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Abstract

:

The present contribution reports on the synthesis via reversible addition-fragmentation chain transfer (RAFT) polymerization of a methacrylate derivative bearing an aminobisphosponate moiety as a pendant group, namely, ethyl N,N-tetramethylbis(phosphonate)-bis(methylene) amine methacrylate (MAC2NP2). The polymerization was performed by the use of cyanoisopropyl dithiobenzoate as chain transfer agent at 70 °C in various solvents with different polarities including N,N-dimethylformamide, acetonitrile, tetrahydrofuran, and in bulk. Best results were obtained in N,N-dimethylformamide where higher conversions and polymerization rates were noticed. The successful hydrolysis of the phosphonate ester groups was performed using bromotrimethylsilane with excellent yields leading to the formation of highly water soluble and pH-responsive polymers. Finally, a preliminary solution behavior study was carried out by investigating the aqueous solution properties of synthesized amino bisphosphonate methacrylate homopolymers and their phosphonic acid analogs via potentiometric titration and zeta potential measurements.
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1. Introduction


It is well known that phosphorus-based polymers represent a unique class of materials, which exhibit exceptional and unique properties, thus, they have gained wide appeal and interest for scientific and industrial research within the last decades. Particularly, they have been employed for a wide range of technological applications such as dental adhesives [1], proton exchange membrane [2,3], flame retardant materials [4,5], bind metal ions [6,7], and in the biomedical field as drug carries or for tissue engineering as they exhibit excellent biodegradability and biocompability [8,9,10]. In general terms, phosphonated monomers are notably difficult to polymerize to full conversion [11,12], therefore, the most approachable method towards the synthesis of polymers bearing phosphorus functionalities along the backbone is by post-functionalization of polymers with phosphorus-containing groups [13,14,15]. However, during the past two decades, the synthesis of these niche polymers has been facilitated by the tremendous progress of pseudo-living radical polymerization techniques, which allow engineering well-defined polymers with tunable compositions, structures, and properties. Atom transfer radical polymerization (ATRP) and RAFT have been widely used for the controlled polymerization of monomers carrying phosphates [16,17,18], phosphinic acids [19,20], phosphonic acids [21], and phosphonates [12,22,23,24,25,26] as pendant groups. The latter polymerization method has been one of the most effective and versatile methods which allows the control synthesis of a wide variety of monomers and is also compatible with a wide variety of reaction conditions. A great advantage of RAFT is the use of chain transfer agent (CTA) which can replace the use of potentially dangerous or toxic transition metal catalysts. Different types of CTAs have been studied such as dithioesters, dithiocarbamates, trithiocarbonates, and xanthates. Among them, dithioesters/dithiobenzoates and trithiocarbonate have been vastly used on the controlled polymerization of (meth)acrylate, (meth)acrylamide, and styryl derivatives due to the high compatibility with the aforementioned monomers [27]. Moreover, RAFT polymerization leads to the synthesis of well-defined polymers with narrow polydispersities, predetermined molecular weights, functionalized end groups, and polymers with complex architectures such as linear block copolymers, comb-like, brush polymers, star, dendrimers and cross-linked networks. Additionally, RAFT has successfully combined with the step-growth polymerization resulting in well-defined high molar mass segmented copolymers [28]. Finally, in the recent years, RAFT polymerization has a lot of emerging industrial potential as it has been used for the synthesis of narrowly dispersed polymers via micro-flow technology [29].



In the same context, amino bisphosphonates and bisphosphonates are a special class of phosphorus-containing compounds and can find potential applications in many fields. In the area of medicine, these materials are widely used due to their low toxicity and they are considered as primary agents in the pharmacological arsenal for treatment against osteoporosis due to their ability of binding to the mineral phase of bone and inhibit the activity of osteoclasts [30]. Furthermore, the corresponding bisphosphonic acids can serve as efficient tridentate metal chelators or metalloid ions, chelating through both phosphonate groups and the lone pair on the nitrogen atom [31,32]. Additionally, they can be used very efficiently as scale inhibitors in the oil industry [33]. Finally, polymers bearing amino bisphosphonates groups showed outstanding properties when used as inhibitors for anti-corrosive coatings or used as flamed retardants, enhancing char residues of polymeric materials [34,35,36].



