characteristic N3 peak doublet at 404.48 eV and 400.76 eV with a peak area of 2:1. The larger intensity peak at 400.76 eV results from the two outer nitrogen atoms of the azide functional group, and the smaller peak at 404.8 eV (assigned to azides) is characteristic of the electron poor middle nitrogen [20,21]. After click reaction (Figure 4b), the peak at 404.48 eV is reduced and the peak at 400.76 eV is shifted to 400.49 eV, which corresponds to the appearance of the triazole. This modification of the N1s, in good agreement with the literature, indicated the formation of the triazole [22,23,24].

The XPS results complement the FTIR analysis, providing strong evidence in support of each step of PVA chemical modification.





3.3. TGA Analysis

TGA analysis was also used to investigate the influence of the chemical modification on thermal stability of PVA. The results from TGA are presented in Figure 5. The deflection temperatures are shown in Table 2.

Figure 5. Thermal stability analysis (TGA) curves of (a) unmodified PVA; (b) PVA-Ts; (c) PVA-N3 and (d) PVA-NH2.
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Table 2. The data obtained from TGA and DTG curves of unmodified PVA, PVA-Ts, PVA-N3 and PVA-NH2.


	Sample
	TWeight loss (10%) (°C) *
	Tpeak I (°C)
	Tpeak II (°C)
	Tpeak III (°C)





	PVA
	295
	-
	351
	423



	PVA-Ts
	139
	161
	320
	434



	PVA-N3
	244
	-
	352
	422



	PVA-NH2
	275
	-
	337
	405





* TWeight loss (10%): Temperature of 10% of weight loss for all the samples.








From TGA results, we noticed initial weight loss until 5% for all of PVA samples when the temperature achieved 105 °C. This loss is due to the evaporation of the adsorbed water. After 105 °C, we clearly observed a difference between the PVA-Ts and the other samples. For the unmodified PVA, two inflexions were observed with a maximum at 351 °C and 423 °C corresponding to two distinct decomposition steps. The first temperature can be assigned to the side chain of the PVA while the second temperature can be related to a decomposition of the main chain of PVA [25]. The loss of 10% of PVA was recorded at 295 °C. PVA-Ts showed the presence of three inflexions at 161 °C, 320 °C and 434 °C correspond to three distinct decomposition steps. The appearance of the first temperature of degradation and the shift of the other deflections temperature should be related to the presence of the tosyl groups. The loss of 10% of PVA-Ts was recorded early at 139 °C. The tosyl can modify the intermolecular force between PVA chains. After azidation (Figure 5c), the inflexion at 161 °C was disappeared due to the consumption of the tosyl group. Comparing to unmodified PVA, the thermal decomposition of PVA-N3 started at a lower temperature (TWeight loss (10%) = 244 °C comparing to TWeight loss (10%) = 295 °C for PVA). Finally for PVA-NH2, TGA analysis (Figure 5d) showed an increase of the thermal stability compared to PVA-N3. The shape of the curve became very close to unmodified PVA. The TWeight loss (10%) increased to 275 °C. This increase can be related to intermolecular interactions due to the incorporation of the amine group.

These results showed that the incorporation of azide and amine groups slightly modified the thermal stability of PVA. The thermal stability was more influenced in the case of tosylated PVA which was less thermally stable when compared to the other modified PVA.




4. Conclusions

The chemical modification of PVA in water was performed. We showed the possibility to incorporate tosyl group on PVA polymer chain. After tosylation, we showed the possibility to substitute the tosyl by the azide group. We demonstrated that the presence of Et3N in the media during the azidation did not cause problems for the reaction. Consequently, we proposed an easy and ecological way for the azidation reaction to take place. We also transformed the PVA into PVA containing amine function groups. The modified PVA can be prepared and obtained in water. The precipitation step is not necessary in all of our methods. FTIR and XPS tools proved the chemical modification of PVA. TGA analysis showed that the presence of N3 and NH2 slightly modified the thermal stability of PVA. In comparison, tosylated PVA had a lower thermal stability. While the use of water as solvent was demonstrated in the literature during tosylation and click chemistry on other polymers (i.e., celluloses), azidation in water was used for the first time. The intermediates (PVA-Tos and PVA-N3) and the final product (PVA-NH2) can be used to incorporate new functionalities to PVA (i.e., add value) or to make a composite with another polymer (new application of PVA). Further studies using amino-group-containing PVA to prepare nanocomposite based on cellulose nanofibrils and PVA are now in progress. In the future, we will focus on the reaction between oxidized cellulose containing high amounts of carboxylic acid (micro and nano-fibrillar cellulose obtained by TEMPO oxidation) and PVA containing the amine group in water. The formation of the amide group should increase the homogeneity of such a product.
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