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Abstract

:

A wide series of copolymer materials with various contents of 4-vinyl-diisopropyl-phtalate ester (10–90 mol%), divinylbenzene (1–11 mol%) and styrene, as monomers, were obtained by radical copolymerization. In the last steps of the synthesis, diisopropyl ester functionalities were converted into the form of N-hydroxyphthalimide (NHPI) rings. The obtained materials with the NHPI groups immobilized in the copolymer structure were studied by various physicochemical techniques, including FT-IR, UV-Vis-DR, XPS, elemental analysis, and tested as catalysts in aerobic oxidation of p-methoxytoluene in the presence of Co(II) acetate co-catalyst. Conversion of the aromatic substrate was correlated with the NHPI content and cross-linking degree. The best catalytic performance (conversions higher than 23%) was achieved for the copolymer catalysts containing 60% and 30% of 4-vinyl-diisopropyl-phtalate ester. At too high concentrations of NHPI and DVB, some of the NHPI groups were transformed into inactive (C=O)-N=O species or not available due to embedding inside the copolymer structure. The mechanism of the process involving both NHPI centers, forming phthalimide N-oxyl (PINO) radicals, and Co(II) cations was discussed. Stability of the developed catalysts was also tested. The opening of imide rings took place during the catalytic process, resulting in the formation of carboxyl groups and the release of hydroxylamine molecules. The deactivated catalyst could be easily regenerated by repeating two last steps of closing imide ring.
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1. Introduction


The processes of oxidation of organic compounds, consisting of an introduction of covalently bonded oxygen atom(s) into a molecule, are widespread both in nature (e.g., biochemical reactions, biomass combustion) and many fields of human activity (e.g., industrial chemical synthesis, combustion of fossil fuels). Of particular technological importance are the reactions of selective oxidation, which allow to obtain many products (including alcohols, aldehydes, ketones, carboxylic acids, and epoxides [1,2,3,4,5,6]) important in various applications, such as production of plastics, synthetic fibers, cleaning agents, dyes, pharmaceuticals, flavors, or fragrances. Nowadays, the industrial process of oxidation of cyclohexane to cyclohexanol and finally to adipic acid (annual production of ca. 3 mln tonnes), is carried out using cobalt(II) or manganese(II) catalysts in the presence of nitric acid at 150–170 °C under pressure of 1–2 MPa O2 [7]. The by-product of this reaction is N2O (recognized as a greenhouse gas), which is formed in amount of about 300 kg per 1 ton of the desired product. An advantage of this process is its relatively high selectivity (~83%), in view of low substrate conversion of 3–5%. In the Amoco process, terephthalic acid is produced (ca. 24 million tons per year) by the oxidation of p-xylene in the presence of cobalt(II) and manganese(II) salts, bromine compounds, acetic acid at 175–225 °C under pressure of 1.5–3 MPa O2 [8,9]. This reaction proceeds with a fairly high conversion of 98% and selectivity of 97%. The presence of aggressive reagents, i.e., bromine compounds, results in the use of anti-corrosion materials (e.g., titanium-containing alloys) in installations, which significantly increases operating costs. Moreover, acetic acid oxidizes in parallel to COx, causing significant economic losses. Phenol is mainly obtained in an industrial scale by the Hock’s process (approximately 12 million tons per year constituting about 95% of world production [10]) involving alkylation of benzene with propylene to cumene, which is then oxidized in the presence of air at 80–120 °C under pressure of 0.7 MPa O2, forming cumene hydroperoxide [7,11]. The last compound is subsequently decomposed with sulfuric acid to phenol and acetone. The end products of this three-step synthesis are obtained with only 30% yield.



As shown above, the most important technological processes of oxidation of hydrocarbons and their derivatives have serious limitations related mainly to the formation of harmful by-products and low yields of expected products. Therefore, alternative solutions focused on, among others, development of more active and selective catalysts have been still developed. One of the more promising approaches is the use of N-hydroxyphthalimide (NHPI) as a catalyst. In the presence of this compound (10 mol%) with the addition of Mn(II) salt and acetic acid, the oxidation of cyclohexane to adipic acid with the yield of 73% was carried out at 100 °C and 0.1 MPa O2 [12,13,14]. Such a significant increase in conversion under milder conditions should be noted as a milestone in the development of oxidation technologies, which has been confirmed by launching pilot plant by Daicel Chemical Industry Ltd. [15,16]. Similarly, NHPI was successfully used in the Amoco process, performed without the addition of bromine compounds [17]. In the presence of NHPI (20 mol%), cobalt(II) and manganese(II) salts, acetic acid, at 100 °C and 0.1 MPa O2, terephthalic acid was achieved at the yield of 99%. Furthermore, in the Hock process, the application of NHPI allowed the reaction conditions to moderate, increasing the yield from 30% to 80% (10 mol% NHPI, acetonitrile, 75 °C, ambient pressure) [18]. Moreover, NHPI was also used successfully in the oxidation of cellulose [19].



Taking into account the promising results for the implementation of NHPI, it is worth developing this type of catalysts further, trying to immobilize NHPI functionalities on solid supports, thus moving from a homogeneous system to a technologically more favorable heterogeneous one. In such a case, a used catalyst would not have to be recovered by controlled evaporation of a solvent combined with precipitation, which significantly increases operating costs. Immobilization of NHPI on a surface of poly(2-hydroxyethylacrylate) [20], cross-linked aminoethylstyrene, chloroethylstyrene [21,22], copolymer of styrene, and maleic anhydride [21], as well as copolymer of glycidyl methacrylate, diethyl glycol dimethacrylate, and methyl methacrylate [23] was described. It was shown that the deposition did not significantly affect the activity of NHPI in the process of aerobic oxidation of p-methoxytoluene, α-methylstyrene, cyclohexane, or acetophenone, respectively. Gao et al. [24] developed a catalyst by immobilizing an NHPI precursor on commercial cross-linked polystyrene using the Friedel–Crafts reaction. In the oxidation of 1-phenylethanol with the use of VO(acac)2 as a cocatalyst, acetophenone was obtained as the only product with the yield of ~40%. Another approach to the synthesis of NHPI-based catalysts for oxidizing alcohols to corresponding ketones was to obtain a derivative that could be attached to ionic liquids, as described by Koguchi et al. [25]. Su et al. [26] used immobilized NHPI for the synthesis of complex O-alkyl hydroxyamines. The method was based on the reaction of trimellitic chloride and NHPI precursor with aminomethyl polystyrene resin and the subsequent reaction with hydroxylamine hydrochloride. In turn, Maillard et al. [27] reacted trimellitic anhydride with O-para-methoxybenzylhydroxylamine hydrochloride, and then deposited the obtained product on aminomethyl polystyrene resin. In the last stage of the synthesis, catalytically active NHPI moieties were obtained in the reaction with hydroxylamine hydrochloride. A NHPI precursor was similarly deposited on commercial polystyrene resins (i.e., aminomethyl and chloromethyl), as well as chloromethylated copolymer of styrene and divinylbenzene [28].