Despite the fact that bisphosphonates, amino bisphosphonates, and their phosphonic acid derivatives exhibit interesting properties, academic reports based on the direct synthesis of polymers containing them as pendant groups are scarce. Sumerlin et al. [37] reported the synthesis of polyacrylamides containing pendant amino bisphosphonate groups via RAFT polymerization. In a first step, well-defined polyacrylamides were synthesized followed by post-polymerization functionalization with amino bisphosphonate moieties by using the Kabachnik–Fields reaction, with a functionalization degree of 75% being achieved. As far we know, the first reference for the synthesis and direct polymerization of a phosphonic methacrylate incorporating an amino bisphosphonic group was reported by our group. Particularly, by using an elegant synthetic method the synthesis of a series of (N,N) bismethylene diphosphonate methacrylates was achieved, varying the spacer of the methylene linking groups, namely N,N-tetramethyl-bis(phosphonate)-bis(methylene) amine methacrylates (MACnNP2/MMA (2 ≤ n ≤ 11)). The synthesized monomers were copolymerized with methyl methacrylate (MMA) via conventional polymerization yielding statistical copolymers [38]. However, to the best of our knowledge, controlled radical polymerization of monomers bearing amino bisphosphonate moieties was surprisingly never reported in the academic literature.



Towards this direction, the present study reports on the synthesis and characterization of an amino bisphosphonate methacrylate with a C2 spacer and polymerization thereof via RAFT. The kinetic behavior and the evolution of number average molar mass were studied when solvents with different polarities were used and also in bulk conditions. Subsequent conversion of phosphonate esters to their phosphonic acid analogs groups was carried out yielding polymer with pH-responsive properties where their solution properties were studied in a salt-free aqueous solution as a function of pH by potentiometric titration and zeta potential measurements. The synthesis of these materials could create new perspectives for the development of systems for use in a wide range of applications.




2. Materials and Methods


2.1. Materials


Ethanolamine ≥98%, paraformaldehyde 95%, dimethyl phosphite 98%, methacryloyl chloride 97%, triethylamine (TEA) ≥99%, 2-cyano-2-propyl-benzodithioate (CPDB) ≥97%, bromotrimethylsilane 97% (TMSBr), N,N-dimethylformamide (DMF), tetrahydrofuran (THF), dichloromethane (DCM), acetonitrile (CH3CN), 1,4-dioxane, methanol (MEOH), tert-butyl methyl ether were purchased by Sigma Aldrich and were used as received. 2,2′-azobis(2-methylpropionitrile) 98% (AIBN) was recrystallized twice from methanol. Any glassware was cleaned in a KOH/isopropanol bath and dried under vacuum prior use.




2.2. Synthesis of MAC2NP2 Monomer


The synthesis of the monomer was carried-out by a two-step reaction process according to previously reported work [38]. The successful synthesis of the MAC2NP2 monomer was confirmed by proton and phosphorus nuclear magnetic resonance (1H NMR and 31P NMR) spectroscopy (see Figures S1 and S2, Supporting Information). 1H NMR (400 MHz, CDCl3) δ: 1.86 (s, 3H), 3.05–3.08 (t, 2H), 3.16–3.18 (d, 4H), 3.68–3.71 (d, 12H), 4.17–4.20 (t, 2H), 5.50 (s, 1H), 6.03 (s, 1H). 31P NMR (162 MHz, CDCl3) δ: 26.42–26.65 (quintuplet).




2.3. Synthesis of PMAC2NP2 via RAFT Polymerization


A typical procedure for the synthesis of the MAC2NP2 homopolymer by RAFT is described below. MAC2NP2 (2 g, 5.36 mmol), CPDB (38 mg, 0.17 mmol), and AIBN (9.4 mg, 0.06 mmol) were added in a round bottom Schlenk flask equipped with a stir bar under a nitrogen flow followed by the addition of CH3CN (10 mL). The flask was sealed with a rubber septum, and the reaction mixture was stirred for 20 min at RT after being degassed and filled with nitrogen. Subsequently, the mixture was degassed by three freeze-pump-thaw cycles and the reaction was allowed to proceed at 70 °C in a thermostated oil bath for an appropriate time. Aliquots (0.4 mL) were taken at an interval of 1 h under a nitrogen atmosphere using a nitrogen-purged syringe and were immediately frozen to quench the polymerization. Finally, the polymerization was terminated by immersing the flask in liquid nitrogen and opened to air. The purified product was obtained after two repeated precipitations in cold tert-butyl ether, was dried under vacuum overnight, and was characterized by 1H NMR, 31P NMR, spectroscopy and gel permeation chromatography. (See Figures S3 and S4, Supporting Information). 1H NMR (400 MHz, CDCl3) δ: 0.83–1.00 d, (3H), 1.80 (s, 2H), 3.05 (s, 2H), 3.22 (s, 4H), 3.75–3.77 (d, 12H), 4.04 (s, 2H). 31P NMR (162 MHz, CDCl3) δ: 26.55 (s).




