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Abstract:



To guide the preparation of protein-based adhesive, especially the soy-based adhesive, the reaction between a simple dipeptide N-(2)-l-alanyl-l-glutamine (AG), being used as a model compound of protein, and its cross-linker furfuryl alcohol were studied in this paper. The products that were prepared with furfuryl alcohol and AG under different pHs were analyzed by ESI-MS, 13C NMR, and FT-IR. It was found that the medium environment had great effects on the competition of the co-condensation reaction between furfuryl alcohol and AG and self-condensation reaction of furfuryl alcohol molecules in the mixing system with furfuryl alcohol and AG. Under alkaline conditions, both co- and self-condensation were not obviously detected. Only when the value of pH was higher than 11, were a few co-condensation reaction products gotten. The reaction occurred mainly between furfuryl alcohol and the primary amido groups of AG. Under acid conditions, both co- and self-condensation were observed. The more acid the preparation conditions were, the easier to be observed the self-condensation of furfuryl alcohol molecules would be than the co-condensation between furfuryl alcohol and AG. When the value of pH was higher than 5, both co- and self-condensation were not outstanding. In this study, under pH 3, the co- and self-condensation found equilibrium. There was a great possibility for the primary amido and aliphatic amino groups of AG molecules to react with furfuryl alcohol molecules. No reaction was detected between the secondary amido groups of AG and furfuryl alcohol.
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1. Introduction


The application of soy protein-based adhesives in wood industry has been reported [1,2,3]. To meet with the requirements on mechanical performances and water resistance, soy protein-based adhesives normally has to be modified with some cross-linkers, such as formaldehyde and its derivatives, isocyanate, epoxy, etc. [4,5,6,7,8,9]. The modification mechanism was presumed to be based on the reaction between the cross-linkers and the reactive groups from protein molecules, which including –NH2, –CO–NH–, –CO–NH2, –COOH, –OH, –SH, and –Ph–OH [10,11,12].



Because of the similar chemical structure of furfuryl alcohol as formaldehyde and its derivatives, furfuryl alcohol can be used as a cross-linker of protein-based adhesives, which has already been proved by the study of Kumar [13,14]. Furfuryl alcohol is the hydrogenation product of furfural, which can be gotten from some bio-based materials, such as corn, wheat, etc. Being different from petroleum-based formaldehyde and its derivatives, furfuryl alcohol is sustainable and environment-friendly, which are definitely favorable for being a cross-linker of protein-based adhesives [15,16]. After all, the toxicity caused by the addition of formaldehyde and its derivatives are not desirable for the usage of protein-based adhesives, although the addition amount of the cross-linker might be low.



Under determined conditions, furfuryl alcohol molecules have a tendency of self-condensation to get furfuryl alcohol resin. With its good mechanical performances and heat and water resistance, the resin can be used as adhesives of wood, rubber, metal, and ceramic [17,18,19]. When using as a cross-linker of protein-based adhesives, the competition between the self-condensation of furfuryl alcohol and the co-condensation of furfuryl alcohol and protein has to be considered.



Since the composition amino acids units of protein were very complex and the soy flour for the preparation of soy protein-based adhesives was a mixture with some ingredients, it seems almost impossible to study the modification mechamisms with a soy flour material. Based-on our previous study [20,21,22], N-(2)-l-alanyl-l-glutamine (AG) was chosen as a model compound to react with furfuryl alcohol to simplify the study. The objective of this study is to find suitable reaction condition when using furfuryl alcohol to cross-link the protein molecules, and then be guidance on the preparation of soy protein-based adhesives. The main reason for the choosing of AG is that it is an easily-gotten dipeptide. Although it cannot represent soy protein, its reaction with furfuryl alcohol can still give some useful information on the reaction pH and the possible reactive groups of amino acid, dipeptide or other compositions of protein molecules when using furfuryl alcohol as a cross-linker of protein-based adhesives. After all, AG owns some similar characteristic groups as those of soy protein, specifically, –NH2, –CO–NH–, –CO–NH2, and –COOH. The mechanism on the modification of protein-based adhesives is rather few till now. The study on the reaction with AG model compound and furfuryl alcohol will be just a beginning to pursuing the law for the modification of soy protein-based adhesives and even other protein-based ones.




2. Materials and Methods


2.1. Materials


N-(2)-l-alanyl-l-glutamine with a purity of 99%, furfuryl alcohol (FA, 98.5 wt %), toluene-p-sulfonic acid (99 wt %) and sodium hydroxide (96 wt %) in reagent grade were purchased from Sinopharm Chemical Reagent Co., Ltd., Beijing, China.




2.2. Preparation of Resins


When considering the pH affect the reactivity of furfuryl alcohol and protein molecules, some samples with AG and furfuryl alcohol were prepared under different pH conditions. The objective was to see whether the co-condensation of AG and furfuryl alcohol exists besides the self-condensation of furfuryl alcohol in the mixing system and what were the favorable conditions for the reactions. The preparation procedure was as below: The AG and furfuryl alcohol with molar ratio n(FA)/n(AG) = 3:1 were charged to a flask equipped with a condenser, thermometer and a magnetic stirrer bar. Some distilled water was added to get a mixture with solid content 30%. The mixture was then kept at 75–80 °C for 1 h under a desired pH. The pH was adjusted with toluene-p-sulfonic acid saturated solution or 20% sodium hydroxide solution and was kept as 1, 3, 5, 7, 9, 11, and 13, respectively, to get a series of samples with the name of FA/AG.