NHPI species were immobilized on various solid supports, including silicas [29,30,31,32], zeolites [33], MOFs [34], diamond particles [35] or carbon nanotubes [36]. An interesting approach to anchoring NHPI groups on the surface of mesoporous silica was described by Li et al. [37]. The N,N-dihydroxypyromellitimide (NDHPI) was attached to 3-glycidyloxypropyltrimethoxysilane (GPTMS), and the resulting organosilane precursor was grafted on the surface of SBA-15. The synthesized catalyst gave toluene conversion of 14.8% at temperature of 90 °C under 1.6 MPa of O2. GPTMS was used as the linking molecule to graft NHPI onto the surface of commercial SiO2 [38,39]. In addition, NHPI was studied in photocatalytic [40,41] and electrocatalytic selective oxidation [42,43], aerobic dehydrogenation of N-heterocycles [44], and intermolecular anti-Markovnikov hydroamination of alkenes [45].



The developed strategies of grafting of NHPI precursors onto available polymeric substrates are based on using a variety of linkers that provide amide or ester bondings. Unfortunately, the formed connections are unstable since the immobilized groups exposed to catalytic reaction conditions are relatively easily hydrolyzed. As a result, detachment of functional groups and migration of NHPI molecules into the reaction environment may occur. Conducting the oxidation processes in the presence of such prepared NHPI-deposited catalysts is therefore associated with strict limitations.



In our previous paper [46], permanently anchoring NHPI groups in the copolymer structure was demonstrated. The binding of NHPI-containing monomer with styrene (S) and divinylbenzene (DVB) leads to stabilization of the functional groups, making them resistant to possible hydrolysis and withdrawal from the copolymer network. The proposed strategy consists of multi-stage transformations described in Scheme 1. The key starting step in this approach is the synthesis of a specially developed monomer—4-vinyl-diisopropyl-phtalate ester (VDPE) from phthalic anhydride (PA). After its embedding in the copolymer structure, diisopropyl ester functionalities are hydrolyzed. Afterwards, the reaction with acetic anhydride and activation to the NHPI groups occur. In the presented work, following this concept of synthesis, we have formed nine series of the copolymer catalysts differing in the content of VDPE-derived monomer (from 10 to 90 mol% at a step of 10 mol%) and the degree of cross-linking (content of DVB = 1, 3, 5, 7, 9, or 11 mol%). Such a wide range of the obtained catalysts allowed us to identify main factors determining a catalytic activity of the NHPI-containing copolymer catalysts in the model process of aerobic oxidation of p-methoxytoluene (p-methylanisole, PMT), as well as to recognize the mechanism of this process.




2. Results and Discussion


2.1. Effect of Composition of Copolymer Catalysts on Activity in Aerobic Oxidation of PMT


The aerobic oxidation of PMT is often used as the model reaction for testing various compounds and materials for their catalytic activity in the selective oxidation of organic substrates [20,46,47]. As shown in Scheme 2, the reaction proceeds with the formation of three major products, i.e., 4-methoxybenzyl alcohol (p-anisyl alcohol), 4-methoxybenzaldehyde (p-anisaldehyde), and 4-methoxybenzoic acid (p-anisic acid). In the catalytic tests, we used conditions that allow relatively easy comparison of the results obtained in the presence of NHPI-containing catalysts with the literature data, e.g., [20,47,48]. Furthermore, the temperature of 80 °C was selected to achieve the optimal reaction rate. It should be kept in mind that at higher temperatures decomposition of NHPI catalysts through self-decay of PINO radicals is favored [49,50]. We used fixed amounts of Co(II) acetate as a co-catalyst and AIBN as a radical initiator as well. It is worth emphasizing that no additional solvent was added.



Changes in the PMT conversion observed under such reaction conditions during six-hour catalytic runs carried out in the presence of the developed NHPI-containing copolymer catalysts are presented in the form of two-dimensional maps in Figure 1. The maps collected at 1 h steps show the effect of the amount of the monomer with NHPI groups and the cross-linking degree (the DVB content) on the catalytic activity, while for the sake of simplicity six zones of the PMT conversions are distinguished with different colors—< 5% (blue, zone I), 5–9% (dark green, zone II), 9–13% (light green, zone III), 13–17% (yellow, zone IV), 17–21% (orange, zone V), and > 21% (red, zone VI).



The presence of NHPI functionalities makes all the synthesized copolymer catalysts active in the aerobic PMT oxidation. The achieved conversion of substrate, however, strongly depends on the reaction time, as well as the composition of the catalyst, which determines the content of active functional groups (provided by the NHPI monomer) and the cross-linking degree (depended on the amount of DVB monomer). After 1 h, three catalysts, i.e., 30%NHPI_5%DVB, 40%NHPI_3%DVB, and 60%NHPI_5%DVB, reach the activity at zone II. Two of them (30%NHPI_5%DVB and 60%NHPI_5%DVB) come to zone IV after 2 h, and to zone V after 3 h of the test. Achieving zone VI, where the PMT conversion exceeds 21%, is much more difficult. Among the tested materials, only 60%NHPI_5%DVB (after 4 h), 30%NHPI_7%DVB (5 h), 30%NHPI_9%DVB (6 h), 40%NHPI_7%DVB (6 h) and 50%NHPI_7%DVB (6 h) show so high activity. It can be noticed that some catalysts, despite the high initial reaction rate, are not able to bring the reaction system to a sufficiently high degree of PMT conversion. On the other hand, a very interesting picture of the possibility of using the developed catalysts is drawn on the basis of the analysis of the results collected after 6 h (Table 1).