2.4. Hydrolysis of the Phosphonated Ester Groups of PMAC2NP2


After the successful synthesis of the homopolymer in DMF, the phosphonated ester groups were selectively hydrolyzed by the use of TMSBr following the conditions which have been previously reported [39]. Briefly, a round bottom flask was fed with a 5 g of PMAC2NP2 and 30 mL of anhydrous DCM (30 mL). After the full dissolution of the polymer, TMSBr (7.96 mL, 0.06 mmol) was added dropwise and the solution was left under stirring for 12 h. Finally, MeOH (50 mL) was added and the mixture was stirred for 2 h at ambient temperature. The purified product was obtained after two repeated precipitations in chilled hexane, was dried under vacuum overnight and was characterized by 31P NMR spectroscopy, which confirmed the successful cleavage (see Figure S5, Supporting Information). 31P NMR (162 MHz, D2O) δ: 7.56 (s).




2.5. Characterization


2.5.1. Gel Permeation Chromatography (GPC)


The apparent average molecular masses of the synthesized polymers were calculated using a GPC system (Varian 390-LC, Agilent Technologies, Santa Clara, CA, USA) multi-detector equipped with a differential refractive index detector (RI), a light scattering (LS), and a viscosity detector using a guard column (Varian Polymer Laboratories PLGel, Agilent Technologies, Santa Clara, CA, USA) 5 μm, 50 × 7.5 mm) and two ResiPore column’s of the same type. The mobile phase was DMF with 0.1 wt % LiBr adjusted at a flow rate of 1 mL min−1 while the columns temperature was thermostated to 70 °C. The GPC system was calibrated using narrow poly(methyl methacrylate) (PMMA) standards ranging from 550 to 1,568,000 g mol−1 (EasiVial-Agilent).




2.5.2. Nuclear Magnetic Resonance (NMR) Spectroscopy


1H and 31P NMR spectra were recorded in CDCl3 or D2O on a Bruker Avance spectrometer at a proton or phosphorus frequency of 400 MHz and 162 MHz, respectively. Sample temperature was set to 298 K. As external references for spectrometer calibration were TMS for 1H NMR and phosphoric acid (H3PO4) for 31P NMR. Chemical shifts are given in parts per million (ppm, [δ]) and were referenced by using the residual signal of the deuterated solvent.




2.5.3. Potentiometric Titration


The titration curves of the pH-responsive polymers in the pH range from 2 to 10 were obtained by monitoring the decrease of the solution pH upon the addition of aliquots of 0.1 M NaOH to a 0.1 wt % polymer solution. The measurements were performed with application of gentle agitation at 25 °C and the pH was monitored using a Thermo Scientific Orion (RL150), (Thermo Fisher Scientific, Waltham, MA, USA) pH-meter. The pH value was measured after the addition of every aliquot only after it remained constant. The dissociation constant pKa, was calculated from the potentiometric titration curves using the Henderson–Hasselbach equation, at α = 0.5, as given by


   p  K a  = p H − l o g  α  1 − α     








where α is the degree of ionization.




2.5.4. Electrokinetic measurements


Aqueous electrophoretic measurements of the polymer aqueous solutions as a function of pH were conducted using a Malvern Zetasizer NanoZS instrument, (Malvern Instruments, Malvern, Worcestershire, UK). Measurements were carried out in the presence of 0.1 mM KCl background electrolyte. The pH of the polymer solutions was adjusted by adding 0.1 M NaOH or HCl aqueous solutions. Three measurements were recorded for each sample and the zeta potential was calculated from the electrophoretic mobility using the Smoluchowski equation. The electrophoretic mobilities (μ) were converted into zeta potentials via the Smoluchowski equation:


   ζ =   μ × η  ε    








where η denotes the viscosity and ε the permittivity of the solution.