To see the effects of pH on the self-condensation of furfuryl alcohol, two samples with furfuryl alcohol materials were prepared under two different pHs. The preparation procedure was as below: some furfuryl alcohol and distilled water were charged to a flask equipped with a condenser, thermometer, and a magnetic stirrer bar to get a mixture with solid content 30%. Toluene-p-sulfonic acid saturated solution or 20% sodium hydroxide solution was used to adjust the pH. The mixture being kept at 75–80 °C for 1 h at pH 1 was named as FA1 and that at pH 11 was named as FA2.




2.3. Electrospray Ionization Mass Spectrometry (ESI-MS)


The spectra were recorded on a Waters Xevo TQ-S instrument. The FA/AG and FA series samples were dissolved in chloroform, respectively, at a concentration of about 10 μL/mL and then were injected into the ESI source plus ion trap mass spectrometer via a syringe at a flow rate of 5 μg/s. Spectra were recorded in a positive mode, with ion energy of 0.3 eV and scan range of 0–1000 Da.




2.4. 13C NMR


The 300 μL liquid sample was directly mixed with 100 μL DMSO-d6 for 13C NMR determination. The spectra were obtained on a Bruker AVANCE 600 NMR spectrometer using 12 μs pulse width (90°). The relaxation delay was 6 s. To achieve a sufficient signal-to-noise ratio, inverse-gated proton decoupling method was applied. The spectra were taken at 150 MHz with 800–1200 scans accumulated.




2.5. FT-IR Analysis


The KBr pills with AG material and FA/AG series samples were prepared for FT-IR analysis. The solid AG material was pre-dried to a constant weight. The liquid FA/AG series samples were freeze-dried in advance to remove the water, too. The FT-IR spectra were gotten on a Varian 1000 infrared spectrophotometer.





3. Results and Discussion


3.1. The ESI-MS Analysis


The ESI-MS spectra of FA/AG series samples prepared at different pHs, specifically pH = 1, 3, 5, 7, 9, 11, and 13, are given as Figure 1. The assignments on the main ion peaks gotten under acid and alkaline conditions are given in Table 1 and Table 2, seperately. According to the mechanism of ESI-MS and the chemical structure of furfuryl alcohol and AG molecules, the ion peaks observed in the ESI-MS spectra mainly came from ions in three forms, namely [M + H]+, [M + Na]+, and [M + K]+. The former came from the combination of amino groups in AG molecules and H+ and the latter two came from the combination of oxygen atom from carbonyl groups in AG molecules and Na+ or K+. Since there were p–π conjugated structure in furfuryl alcolhol molecules, the furfural carbonium ions were possible to be detected.


Figure 1. ESI-MS spectra of the samples with furfuryl alcohol and N-(2)-l-alanyl-l-glutamine prepared under different pHs.
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Table 1. The main ion peaks of ESI-MS and their assignments for the samples with furfuryl alcohol and N-(2)-l-alanyl-l-glutamine prepared under acidic conditions and their assignments.







	
Experimental (Da)

	
Chemical Species




	
[M + H]+

	
[M + Na]+






	
218
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252
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293
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298
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310
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328
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338
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470
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533
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617
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Table 2. The main ion peaks of ESI-MS and their assignments for the samples with furfuryl alcohol and N-(2)-l-alanyl-l-glutamine prepared under alkaline conditions and their assignments.







	
Experimental (Da)

	
Chemical Species




	
[M + H]+

	
[M + Na]+

	
[M + K]+






	
218

	
240

	
256

	
 [image: Polymers 09 00711 i011] (AG)




	

	
262

	

	
 [image: Polymers 09 00711 i012] (AG-Na)




	

	
299
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315
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318 (317)
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397
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413
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435
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457
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479
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501
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718
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740
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In Figure 1, more ion peaks could be detected for FA/AG series samples prepared under acid conditions than those prepared under alkaline conditions. In theory, hydroxymethyl furfural carbonium ions might be the active intermediates. Under acid conditions, with a higher H+ concentration, the concentration of the carbonium ions would increase and then be helpful for the reaction between furfuryl alcohol and AG. While under alkaline conditions, the furfural carbenium ions become unstable [23].



According to the calculation of the ion peaks, the peak of 218 Da came from the AG molecules, which meant the existence of the free AG. Although the intensity from this peak was not high, it could be detected in all of the samples. In this work, the acid conditions were adjusted by toluene-p-sulfonic acid with molecule weight 172 Da. The ions with 293 and 533 Da from the samples prepared under acid conditions were then be assigned as the combination of the toluene-p-sulfonic acid and FA or their self-condensates.



During the self-condensation of furfuryl alcohol molecules, formaldehyde might be given off for the relatively unstable methylene ether link, seen as below:
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In Table 1, the peak of 298 Da was assigned as the co-condensation product of furfuryl alcohol and AG and that of 617 Da came from the Na+ complex with two molecules of the products. Seen from Figure 1, the ions with 298 Da could be detected clearly for the samples prepared under pH 1 and 3. Then, the intensity of the ion peak decreased for the sample prepared under pH 5. Even no peak at 298 Da could be detected for the sample prepared under pH 7. Although the peak at around 298 Da reappeared for the samples prepared under pH 9, 11, and 13, judged by the intensity of this peak, the reaction between furfuryl alcohol and AG under alkaline conditions was not as easy as that under acid conditions. The peaks of 252 and 310 Da could be assigned as carbonium ions that were gotten from the co-condensation product of furfuryl alcohol and AG. The possible reaction for the formation of the carbonium ions of 310 Da was as below:
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Table 2 was the assignments on the main ion peaks of the samples with furfuryl alcohol and AG prepared under alkaline conditions. It was regretful that there was no co-condensate with furfuryl alcohol and AG was detected. The peaks of 218, 240, and 256 Da came from one molecule of AG. The peaks of 435, 457, and 479 Da came from the complex of two molecules of AG with H+. The peaks of 501, 718, and 740 Da were from the complex of two molecules of AG with Na+. The peaks of 299, 315, 318, 397, and 413 Da were from furfuryl alcohol and its derivatives.