At the end of the reaction, the most efficient catalysts form a specific diagonal in the matrix extending between 30%NHPI_9%DVB and 60%NHPI_5%DVB. This feature evidently indicates the mutual influence of at least two parameters (including active sites concentration and cross-linking degree) on the catalytic activity. If we compare the catalytic behavior of the materials on the left side of the diagonal with those on the right side, we notice a clear difference in the final PMT conversions. The catalysts with lower NHPI loadings and cross-linking degrees show much better catalytic performance than the materials with higher numbers of NHPI groups, which are additionally more strongly cross-linked. It can be concluded that after exceeding the critical NHPI and DVB contents, defined by the observed diagonal, the activity of the developed copolymer catalysts drops sharply.



Certainly, the observed effect is not only related to the NHPI content as confirmed by the results of the CHN analyzes. Table 2 exhibits the N content in the synthesized materials expressed in mmol in relation to 1 g of a copolymer.



It can be clearly seen that, as predicted, the N content rises within the series with the increase in the amount of the NHPI monomer used in the synthesis. The experimental values confirm quite good agreement with the assumed ones. The highest amount of nitrogen incorporated into the copolymer structure (achieved for the 80%NHPI_1%DVB catalyst) is 6.46 mmol/g, which corresponds to 9.1 wt%.



A key parameter determining the activity of the studied catalysts must therefore be the availability of N-OH functionalities which are partially closed within the copolymer structure. These sites can be activated during the reaction, when the material swells in the presence of organic substrate. The pseudoporous structure created in this way enables relatively easy diffusion of reagent molecules to active centers. To determine the susceptibility of the studied copolymers to the formation of such structures, we studied the swelling capacity of the samples using chloroform as the solvent. Figure 2 demonstrates the determined values of swelling degree (Se) for two selected series of catalysts—30%NHPI_xDVB and xNHPI_9%DVB.



It can be seen that fairly small, non-polar chloroform molecules easily penetrate the copolymer structure, the swelling capacity of which is strongly depended on the cross-linking degree. For the 30%NHPI_xDVB series this expected effect results in a change in the value of Se from 6.4 (lower cross-linking degree) to 3.9 (higher cross-linking degree). However, the collected data reveal one more correlation, namely the decrease in the Se value with raising the NHPI content. The observed tendencies can certainly elucidate the catalytic behavior of the materials, but the deterioration of the swelling and catalytic properties for the copolymer catalysts with higher NHPI loadings is still unexplained.



In order to clarify the above effects, spectroscopic studies of the fresh copolymer catalysts were carried out using FT-IR and XPS techniques. In Figure 3, the FT-IR spectra measured for the xNHPI_5%DVB series are presented. Many bands characteristic of C-H, C-C, as well as aromatic ring vibrations, can be easily identified, corresponding to all three monomers used to form the final copolymers. Nevertheless, there are also bands typical for NHPI groups, which confirm the presence of these functionalities [51]. Among them, first of all, we can point to the strong bands at 1713 and 1779 cm−1 (the positions found for 90%NHPI_5%DVB) assigned to the C=O stretching vibrations. Furthermore, less intense bands, designated to the C-N stretching vibrations, appear at 1333 and 1378 cm−1. The N-O vibrations occur in the region of lower wavenumbers and are manifested by the distinct band at 1146 cm−1 (for 90%NHPI_5%DVB). As the NHPI monomer content decreases, the intensities of the individual bands decrease, as expected, but also some of them shift. This effect is especially distinct in the case of the bands corresponding to the vibrations of C=O (for the 20%NHPI_5%DVB sample they are found at 1720 and 1782 cm−1), as well as N-O (the band at 1143 cm−1, respectively). Apparently, the chemical environment around these bonds changed. The explanation of this phenomenon may be the appearance of the band at 1534 cm−1, observed for the catalyst with the highest content of NHPI monomer, which is attributed to the N=O stretching vibrations in (C=O)-N=O groups. Thus, these types of moieties had to be formed within the copolymer structure at the higher NHPI amounts. Taking into account the high concentration of NHPI groups in the copolymers with the high N loadings and high cross-linking degrees, it can be assumed that during the last stage of synthesis, carried out at a relatively high temperature, the formation of adjacent PINO radicals could have occurred. The self-decomposition reaction, described in Scheme 3, took place transforming a part of NHPI groups into catalytically inactive sites [50,52,53].



XPS is another technique which confirms the formation of postulated NHPI dimers with the (C=O)-N=O groups. Figure 4 presents the XPS spectra collected in the N 1s and O 1s regions for three catalysts containing 60 mol% of NHPI monomer and differing in the cross-linking degree (the DVB content of 3, 5, or 7 mol%). For the copolymer catalysts with lower cross-linking degrees, where the distance between the NHPI moieties is relatively long, the measured spectra show features typical of N-hydroxyphthalimide.



In the XPS N 1s spectrum the peak at binding energy (Eb) of 401.6 eV corresponds to the photoelectron emission from N atoms in the N-OH species [47]. On the other hand, the oxygen atoms present in the NHPI functionalities give two characteristic peaks in the O 1s spectrum. The photoemission at Eb = 532.1 eV comes from O atoms in the C=O groups, while at Eb = 533.9 eV—in the N-OH groups. The quantitative proportion of individual oxygen species is roughly maintained in relation to that resulting from the NHPI structure. The anomaly is found for the catalyst with the higher cross-linking degree (60%NHPI_7%DVB), in which self-condensation of adjacent NHPI groups occurred. In this case, the additional component appears in the N 1s spectrum at Eb = 402.7 eV that can be assigned to N atoms in a more oxidized environment (e.g., in N=O). Such clear features of this groups cannot be identified in the O 1s spectrum, because the photoemission of electrons from O atoms in N=O overlaps with the photoemission from O atoms in two other types of oxygen species present in the copolymer structure.