In all, the analysis on the ESI-MS spectra indicated that the co-condensation occured only under acidic conditions. However, since one AG molecule owns three different amino groups, specifically, primary amido, secondary amido, and aliphatic amino groups, and all of them have the possibility to react with furfuryl alcohol in theory, the analysis of the mechanism of the reaction between AG and furfuryl alcohol is still impossible with the limited information that is given by the ESI-MS results with so many isomers.




3.2. The 13C NMR Analysis


The 13C NMR result of AG is given in Figure 2. The clarity of the 13C NMR results of the AG sample reflected the purity of the raw material used in this study. All the carbons in an AG molecule and their assignments were labeled in Figure 2. Seen from the chemical structure of AG, both amino and carboxyl groups of AG molecules are possible to react with furfuryl alcohol molecules. When considering the unpaired electron of the amino group, the amino groups will show better nucleophilicity than carboxyl groups and be more liable to react with furfuryl alcohol molecules.


Figure 2. 13C NMR spectra of N-(2)-l-alanyl-l-glutamine.
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Figure 3 was the 13C NMR results of the material furfuryl alcohol (FA) and the samples FA1 and FA2. FA1, and FA2 were the products gotten with furfuryl alcohol under strong acid and alkaline conditions, respectively. The 13C NMR result of FA2 showed no obvious difference as that of FA, which indicated that there was no self-condensation between furfuryl alcohol molecules under strong alkaline conditions. On the contrary, the 13C NMR result of FA1 showed great difference as that of FA. In the 13C NMR of FA1, 28.88 and 31.52 ppm could be assigned as the methylene link from the self-condensation of furfuryl alcohol molecules. The shift at 64.69 ppm could be assigned as the methylene ether link, which came from the self-condensation of furfuryl alcohol, too. Since the peak area of methylene link was obviously bigger than that of ether link, methylene link might be the main form for the self-condensation of furfuryl alcohol under pH 1. In all, the 13C NMR proved that the self-condensation reaction of furfuryl alcohol under strong acid conditions. The shift at 82.83 ppm was assigned as the formaldehyde hydrate, namely methylene glycol, which indicated that the hydroxymethyl groups might be released from the furfuryl alcohol molecules or its self-condensation products under strong acid conditions. That also caused the appearance of the shift at 46.59, 71.48, and 92.66 ppm, which all came for formaldehyde and its derivatives.


Figure 3. 13C NMR spectra of furfuryl alcohol and the samples FA1 and FA2.
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The 13C NMR results of the samples prepared with furfuryl alcohol and AG under alkaline conditions were given as Figure 4.


Figure 4. 13C NMR spectra of the samples with furfuryl alcohol and N-(2)-l-alanyl-l-glutamine prepared under alkaline conditions.
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Seen from Figure 4, the 13C NMR results of the samples that were prepared with furfuryl alcohol and AG under pH 7 and 9 showed no much difference from that of furfuryl alcohol and AG themselves, meaning no reaction between furfuryl alcohol and AG under pH 7 and 9. For the FA/AG samples that were prepared under pH 11 and 13, new peaks around 35.6 ppm appeared. To determine the assignment of this new peak, the software of Mestrenove was used to predict the chemical shifts of all the possible products gotten with furfuryl alcohol and AG. The chemical shift was actually determined greatly by the inductivity of the aliphatic amino, primary and secondary amido groups from AG molecules. The calculation of the software Mestrenove on the 13C NMR chemical shifts of the possible reactions between AG and furfuryl alcohol was then the results of respecting this law. According to the calculation results, the possible chemical shift of Furan–CH2–NH(CO)–R from the reaction between the primary amido group of AG and furfuryl alcohol was 36–37 ppm. The possible chemical shift of R–NH–CH2–Furan from the reaction between the aliphatic amine group of AG and furfuryl alcohol was 43–44 ppm. The possible chemical shift of Furan–CH2–NR’(CO)–R from the reaction between secondary amido group of AG and furfuryl alcohol was 40–41 ppm. Therefore, the new peak at 35.58 ppm for the sample prepared at pH 11 and 35.56 ppm for the sample prepared at pH 13 could be assigned as the Furan–CH2–NH(CO)–R structure from the reaction between the primary amido group of AG and furfuryl alcohol. The peak at 57.20 ppm could be assigned as –CH2 bond of furfuryl alcohol, which meant the existance of the free furfuryl alcohol in the system. It is normal and reasonable for the existence of the reaction monomer.



There was a peak at 182.76 ppm (pH = 11 and 13). Seen from the structure of AG, the self-condensation of intramolecular cyclisation of AG between carboxylic acid and primary amide could be occurred. However, the peak at 182.76 ppm should not be from carbonyl of the self-condensate of AG. When compared with the Figure 2 of the 13C NMR spectra of AG, 182.76 ppm appeared at a relatively lower field. In theory, if the self-condensation of intramolecular cyclisation of AG occurred, the carbonyl of the self-condensate would appeared at a relatively higher field because of the p–π conjugated effect in the new formed –CO–NH– groups. Similary, the peak at 182.76 ppm should not come from the C1 reacted with methylol groups of FA for the p–π conjugated effect.



There was a great possibility for the peak at 182.76 ppm from the shift of C1 of AG that was caused by reaction between C8 of AG and FA. Their reaction mechanism was similar with that between urea and formaldehyde under alkaline conditions.



However, for the 13C NMR, the chemical shift of carbonyl groups would be much easier to be affected by its environments, such as the resolvent, pH, and others, than that of methylene groups. The judgements on the reaction based on the analysis of the peaks of methylene groups would be more reliable than that of carbonyls groups.



There was no peak from methylene and ether link caused by the self-condensation of furfuryl alcohol molecules in Figure 4.



The analysis on Figure 4 indicated that the reaction between furfuryl alcohol and AG was difficult to happen under alkaline conditions and only when the alkaline condition was as strong as pH = 11 or higher, were a few co-condensation products that were detected in a mixing system with furfuryl alcohol and AG. The stability of furfuryl alcohol under alkaline conditions might be responsible for that [17,24]. Under relatively weak alkaline conditions, it seemed to be difficult for AG molecule to form a relatively stable primary amide anions reaction intermediate or even there were some amide anions in the system, their concentration was not as high as to promote the condensation reaction with furfuryl alcohol. Under strong alkaline conditions, to form more amide anions would get easier, which would be helpful for their combination with furfuryl alcohol. For the aliphatic amino groups of AG, it was hard to form reaction intermediate. For the secondary amido groups, the steric hindrance might be the main reason for the stop of condensation between them and furfuryl alcohol molecules.



Based on the analysis above, the reaction mechanism between furfuryl alcohol and AG was presumed, as below.
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In all, under alkaline conditions, the condensation reaction between FA and AG was slow.



The 13C NMR results of the samples prepared with furfuryl alcohol and AG under pH 1, 3, and 5 were given as Figure 5.


Figure 5. 13C NMR spectra of the samples with furfuryl alcohol and N-(2)-l-alanyl-l-glutamine prepared under acid conditions
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In the mixing system with furfuryl alcohol and AG, the reaction intermediate might come from the hydroxymethyl furfural carbonium ions. They could react with its carbon 5, its hydroxymethyl groups or the amino groups of AG molecules. As seen from Figure 5, in the samples that were prepared with furfuryl alcohol and AG under pH 3, the peaks at 35.60 and 43.15 ppm were obviously observed. According to the analysis on the assignments of the chemical shift above, they could be assigned as Furan–CH2–NH(CO)–R and R–NH–CH2–Furan, respectively. Being similar with the results of the samples that were prepared under alkaline conditions, as seen from the bigger peak area of the former structure than that of the latter, the reaction between the primary amido groups of AG and furfuryl alcohol would be easier to proceed than that between the aliphatic amino groups of AG and furfuryl alcohol.



In theory, the amido groups in AG moleculs show weaker nucleophilicity than aliphatic amide groups because of the p–π conjugated effect of the amido groups. However, under acid conditions, aliphatic amide has the priority to attract hydrogen ions, and then be inactivated to other groups [23]. Therefore, under acid conditions, when compared with the aliphatic amide groups, the non-protonized amido groups would show bigger possibility to react with the furfural carbonium ions to form the Furan–CH2–NH(CO)–R structure. Being as the same as the results of the samples tha were prepared under alkaline conditions, no peak at around 41 ppm from the structure of Furan–CH2–NR’(CO)–R was detected.



The possible reactions with furfuryl alcohol and AG under acid conditions were as below.
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Seen from Figure 5, there were both self- and co-condensation products in the mixing system with furfuryl alcohol and AG under acid conditions, and the sample prepared under pH 3 showed the biggest amount of the co-condensation reaction products. Obviously, the co-condensation reaction between furfuryl alcohol and AG had to compete with the self-condensation of furfuryl alcohol. It was reported that violent self-condensation reaction between furfuryl alcohol molecules would happen under strong acid conditions, especially when the value of pH was lower than 2, and large quantities of heat would be given off [25,26]. The strong acid conditions would catalyze the reaction between the hydroxymethyl furfural carbonium ions and the furfuryl alcohol’s carbon 5. The release of the large quantities of heat meant that the self-condensation products of furfuryl alcohol molecules owned relatively low energy in the opinion of thermodynamics.



Both the relative higher energy of the co-condensation products of furfuryl alcohol and AG, and the possible protonation would lead to the prevailing of the self-condensation reaction in the mixing system with furfuryl alcohol and AG under acid conditions. The more acid the system was, the more violent the self-condensation would be. However, at the same time, with more acid in the mixing system, there would be more hydroxymethyl furfural carbonium ions, which would be favorable to the co-condensation reaction between furfuryl alcohol and AG. Therefore, there was an equilibrium pH for the competition between the self-condensation and co-condensation in the mixing system. In this study, for more co-condensation products, it was better for furfuryl alcohol and AG to be mixed under pH 3.