In conclusion, in order to achieve the highest activity of the developed copolymer catalysts, the contents of functional monomer and cross-linking monomer should be properly chosen so as to ensure the optimal concentration of active groups and their exposure during the contact of the catalyst with the solvent, while protecting them against the undesirable process of self-decomposition. The most active catalysts containing NHPI in a fairly wide range, from 1.66 (30%NHPI_9%DVB) to 3.78 mmol/gcatalyst (60%NHPI_5%DVB), were able to convert 3.47–3.81 mmol O2 within 6 h of the reaction at 80 °C in the presence of Co2+ and AIBN. Under the same reaction conditions, NHPI anchored to the surface of copolymer of 2-hydroxyethylacrylate (HEA) and divinylbenzene (NHPI loading = 2.06 mmol/gcatalyst), (aminomethyl)polystyrene (NHPI loading = 1.12 mmol/gcatalyst), and (chloromethyl)polystyrene (NHPI loading = 1.65 mmol/gcatalyst) exhibited significantly lower O2 consumption of 0.17 mmol, 0.41 mmol, and 0.38 mmol, respectively [20,47]. The developed catalysts are, therefore, considerably more active compared to those described previously in the literature.




2.2. Mechanism of Aerobic Oxidation of PMT over Copolymer Catalysts


As noted in Scheme 2, three major products were formed by the aerobic oxidation of PMT over the developed copolymer catalysts. The profiles of their yields are shown in the same way as the PMT conversion in the 2D maps in Figure 5. Six zones of yield values are indicated in the maps with different colors—< 1% (blue, zone I), 1–3% (dark green, zone II), 3–5% (light green, zone III), 5–7% (yellow, zone IV), 7–9% (orange, zone V), and > 9% (red, zone VI). In addition, the exact values of yields and selectivities of the individual products after 6 h of the reaction are summarized in Tables S1–S3 in the Supplementary Materials.



After 1 h the yields of all products are relatively low and do not exceed 5% (for p-anisyl alcohol < 3%, p-anisaldehyde < 5 %, and p-anisic acid < 3%). During the second hour, the yields of alcohol and aldehyde increase markedly. The best catalysts reach zone III for the alcohol production, and even zone V for the aldehyde formation. The acid is still below zone III. During the third hour, the amounts of all products are significantly higher. The alcohol yields are <7% and maintain this level until the catalytic test is complete. For comparison, in the case of aldehyde, a further increase in its amount is observed from 3 to 5 h of the reaction, in which the p-anisaldehyde yields enter zone VI for the most active catalysts. Interestingly, after 5 h, a slight decrease in the p-anisaldehyde yields (to values below 9%) is found. Furthermore, prolonged reaction time has a very positive effect on the p-anisic acid formation. After the third hour, the best catalysts show the acid yields in zone III, after the fourth and fifth hour in zone V, and after the six hours in zone VI. It should be emphasized that the yields above 9% at the end of the reaction are only noted for p-anisic acid—both p-anisyl alcohol and p-anisaldehyde remain in smaller quantities. Such changes in the products profile clearly suggest the occurrence of subsequent reactions in which initially produced p-anisyl alcohol is converted into p-anisaldehyde, and this, in turn, into p-anisic acid. These observations lead directly to the formulation of possible reaction mechanism (Scheme 4) that links the activity of NHPI and Co(OAc)2 as complementary components of the catalytic system for the aerobic oxidation of PMT. The lack of any of these components causes the system to stop working effectively. We tested the reaction in the presence of the best copolymer catalyst without the addition of Co(II) salt, as well as using only Co(II) acetate without the participation of NHPI, and in both cases after 6 h of the reaction, the PMT conversion ranged from 1.0% to 1.2%.



A key step in the free-radical reaction of aerobic oxidation of PMT is the generation of phthalimide N-oxyl radicals (PINO) from the NHPI species. PINO are initially formed with the involvement of azobisisobutyronitrile (AIBN), which at an elevated temperature decomposes into two 2-cyanoprop-2-yl radicals and a N2 molecule evolved to the gas phase. The presence of PINO enables the entire cycle of transformations based on the activation of the C-H bond through hydrogen atom transfer [54,55]. Namely, the CH2 radicals are generated in the methyl group of PMT, which subsequently react with molecular oxygen giving corresponding peroxy radicals. Finally, the hydroperoxide compound is produced by abstraction of hydrogen from another NHPI functionality. Despite the unlikely termination of PINO [5], the described transformation chain may be interrupted and the reconstruction of PINO would become impossible. However, the presence of 2-cyanoprop-2-yl radicals in the initial period of the reaction, and then Co(III)OO radicals (formed by binding O2 on Co(II)), make possible to keep the concentration of PINO in the system at a constant level. The further stages of the reaction are catalyzed exclusively by the Co(II)/Co(III) redox system, which facilitates the formation of p-anisyl alcohol, p-anisaldehyde and finally p-anisic acid.



Taking into account the above-described mechanism, it is very important to ensure the optimal molar ratio of Co(II)/NHPI in the catalytic system. It was examined on an example of 30%NHPI_5%DVB, and the results in the form of PMT conversion obtained after 6 h of the aerobic oxidation reaction are presented in Figure 6. Keeping the Co(II)/NHPI molar ratio between 1:8 and 1:12 was found to give the best efficiency. If this ratio is changed beyond the determined optimum, a clear decrease in the activity, associated with the imbalance between the subsequent reaction steps and extinction of PINO radicals, is observed.