3.3. FT-IR Analysis


Figure 6 gives the FT-IR results of AG. In Figure 6, the absorption at 3334.3 and 3411.5 cm−1 could be assigned as the symmetric and asymmetric vibration of N–H bond of –NH2 groups. The absorption at 3227.6 cm−1 came from the vibration of N–H bond from –NH– groups. The absorption at 1652.7 cm−1 was from the C=O from amido groups. The absorption at 1606.4 cm−1 was from the bending vibration of N–H bond from aliphatic amino groups. The absorption at 2939.0 and 1321 cm−1 were, respectively, from O–H bond and C–O bond from carboxyl groups [27,28]. Figure 7 was the FT-IR results of furfuryl alcohol. The absorption at 3200 to 3300 cm−1 was from the vibration of hydroxyl from –CH2OH groups. The absorption at 2873.8 and 2929.5 cm−1 could be assigned as the symmetric and asymmetric vibration of methylene bond from –CH2OH groups. The absorption at 1005.9 cm−1 was from C–O of methylol groups. The absorption at 815.5 cm−1 was from the vibration of C-H of furan ring.


Figure 6. FT-IR spectrum of N-(2)-l-alanyl-l-glutamine.
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Figure 7. FT-IR spectrum of furfuryl alcohol (FA).
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Figure 8 was the FT-IR results of the sample synthesized with furfuryl alcohol and AG under acid conditions, specifically at pH = 3. When compared with Figure 6, the absorption at 1652.7 and 1606.4 cm−1 from amido and aliphatic amino groups shifted, respectively, to 1722.0 and 1678.2 cm−1, which indicated that the combination of the amido and aliphatic amino groups with some groups with stronger inductivity than that of hydrogen atom. The absorption of 1420.4 cm−1 in Figure 6 from the vibration of C–N groups shifted to 1404.3 cm−1 in Figure 8, which indicated that the possible new group combined with the amido groups would weaken the p–π conjugated effect between amino and carbonyl bond. New absorptions appeared at 1205 and 1174.2 cm−1, which could be assigned as the symmetric and asymmetric vibration of methylene bond from –NH–CH2–C=C– groups. In all, the FT-IR results were another proof of the reaction between furfuryl alcohol and AG.


Figure 8. FT-IR spectrum of FA/AG prepared at pH = 3.
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4. Conclusions


In this paper, to guide the preparation of soy protein-based adhesive, the reaction between protein and its cross-linker furfuryl alcohol were studied. To simplify the study, a simple dipeptide AG was used as a model compound of protein.



Based on the analysis on the results of ESI-MS, 13C NMR, and FT-IR of the samples that were prepared with furfuryl alcohol and AG under different pHs, it was found that the medium environment had great effects on the competition of the co-condensation reaction between furfuryl alcohol and AG and self-condensation reaction of furfuryl alcohol moleculs in the mixing system with furfuryl alcohol and AG. Under alkaline conditions, both co- and self-condensation were not obviously detected. Only when the value of pH was higher than 11, were a few co-condensation reaction products gotten. The reaction occurred mainly between furfuryl alcohol and the primary amido groups of AG. Under acid conditions, both co- and self-condensation were observed. When furfuryl alcohol and AG were mixed under pH 1, the self-condensation of furfuryl alcohol molecules prevailed over the co-condensation between furfuryl alcohol and AG. When furfuryl alcohol and AG were mixed under pH 5, both co- and self-condensation were not outstanding. In this study, under pH 3, the co- and self-condensation found equilibrium. There was a great possibility for the primary amido and aliphatic amino groups of AG molecules to react with furfuryl alcohol molecules. No reaction was detected between the secondary amido groups of AG and furfuryl alcohol.







Acknowledgments


This work was supported by National Natural Science Foundation of China (No. 31660176), Forestry Department Foundation of Guizhou Province of China (No. [2017]14), Education Department Foundation of Guizhou Province of China (No. [2017]114) and Introduction of Guizhou University Scientific Research Grants Project of China (No. [2016]20).




Author Contributions


Jiankun Liang and Zhigang Wu contributed the preparation of the testing and the analysis of the ESI-MS and 13C-NMR. Xuedong Xi and Taohong Li contributed the test and the analysis of the FT-IR. Hong Lei contributed the design of the experiment and the analysis of the results. Guanben Du contributed the analysis of the results and the edit of the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Li, C.; Li, H.; Zhang, S. Preparation of reinforced soy protein adhesive using silane coupling agent as an enhancer. Bioresources 2014, 9, 5448–5460. [Google Scholar] [CrossRef]

	2. 
Jin, C.; Zhang, S.; Pang, J.; Gao, Z. Plywood with soy protein-acrylate hybrid adhesive. Adv. Mater. Res. 2014, 884–885, 108–111. [Google Scholar] [CrossRef]

	3. 
He, G.; Feng, M.; Dai, C. Development of soy-based adhesives for the manufacture of wood composite products. Holzforschung 2013, 66, 857–862. [Google Scholar] [CrossRef]

	4. 
Gao, Q.; Shi, S.; Zhang, S. Soybean meal-based adhesive enhanced by MUF resin. J. Appl. Polym. Sci. 2012, 125, 3676–3681. [Google Scholar] [CrossRef]

	5. 
Li, H.; Li, C.; Gao, Q. Properties of soybean-flour-based adhesives enhanced by attapulgite and glycerol polyglycidyl ether. Ind. Crop. Prod. 2014, 59, 35–40. [Google Scholar] [CrossRef]

	6. 
Li, J.; Luo, J.; Li, X.; Zhao, Y.; Gao, Q.; Li, J. Soybean meal-based wood adhesive enhanced by ethylene glycol diglycidyl ether and diethylenetriamine. Ind. Crop. Prod. 2015, 74, 613–618. [Google Scholar] [CrossRef]