2.3. Stability of Copolymer Catalysts during Aerobic Oxidation of PMT


Stability of copolymer catalysts in the aerobic PMT oxidation was analyzed using 30% NHPI_5% DVB material. The catalytic test was interrupted after 1, 2, or 6 h, respectively, and then the catalyst was separated from the reaction mixture, washed with a solvent and dried. During the studied period, the PMT conversion increased from 6.1% (after 1 h) by 13.2% (2 h) finally to 18.5% (6 h). With the increase in the PMT conversion, a decrease in the N content in the catalyst was observed. The fresh 30%NHPI_5%DVB catalyst contained 4.0 wt% of nitrogen corresponding to 2.84 mmol of N-OH groups in 1 g of the catalyst. After 1 h of the reaction the number of N-OH groups dropped to 2.29 mmol/g (3.2 wt% of N). The prolonged reaction time resulted in a further decrease in the N-OH amount to 1.79 mmol/g (2.5 wt% of N) and 0.93 mmol/g (1.3 wt% of N), after 2 and 6 h of the catalytic test, respectively.



The changes in the catalyst structure were studied by FT-IR (Figure 7). After the catalytic reaction, a new intense IR band appears at 1675 cm−1 corresponding to the vibrations of carboxylic groups that may be derived from p-anisic acid (one of the PMT oxidation products) deposited on the catalyst surface. On the other hand, NHPI decomposition may occur during the reaction according to the mechanism proposed by Hamdah et al. [56], who described the opening of imide ring leading to the formation of carboxyl groups and free hydroxylamine. For a proper diagnosis of this effect, the catalyst after 6 h of the reaction was rinsed copiously with MeCN, which effectively removed p-anisic acid. The FT-IR spectrum of 30%NHPI_5%DVB_6h_MeCN reveals an IR band at 1686 cm−1 confirming the presence of carboxyl groups formed by the NHPI decomposition. Furthermore, the FT-IR spectra of the 30%NHPI_5%DVB catalyst after 6 h of the catalytic test show bands at 3444 cm−1 and 3393 cm−1 attributed to asymmetric and symmetrical NH stretching vibrations, as well as at 1633 cm−1 assigned to the deformation vibrations of primary NH2 groups present in released NH2OH molecules deposited inside the copolymer structure.



Additionally, UV-VIS measurements were performed for the fresh and used 30%NHPI_5%DVB copolymer material (Figure 8).



The UV-Vis spectra of the spent catalysts exhibit an increase in intensity of absorption bands in the wavelength range of 400 to 600 nm compared to the fresh sample. The observed effect can be attributed to the electronic transitions characteristic of Co(II) and Co(III) ion complexes with carboxyl and amine ligands, such as Co(II) with COO− which presents an absorption band at 415 nm [57]. The previously published papers reported absorption bands at 520 nm for Co(II) complexes with NH2 amine ligands [58], at 550 nm for Co(III) with ethylenediamine ligands [59] and at 470 nm for Co(III) in Co(NH3)63+ complex [60]. Thus, the presence of primary NH2 groups and carboxyl groups formed in the copolymer structure as a result of the decomposition of NHPI groups results in the adsorption of Co(II) or Co(III) cations.



XPS measurements were performed for the spent catalysts containing 60 mol% of the functional monomer with different cross-linker contents (3, 5, or 7 mol% of DVB), which has been previously analyzed in the fresh form (cf. Figure 4). The results collected for the materials after 6 h of the catalytic run, isolation, washing with PMT and effective drying are shown in Figure 9. In the XPS N 1s spectrum of the 60%NHPI_7% DVB material with the highest cross-linking degree, beside the peak characteristic for N-OH functionalities, an additional peak appears at 399.2 eV. This can be attributed to the presence of amine groups in hydroxylamine trapped in the copolymer structure [61]. Interestingly, in the case of this sample, significant amounts of Co are also found on the surface. The chemical nature of these species can be determined on the basis of the XPS Co 2p spectrum (Figure 9). The parent Co 2p3/2 and 2p1/2 peaks at 781.9 eV and 797.5 eV (spin-orbit splitting Δ = 15.6 eV), respectively, with very intense satellite structure (at 786.0 eV and 802.6 eV), suggest that high-spin Co(II) complexes were formed with NH2OH species [62,63]. The intensities of the peaks attributed to photoemission from Co atoms in the less cross-linked samples are significantly lower. It is also worth noting that the content of NH2OH and, thus, the formed Co(II) complexes is strongly correlated with the catalytic activity in the aerobic PMT oxidation. The high cross-linking most likely causes that the hydroxylamine released as a result of the decomposition of NHPI groups remains bound inside the polymer network, while attaching Co(II) cations. Consequently, this leads to a fast loss of activity of the material.



Fortunately, there is a relatively simple way to regenerate the spent catalyst, which was confirmed for one of the most active materials—60%NHPI_5%DVB. After the first catalytic cycle, in which after 6 h the PMT conversion of 23.3% was achieved, the catalyst was separated, washed with PMT and introduced into the fresh reaction system. After the repeated 6 h test, the obtained PMT conversion significantly decreased 6.6% due to the limited number of available active sites. The initial nitrogen content of 5.3 wt% corresponding to 3.78 mmol N-OH/g reduced after the first test to 2.4 wt% (1.71 mmol N-OH/g). The used catalyst was activated by repeating the last two steps of NHPI group formation, i.e., the reaction leading to the generation of phthalic anhydride structure, and then its transformation into the active forms of NHPI. In this way, the N content was restored to the level of 4.8 wt% (3.43 mmol N-OH/g), which allowed to restore high catalytic activity of 21.3% PMT conversion.





3. Materials and Methods


3.1. Synthesis


3.1.1. Synthesis of Functional Monomer (VDPE)


The VDPE monomer was synthesized by dissolving phthalic anhydride (100.0 g, 0.676 mol) in water (448 mL) containing NaOH (54.0 g, 1.352 mol) under vigorous stirring. Subsequently, ice cooled bromine mixture (36.5 mL, 0.712 mol) was added to the prepared solution and heated to 90 °C for 7 h. Afterwards, the mixture was cooled to room temperature and kept overnight. The obtained product—4-bromophtalic acid monosodium and disodium salts (86.624 g)—was filtered and recrystallized in water to clean the precipitate, and then dried in a vacuum oven. The obtained salt was suspended in isopropanol (600 mL) and cooled in an ice bath for 1 h. Subsequently, thionyl chloride (170.5 g, 1.434 mol) was added dropwise, and refluxed for 2 h. The resulting product was isolated from the cooled mixture using a rotary evaporator and mixed with water (1300 mL). The mixture was extracted three times with ethyl acetate (150 mL). The organic phases were combined and washed with a saturated aqueous solution of NaHCO3 (100 mL), dried overnight with MgSO4, filtered, and concentrated in vacuo. The produced oil (i.e., 4-bromo-diisopropy-phthalate) was purified using a silica gel chromatography with cyclohexane/ethyl acetate (v:v = 3:1).



According to the procedure described by Braslau et al. [64], vinyl magnesium bromide solution (12.6 mL 1 M in THF, 12.6 mmol) was added to trimethyl borate (1.311 g, 12.6 mmol) in anhydrous toluene (44 mL) at −78 °C under a nitrogen atmosphere. Afterwards, the mixture was slowly heated to 20 °C, and water (10 mL) containing 4-bromo-diisopropy-phthalate (1.197 g, 4.2 mmol) and K2CO3 (0.841 g, 8.4 mmol) was introduced. After degassing by bubbling Ar for 30 min, palladium(II) acetate (0.019 g, 0.085 mmol) and triphenylphosphine (0.134 g, 0.51 mmol) were added to the reaction mixture and heated at 85 °C for 18 h and then at 90 °C for 24 h. Upon cooling, the organic and aqueous phases were separated. The organic phase was cleaned with brine, dried overnight with MgSO4, filtered, and concentrated in vacuo. The resulting oil was purified by a silica gel chromatography with ethyl acetate/cyclohexane (v:v = 15:85) giving the desired product of VDPE (1.010 g).




3.1.2. Copolymerization of VDPE, DVB and Styrene


The synthesized VDPE monomer was subjected to the bulk copolymerization with DVB (used as a cross-linking monomer) and styrene (another hydrophobic vinyl monomer). In each synthesis, 1 g of VDPE was used, to which an appropriate amount of styrene and DVB were introduced to obtain an assumed molar ratio of VDPE:S:DVB. The content of VDPE varied in the range from 10 to 90 mol% (at 10 mol% step), while the amount of DVB changed in the range from 1 to 11 mol% (at 2 mol% step). Styrene was always the balance to 100%. The monomers were mixed with toluene (0.5 mL) and benzoyl peroxide (BPO, 2 mol% in relation to other monomers) as an initiator. Before the copolymerization reaction, the mixture was degassed by bubbling with Ar for 5 min. The vial was sealed and placed in an oil bath kept at 80 °C for 24 h. The obtained copolymer was crushed, washed with toluene and CH2Cl2, and dried in a vacuum oven at 50 °C. Subsequently, the material was suspended in the mixture of NaOH (3.2 g, 80 mmol), water (20 mL), and dioxane (20 mL), and refluxed for 48 h. After cooling, it was washed with 1M HCl, dioxane, CH2Cl2 and Et2O, followed by drying in a vacuum oven. Next, the copolymer was dispersed in acetic anhydride (20 mL) and mixed with dioxane (20 mL), refluxed for 24 h, again washed with dioxane, CH2Cl2 and Et2O, and dried in a vacuum oven. Finally, the product was dispersed in a mixture of pyridine (30 mL) and dioxane (10 mL). To the prepared solution, hydroxylammonium chloride (0.514 g, 7.4 mmol) was added, and the obtained suspension was refluxed for 24 h. The resulting solid was washed with dioxane, H2O/DMF, DMF, toluene, EtOAc, CH2Cl2, and Et2O, and dried in a vacuum oven.



The finally obtained copolymer catalysts were denoted as aNHPI_bDVB, where a and b mean the content of the functional monomer and DVB, respectively, used in the copolymerization process, in relation to styrene. For example, the symbol 10%NHPI_1%DVB refers to the copolymer synthesized in the mixture containing 10 mol% VDPE, 1 mol% DVB, and 89 mol% styrene.





3.2. Characterization


Elemental analysis of C, H, and N was carried out in a FLASH 2000 elemental analyzer (ThermoFisher Scientific, Waltham, MA, USA).



Fourier transform infrared spectra were recorded for powder samples with a Nicolet 6700 spectrometer (Thermo Scientific, Waltham, MA, USA) using an attenuated total reflectance (ATR) mode (200 scans, resolution = 4 cm−1, wavenumber range = 650 to 4000 cm−1).



A swelling behavior was determined using a standard procedure, in which a sample dried to constant weight was immersed in chloroform for 24 h at room temperature. The isolated swollen catalyst was dried with a Sartorius MA37-1 analyzer (Sartorius, Getynga, Germany) at 80 °C to constant weight. The swelling degree (Se) was calculated applying the formula:


   S e  =    m e  −  m 0     m 0    ,  








where me means the weight of swollen copolymer at equilibrium, and m0—the weight of dried copolymer.



UV-Vis diffuse reflectance spectra were recorded using a Thermo Scientific Evolution 220 spectrometer (ThermoFisher Scientific, Waltham, MA, USA). (resolution = 1 nm, 60 scans per minute, wavelength range = 200 to 1000 nm).



X-ray photoelectron spectra were collected using a photoelectron spectrometer (PREVAC, Rogów, Poland) equipped with a hemispherical VG SCIENTA R3000 analyzer (Scienta Omicron Uppsala, Sweden). The spectra were taken using a monochromatized aluminum source Al Kα (E = 1486.6 eV) and a low-energy electron flood gun (FS40A-PS) to compensate for a charge accumulation on a surface of nonconductive samples. Binding energy scale was calibrated by referring to a position of C 1s (Eb = 284.8 eV). The Shirley background and fitting with the mixed function of Gauss and Lorentz (GL = 30) were used during interpretation of the spectra in the CasaXPS software.