	7. 
Frihart, C.; Satori, H. Soy flour dispersibility and performance as wood adhesive. J. Adhes. Sci. Technol. 2013, 27, 2043–2052. [Google Scholar] [CrossRef]

	8. 
Frihart, C.; Lorenz, L. Protein Modifiers Generally provide limited improvement in wood bond strength of soy flour adhesives. For. Prod. J. 2013, 63, 138–142. [Google Scholar] [CrossRef]

	9. 
Xu, F.; Dong, Y.; Zhang, W.; Zhang, S.; Li, L. Preparation of cross-linked soy protein isolate-based environmentally-friendly films enhanced by PTGE and PAM. Ind. Crop. Prod. 2015, 67, 375–380. [Google Scholar] [CrossRef]

	10. 
Wu, Z.; Lei, H.; Du, G. Disruption of soy-based adhesive treated by Ca(OH)2 and NaOH. J. Adhes. Sci. Technol. 2013, 3, 1–7. [Google Scholar] [CrossRef]

	11. 
Lei, H.; Wu, Z.; Du, G. Cross-linked soy-based wood adhesives for plywood. Int. J. Adhes. Adhes. 2014, 50, 199–203. [Google Scholar] [CrossRef]

	12. 
Dianika, L.; Wim, J.; Johan, P. Jatropha seed protein functional properties for technical applications. Biochem. Eng. J. 2011, 53, 297–304. [Google Scholar]

	13. 
Kumar, R.; Anandjiwala, R. Biofilms from soy protein isolate and polyfurfuryl alcohol. Plast. Rubber Compos. 2012, 41, 1–7. [Google Scholar] [CrossRef]

	14. 
Kumar, R. Thermal properties of polyfurfuryl alcohol absorbed/adsorbed on arylated soy protein films. J. Therm. Anal. Calorim. 2012, 107, 1287–1292. [Google Scholar] [CrossRef]

	15. 
Pizzi, A. Recent developments in eco-efficent bio-based adhesives for wood bonding. J. Adhes. Sci. Technol. 2006, 20, 829–846. [Google Scholar] [CrossRef]

	16. 
Pizzi, A.; Tondi, G.; Pasch, H.; Celzard, A. MALDI-TOF structure determination of complex thermoset networks—Polyflavonoid tannin-furanic rigid foams. J. Appl. Polym. Sci. 2008, 110, 1451–1456. [Google Scholar] [CrossRef]

	17. 
Dunlop, A.; Peters, F. The Furans USA; Mayflower Publishing Co.: Floral Park, NY, USA, 1953. [Google Scholar]

	18. 
Nordstierna, L.; Lande, S.; Westin, M.; Karisson, O.; Furo, I. Towards novel wood-based materials: Chemical bonds between lignin-like model molecules and poly (furfuryl alcohol) studied by NMR. Holzforschung 2008, 62, 709–713. [Google Scholar] [CrossRef]

	19. 
Westin, M.; Lande, S. Furfurylation of Wood-Technology Scale Scale-up and Commercial Status[R/OL]. 23 February 2011. Available online: http://www.bfafh.de/inst4/45/ppt/3furfury.pdf (accessed on 9 December 2017).

	20. 
Wu, Z.; Lei, H.; Cao, M.; Liang, J.; Xi, X.; Du, G. Soy-based adhesive cross-linked by melamine glyoxal and epoxy resin. J. Adhes. Sci. Technol. 2016, 30, 2120–2129. [Google Scholar] [CrossRef]

	21. 
Lei, H.; Wu, Z.; Cao, M.; Du, G. Study on the soy protein-based wood adhesive modified by hydroxymethyl phenol. Polymers 2016, 8, 256. [Google Scholar] [CrossRef]

	22. 
Wu, Z.; Xi, X.; Lei, H.; Du, G. Soy-based adhesive cross-linked by phenol formaldehyde glutaraldehyde. Polymers 2017, 9, 169. [Google Scholar] [CrossRef]

	23. 
Li, T.; Guo, X.; Liang, J.; Wang, H.; Xie, X.; Du, G. Competitive formation of the methylene and methylene ether bridges in the urea–formaldehyde reaction in alkaline solution: A combined experimental and theoretical study. Wood Sci. Technol. 2015, 49, 475–493. [Google Scholar] [CrossRef]

	24. 
Dunlop, A.; Fredus, N.; Peters, J. The nature of furfuryl alcohol. Ind. Eng. Chem. Res. 1942, 34, 814–817. [Google Scholar] [CrossRef]

	25. 
Bertarione, S.; Bonino, F.; Cesano, F.; Damin, A.; Scarano, A. Furfuryl alcohol polymerization in H-Y confined spaces: Reaction mechanism and structure of carbocationic intermediates. J. Phys. Chem. B 2008, 112, 2580–2589. [Google Scholar] [CrossRef] [PubMed]

	26. 
Slonim, I.; Alekseyeva, S.; Arshava, B.; Pokrovskii, S.; Okunev, P. Methods of investigation 13C NMR study of modification of urea formaldehyde resins by furferyl alcohol. Polym. Sci. 1985, 27, 1993–1999. [Google Scholar]

	27. 
Zuo, R. Preparation and Characterization of L-A lanyl-L-G lutam ine-Zn2+ Chelate. Ph.D. Thesis, College of Chemistry and Chemical Engineering, Chongqing University, Chongqing, China, 2007. [Google Scholar]