3.3. Catalytic Tests


Catalytic tests were performed in a dedicated system based on a flask tightly connected to a gasometric apparatus containing a gas burette filled with oxygen under atmospheric pressure. Prior to the catalytic run, a synthesized NHPI-S-DVB catalyst (0.10 g) was activated by soaking in PMT (2.0 mL, 15.8 mmol) for 24 h at room temperature. Subsequently, the reaction mixture was heated to a reaction temperature (80 °C) under stirring (1100 rpm), and then AIBN (5.0 mg, 0.03 mmol) as an initiator and Co(OAc)2∙4H2O (typically 5.0 mg, 0.02 mmol, but in some cases its amount varied within the range of 2.0 to 6.5 mg) as a co-catalyst were added. Typically, the reaction was run for 6 h, but in some cases it was stopped after 1 or 2 h. During the whole catalytic test an oxygen uptake was measured and recalculated to the standard conditions of 25 °C and 1 atm. The products of PMT oxidation were additionally analyzed in a gas chromatograph (GC) equipped with a DB-WAX capillary column (30 m × 0.32 mm × 0.5 µm) and a flame ionization detector (FID). The withdrawn samples of the reaction mixture (10 µL) were mixed with cyclohexane (10 µL), used as a standard, and the prepared solutions (0.3 µL) were injected into the GC.





4. Conclusions


Various amounts of VDPE monomer were incorporated with styrene and DVB into the copolymer structure using the developed copolymerization strategy. Moreover, the content of DVB was changed giving different cross-linking degrees of the produced copolymer materials. Finally, they were converted into a catalytically active form by hydrolysis of diisopropyl ester functionalities and ring closure towards the formation of NHPI groups. A wide series of the synthesized materials allowed the analysis of the influence of the copolymer composition on its catalytic activity in the aerobic PMT oxidation. Obviously, the observed PMT conversions were correlated with the NHPI species concentration. It was however found that too high NHPI and DVB contents resulted in a clear decrease in the catalytic activity due to limited availability of N-OH functionalities embedded inside the copolymer structure. Furthermore, at the high NHPI loadings the formation of noticeable number of inactive (C=O)-N=O functionalities was confirmed by FT-IR and XPS.



The presence of Co(II) cations in the reaction mixture was necessary for the functioning of NHPI centers anchored in the copolymer structure. At a properly selected Co(II)/NHPI molar ratio, the optimal concentration of PINO radicals was maintained, which activated C-H bonds in PMT through hydrogen atom transfer. The formed CH2• radicals reacted with molecular O2 giving corresponding hydroperoxide compound. The Co(II)/Co(III) redox system facilitated the formation of p-anisyl alcohol, p-anisaldehyde, and p-anisic acid, being the main products of the studied reaction.



It was observed that along with the reaction time, the copolymer catalysts were deactivated gradually due to decomposition of NHPI groups. The FT-IR results revealed that the main cause of this negative effect was the opening of imide ring leading to the formation of carboxyl groups and hydroxylamine. The latter compound remained in the catalyst structure, especially with high cross-linking degree, additionally complexing Co(II) ions, which was confirmed by XPS and UV-Vis-DR techniques. The spent copolymer catalyst could, however, be relatively easily regenerated by repeating the last two steps of NHPI group formation.



Taking into account high catalytic activity of the developed copolymer catalysts compared to other systems described in the literature (Table 3), as well as the efficient regeneration procedure, they can be candidates for commercial use. A very significant advantage of their application is the lack of necessity to use a solvent, which reduces the costs of separation of the reaction mixture.
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Scheme 1. Synthetic route for novel NHPI-containing copolymer catalysts. 
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Scheme 2. Model reaction of aerobic oxidation of p-methoxytoluene. 
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Figure 1. Conversion of PMT in the presence of the copolymer catalysts with different NHPI loadings and cross–linking degrees measured during 6 h tests at 80 °C (0.1 g copolymer catalyst, 5.0 mg AIBN, 5.0 mg Co(OAc)2∙4H2O, 2.0 mL PMT, 1 atm O2). 
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[image: Catalysts 11 01474 g001]







[image: Catalysts 11 01474 g002 550] 





Figure 2. Dependence of equilibrium swelling degree in chloroform on the content of NHPI and DVB monomers in the studied copolymer catalysts. 
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Figure 3. FT–IR spectra collected for the fresh xNHPI_5%DVB copolymer catalysts. In the shaded areas, the main vibrations of the NHPI groups are distinguished with the bands marked with asterisks (expected) and diamond (unexpected). 
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Scheme 3. Possible transformations of NHPI groups in the copolymer structure with high N loading and high cross-linking degree. 
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Figure 4. XPS N 1s and O 1s spectra collected for the fresh 60%NHPI_3%DVB, 60%NHPI_5%DVB and 60%NHPI_7%DVB copolymer catalysts. 
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Figure 5. Yields of p–anisyl alcohol, p–anisaldehyde, and p–anisic acid in the presence of the copolymer catalysts with different NHPI loadings and cross–linking degrees measured during 6 h tests at 80 °C (0.1 g copolymer catalyst, 5.0 mg AIBN, 5.0 mg Co(OAc)2∙4H2O, 2.0 mL PMT, 1 atm O2). 