	28. 
Zeng, N.; Xie, J.; Ding, C. Properties of the soy protein isolate/PVAc latex blend adhesives. Adv. Mater. Res. 2012, 550–553, 1103–1107. [Google Scholar] [CrossRef]





























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
sz
e
i 4
e
e ~
-
s o——
o
e
- —
s
———| P —
s ——
P —
o ———]
@i o
1w e S —
wes-  —— e —
& &

0

0 40 30 20

0

Chemical shifts/ppm

180 170 160 150 140 130 120 110 100 %0 8 70





media/file4.png
Q/\c;\ / EW
Uk\@AH\ P
7 WN . “IQ\»





media/file27.png





media/file43.png
g





media/file18.png
1781

81T 0T8I j  srsr’/
81 ..PN/ LTCC Vﬁ.NN\» —
68°LT == 06°LT~ TT6T
IS 1€~ 0Lt ———= gy1een
69'7¢” 09°SE~. B
SI'Eh~ .
78'9p~ -
0S'0S— — SPOS— ——— 6505
IL'€S— - 6yEST—————3  II'0$
€TLS TTLS
4
~ 1 09I ~ - o
Tl i I
as! um o
2, 98'08 — 2 1 018 ~
p— A R
& O m
MA 6876~ Mn - 3
e ey o
9L°601 ~ S (I VAT 71 A—
61T~ — ZTTn
16°921 €6Y9TH————<  F69U —
06°0€1— L8OEF——  18°0€1— —
96°'1¥1 2 .
96° 1t 1 &.,mqu/ 60°ChI B
LTEPT - LOEP]- =
SShl
01°SS1~ — 9yss—
6T'LST -]
mw.wﬂ/ U= 6€° 1L
il — LS ———2  TI'SLIY
89'8L1/ P64l

180 170 160 150 140 130 120 110 100 90

30 20

40

70 60 50

80

Chemical shifts/ppm





media/file21.jpg
Transmittance/%

2929.5

/ \2873.6

1502471/

's/

14195/
1259.7

1223.9
114944

1005.97 'y

912.1

730.1

597.8

4000

3500

3000

.
2500 2000
Wavenumber/cm”

L L
1500 1000

500





media/file44.png





media/file26.png





media/file35.png





media/file7.jpg
pHe

phett

i e





media/file28.png
™





media/file10.png
BGFAS5 14 (0.320) Cm (10:28-1:4x2.000)

1: MS2 ES+

100 457 7.23e7
240
| 435
.
| 458
262
501
} 718
502 696
218 299 315 397 ( 936 979
805 914
o ‘\“ | \M‘ L. \\f S ‘ L AL ‘ ( /535 610 | 674 . 794\.K816 b m/z
200 300 400 500 600 700 800 900 1000
BGFA6 15 (0.345) Cm (10:27-2:3x2.000) 1: MS2 ES+
B 457 9.63e7
100 |
240
501
262
| 458
s
740
] 435
479
502
- 741
318
f 299 ( 397 413 621
264 340 3847 503 535 610 622 ggg 718 74
218 805
o) w”“‘“\”‘”w”(\* T \(K/763/ /
200 250 300 350 400 450 500 550 600 650 700 750 800
BGFA7 15 (0.345) Cm (10:29-1:3x2.000) 1: MS2 ES+
100 501 1.10e8
’ 502
| 458
o\oi
740
741
] a79 | 524 763
263 299 435 632 764
. ( 39?41 3 505 621 644 (
78
O — ‘2“’\"“8“ ‘M‘ i L ‘285‘) r 341 - ‘L‘ : “‘\ “\‘ — “\‘ “\ | “\‘ “\“n‘ r ‘\.‘ e ‘5‘7\‘?‘ - K?f‘c—)‘ : ‘h‘ ‘7‘]?‘ ‘\ \‘\} | ‘\ ‘ “79r~;-l~'/z
200 250 | 300 350 400 450 500 550 600 650 700 750 800





media/file45.png





media/file11.jpg
o = N

e ol I
i g
e —— s
£ B
i — .
[ B
ts
£

5

ﬁ\w - =

~3=0 |

£ g 8
% o |2
= < s
whee H
5 2
g
o L g

Sraity =

oS 2 g
H






media/file36.png





media/file15.jpg
-

wa- —| wie —
wa-  —| wa- | w0 |
oee-  — oee-  — wse——] @00
. S
P e}
o = =
E
e 2 3 g
5 o) T 5
z z z &
< © 2
il 3| i &
H H 2 Z
e
T orTir Sror—— srer——]
e
orsst orsst e
— womre
e wwry

o

70 60 s 4 30 20

‘Chemical shifts/ppm

180 170 160 150 140 130 120 10 100 90





nav.xhtml


  polymers-09-00711


  
    		
      polymers-09-00711
    


  




  





media/file41.png





media/file2.png
o

COCH

COOH

0,

NH@/M





media/file37.png





media/file23.jpg
1722.0

17124

16782 12057
11742
uns-—,|

v
1036.2 46865 /
1012.3569.0

4000 3500 3000 2500 2000 1500 1000 500

&
Wavenumber/cm





media/file24.png
Transmittance/%

1403.4

1722.0

1712.4
815.8
16782 1205.7
11742

1123.9 =— //
1036.2 4 080.5

1012.3569.0

4000

3500 3000 2500 2000 1500 1000 500

-1
Wavenumber/cm






media/file12.png
€I'81—

~”
0£°67 - o
17°¢€— ~
905 =
1£°95—
W
> ™
i
lﬁ_v” (o)
S e
" |
3 -
O=0
5 Fw
|
r3
|
~3 &)
_ <
® O0O=0
:
o0
OF'1L1—
9¢'8SLI \ -
£9°6L1~ =

190 180 170 160 150 140 130 120 110 100 90

60 50 40 30 20

70

80

Chemical shifts/ppm





media/file3.png
HZN)C\’IT/H\/(\)km-‘Z HOH —> "z“‘j;jnji\ig”
" )Y“l/\* () awﬁ( I\)k o






media/file42.png





media/file38.png
]





media/file25.png





media/file17.jpg
FA/AG (pH=1)

’ FA/AG (pH=3)

wis-

FA/AG (pH=S)

10 170 160

a0 30

60 S0

100 90

10

Chemical shifts/ppm

M 130 120

150





media/file30.png





media/file31.png





media/file48.png





media/file39.png





media/file9.png
BGFA2 14 (0.320) Cm (8:33-1:3x2.000) 1: MS2 ES+

100- 310 533 9.21e7
1 338
| 298
534
o\o_
| 593 355 426 ,,,
568
i t1o 571
356 4r3 669
] 396402 506
252 617
i 590 | 639 670 0o 781
>18 688 759 | 782
783
O m/z
200 250 300 350 400 450 500 550 600 650 700 750 800
BGFA3 14 (0.320) Cm (10:24- 1 4x2 000) 1: MS2 ES+
100 7 9.74e7

* pH=5

365
474
i 402 728
358
712
| 298 4103 729
218 ‘ 582601 683 ‘ r
256 819 o068
O = II.I l‘. I|.I. |I|ljl|| i'.""."”lul' IJ.Il.tl |I I||I |I,I‘IJI. Iu.l..||. ."L ||T.I.J!I.JI. |L| ||"|"| ||| I|l|,..|1|| " — h“.' IL" by ey I . I|| l ||7§3|2|7|?||9K T gcl)o 94-'5 —= 9%4/
200 300 400 500 600 700 800 900 1000
BGFA4 13 (0.296) Cm (10:21-2: 4x2 000) 1: MS2 ES+
100— 45 6.49e7
4?5\
O\O_
240
. 473
| 479
i 495
262
218 696 o914
306 315 413 690
ol 1 lL,J, AN SR S I ¢ ,..l\, 535 585652="1 | 712 79asoz 892 - ' 1000

T
200 300 400 500 600 700 800 900 1000





media/file22.png
Transmittance/%

’/ \28?3.6

| A | A | L |

¥’
2929.5 | 502&19/5 /

1358.8

1259.7
1223.9
11494+

1077.5
815.5

4000

3500 3000 2500 2000
Wavenumber/cm’

1500

1000 500





media/file19.jpg
Transmittance/%

.
34115
33343

10108

1652, 7//'/ 13827
15331 14593

L L L L L s
4000 3500 3000 2500 2000 1500 1000

Wavenumber/cm’

500





media/file40.png





media/file32.png
i
T T

on





media/file14.png
PI'LS—

Py 80+

88° 17~
88'87

09°0€~
S1E

0S°TIT

1Terl

LO9ST—

65 9r —

69'r9—
8SYIL—

€878 —

99'T6—

85-9¢H

€0°0E1—

6T’ 1Pl ~
Ly'evl—

FA1

99'6¢— -
L~ a———
€8'C8— -
99°6 04
SI'TIT
orori— -
[£% 2 8 Se—
€TSS1— —

180 170 160 150 140 130 120 110 100 90

70 60 50 40 30 20 10

80

Chemical shifts/ppm





media/file46.png





media/file6.jpg
pHS

- it g

pHe7






media/file29.png





media/file1.png





media/file16.png
6T'81— 69°61—
PE'6T— —  Sh6T-
61°€E— —  LI'EE-
——
$9°05~ — s~
6295 LO'9S
0TS~ “0TLS
- ~
N
~ ~ -
0 i) T q
= =) = z
IID\.. A S ~
QO
O O QO
< 5 5 :
= = = =
Lbcht 91°¢CIl sl ] sLCH
PEPE——— perr e e
91'SS1— OI'SS1— —— BFSFH—— 1TSS
pdieldl 09 PLIN
b a7 SO T 7 CN V272 S
0561 — ygeL1” TIS6L1 oseLt” T
9L'I817 9L°T817

180 170 160 150 140 130 120 110 100 90

30 20

40

50

60

70

80

Chemical shifts/ppm





media/file20.png
1010.8

1218.0

X

o)

2

© 1606.4

& 50'5):

E \ L 8129

c \ N

© 3227.6 13217\ 6537

— o 2939.0 11165 ¢97'a
34115

— 1652.7"// 1382.7
' 15331 14593

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm’






media/file5.jpg
BGFA1 13 (0.296) Cm (8:35-1:3x2.000)
Bt

100

o
260 250 300

350 400 450 500 550

600 650 700

1: MS2 ES+
EA

781799

iz
750 800





media/file33.png
@/\W%“ﬁﬂ\j\ww ..,DE N





media/file47.png





media/file0.png





media/file8.png
BGFA1 13 (0.296) Cm (8:35-1:3x2.000)

100 310
428
| 435
328
o |
252
354 447
| 293 414
396
N 470
390 474
| 277 496
218
236

o

200 250 300 350 400 450 500

533

534

545

550

631

600

638 661

650

1: MS2 ES+

683gg7 736

700

750

4. 84e7

781 799

m/z
800





media/file34.png