Figure 5. Yields of p–anisyl alcohol, p–anisaldehyde, and p–anisic acid in the presence of the copolymer catalysts with different NHPI loadings and cross–linking degrees measured during 6 h tests at 80 °C (0.1 g copolymer catalyst, 5.0 mg AIBN, 5.0 mg Co(OAc)2∙4H2O, 2.0 mL PMT, 1 atm O2).
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Scheme 4. Plausible mechanism of aerobic oxidation of PMT in the presence of NHPI-containing copolymer and Co(OAc)2. 
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Figure 6. Influence of Co(OAc)2/NHPI molar ratio on conversion of PMT achieved in the presence of 30%NHPI_5%DVB after 6h at 80 °C (0.1 g copolymer catalyst, 5.0 mg AIBN, 2.0–6.5 mg Co(OAc)2∙4H2O, 2.0 mL PMT, 1 atm O2). 
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Figure 7. FT–IR spectra collected for the 30%NHPI_5%DVB copolymer—fresh and after various times (1, 2, and 6 h) of the aerobic PMT oxidation at 80 °C (0.1 g copolymer catalyst, 5.0 mg AIBN, 5.0 mg Co(OAc)2∙4H2O, 2.0 mL PMT, 1 atm O2), as well as 30%NHPI_5%DVB after 6 h of the catalytic reaction, separated, and washed with MeCN. In the shaded areas, the new bands are indicated. 
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Figure 8. UV-Vis spectra collected for the 30%NHPI_5%DVB copolymer—fresh and after various times (1, 2, and 6 h) of the aerobic PMT oxidation at 80 °C (0.1 g copolymer catalyst, 5.0 mg AIBN, 5.0 mg Co(OAc)2∙4H2O, 2.0 mL PMT, 1 atm O2). 
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Figure 9. XPS N 1s and Co 2p spectra collected for the 60NHPI_3%DVB, 60NHPI_5%DVB and 60NHPI_7%DVB copolymer catalysts after the aerobic PMT oxidation at 80 °C (0.1 g copolymer catalyst, 5.0 mg AIBN, 5.0 mg Co(OAc)2∙4H2O, 2.0 mL PMT, 1 atm O2, 6 h). 
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Table 1. Conversion of PMT (%) and consumption of O2 (mmol, values given in brackets) in the presence of the copolymer catalysts with different NHPI loadings and cross-linking degrees measured after 6 h tests at 80 °C (0.1 g copolymer catalyst, 5.0 mg AIBN, 5.0 mg Co(OAc)2∙4H2O, 2.0 mL PMT, 1 atm O2).
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Mol% of DVB

	
mol% of NHPI




	
10

	
20

	
30

	
40

	
50

	
60

	
70

	
80

	
90






	
1

	
14.4 (2.31)

	
7.4 (1.24)

	
9.7 (1.56)

	
16.4 (2.64)

	
4.4 (0.71)

	
10.8 (1.74)

	
3.1 (0.49)

	
0.7 (0.11)

	
3.1 (0.50)




	
3

	
9.9 (1.59)

	
17.6 (2.83)

	
16.3 (2.62)

	
19.3 (3.11)

	
15.1 (2.44)

	
17.5 (2.82)

	
2.7 (0.43)

	
6.5 (1.05)

	
2.3 (0.37)




	
5

	
9.8 (1.58)

	
18.0 (2.90)

	
18.5 (2.98)

	
15.6 (2.52)

	
18.4 (2.96)

	
23.3 (3.75)

	
2.1 (0.34)

	
1.4 (0.23)

	
1.0 (0.16)




	
7

	
14.9 (2.40)

	
19.5 (3.14)

	
23.6 (3.81)

	
21.6 (3.48)

	
21.5 (3.47)

	
10.0 (1.61)

	
4.5 (0.73)

	
3.8 (0.62)

	
2.0 (0.32)




	
9

	
14.1 (2.27)

	
17.9 (2.88)

	
22.0 (3.54)

	
7.3 (1.18)

	
5.8 (0.93)

	
5.2 (0.84)

	
7.6 (1.22)

	
2.9 (0.46)

	
2.2 (0.36)




	
11

	
10.2 (1.64)

	
5.0 (0.81)

	
16.6 (2.68)

	
13.4 (2.15)

	
6.5 (1.05)

	
n.m.

	
n.m.

	
n.m.

	
n.m.








The most active samples are highlighted by shading background, n.m.—not measured.
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Table 2. Content of N (mmol/gcatalyst) in the synthesized copolymer catalysts determined by elemental analysis.
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Mol% of DVB

	
mol% of NHPI




	
10

	
20

	
30

	
40

	
50

	
60

	
70

	
80

	
90






	
1

	
0.91

	
0.64

	
1.96

	
2.83

	
4.51

	
4.37

	
5.44

	
6.46

	
5.06




	
3

	
0.58

	
1.07

	
1.60

	
2.22

	
2.48

	
3.23

	
3.69

	
3.90

	
3.91




	
5

	
0.48

	
1.21

	
2.84

	
3.19

	
3.23

	
3.78

	
4.55

	
4.66

	
5.89




	
7

	
0.61

	
1.29

	
1.74

	
2.14

	
2.09

	
3.58

	
3.61

	
3.85

	
4.12




	
9

	
0.58

	
1.23

	
1.66

	
2.19

	
2.53

	
2.92

	
3.27

	
3.67

	
3.90




	
11

	
1.34

	
1.45

	
1.11

	
2.46

	
2.77

	
n.m.

	
n.m.

	
n.m.

	
n.m.








The most active samples are highlighted by shading background, n.m.—not measured.
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Table 3. Comparison of activity in the aerobic oxidation of aromatic compounds for selected catalysts described in the literature and the NHPI-containing copolymer studied in this work.
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	Catalyst
	Reaction Conditions
	Substrate to Oxidation
	Conversion [%]
	Ref.





	NHPI30-co-S63-co-DVB7
	80 °C, 1 atm, 6 h, no solvent
	p-methoxytoluene

(15.8 mmol)
	23.6
	This work



	NHPI immobilized onto polystyrene resins by amide bond (100 mg)
	80 °C, 1 atm, 6 h,

AcOH (10 mL)
	p-methoxytoluene

(5 mmol)
	8.3
	[19]



	NHPI immobilized onto polystyrene resins by ester bond (100 mg)
	80 °C, 1 atm, 6 h,

AcOH (10 mL)
	p-methoxytoluene

(5 mmol)
	6.7
	[19]



	NHPI immobilized onto glycidyl methacrylate (GMA) and methyl methacrylate (MMA) copolymers

(1 g)
	100 °C, 1 atm, 25 h,

AcOH (30 mL)
	ethylbenzene

(8 mmol)
	20.1
	[65]



	N,N-dihydroxypyromellitimide (NDHPI) immobilized on SBA-15

(2 mol%)
	90 °C, 1.6 MPa, 7 h,

MeCN (5 mL)
	toluene

(55 mmol)
	14.8
	[38]
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