3. Results and Discussion


3.1. Synthesis of PMAC2NP2 Homopolymers via RAFT Polymerization


The compound 2-cyano-2-propyl-benzodithioate is an efficient controlling agent for RAFT polymerization of methacrylate esters including phosphonate derivatives [25,40,41,42,43]. Therefore, the polymerization of MAC2NP2 was performed under RAFT conditions using CPDB as the chain transfer agent in the presence of AIBN at a constant molar ratio of CPDB/AIBN = 3 at 70 °C in CH3CN maintaining a constant 31/1 MAC2NP2/CPDB ratio. Similar conditions were used for the polymerization of dimethyl(methacryloyloxy) methyl phosphonate (MAPC1) yielding of well-defined homopolymers with low dispersities [25]. Additionally, in order to assess the influence of the polarity solvent on the kinetics of MAC2NP2, the polymerizations were also carried out using the aforementioned conditions in less polar solvents including DMF, THF, and in bulk for equal polymerization times (Scheme 1). The polarity of the solvents decreases in the following order CH3CN (0.460) > DMF (0.386) > THF (0.207) according to their normalized empirical parameter solvent polarity     E N T     [44].



The results from the polymerizations in different solvents are summarized in Table 1. The conversion of MAC2NP2 monomer from the withdrawn samples was calculated from 1H NMR by use of the normalized surface area of the reactive double bonds of MAC2NP2 as compared to the surface area of the methyl protons associated with the phosphonated groups (3.75–3.77 ppm). The number average of molar mass (Mn) and polydispersity indices (Mw/Mn) were calculated by GPC (using PMMA calibrants) in DMF at 70 °C.



Figure 1a,b illustrate the pseudo-first-order kinetic plot and the plot of Mns values as a function of the polymerization time and monomer conversion, respectively for all RAFT polymerizations in different solvents and in bulk. A close inspection of Figure 1a corresponding to the pseudo-first-order plots generated clearly indicates that the polarity of solvents influences the rates of polymerizations. Especially polymerization using DMF as the reaction medium exhibited higher monomer conversions (82%) compared to the other solvents for the same polymerization time (Table 1, Figure 1b). The polymerization did not exhibit any signs of the induction period, reaching 30% monomer conversion within 1 h, but the rate subsequently decelerated. The first-order kinetic plots indicate the presence of a slight deviation of linearity at 60% of conversion, suggesting the loss of the steady conditions. The kinetics plot in CH3CN and in bulk presented a linear profile compared to THF in which the first order kinetic plots showed a plateau after 5 h of polymerization indicating that either terminations or transfer to the solvent may occur. The monomer conversion reached 58% and 34% within 7 h for the polymerization in CH3CN and THF, respectively. In bulk, the polymerization was retarded due to the extremely high viscosity of the medium, therefore, the conversion reached 20% within 5.5 h and was further increased to 47% until 22 h. At this point, it is noteworthy to mention that the polymerization was performed in a less polar solvent as 1,4-dioxane (    E N T     = 0.164) under the same conditions, exhibiting lower conversions (17%) after 7 h (data not showed). The number average molar masses evolution with conversion was found to increase in a linear fashion, (Figure 1b) however considerable discrepancy remains between theoretical and experimental molar masses (Table 1). As usual, a wariness should be maintained comparing these data as they are derived from a conventional calibration based on PMMA calibrants and, so, cannot be totally trusted. The evolution of polydispersity indices (Mw/Mn) versus conversion (Figure 1c) exhibited a steady increase as the polymerization proceeding from an initial value of 1.10 to a final value of 1.24 for all the experiments. However, they remained lower than 1.3 verifying the controlled behavior of the RAFT polymerizations.



The results from the above studies suggested that the polarity of the reaction medium has a preeminent impact on the kinetics of the polymerizations. Even though previous reports of RAFT polymerization of MMA using trithiocarbonate chain transfer agents did not show any dependence on solvent polarity [45], in our study, it was noticed that in high polar solvents as CH3CN and DMF, the polymerizations present all the characteristics of a controlled process, exhibiting higher rates and higher conversions as well. In the case of bulk, the polymerization also proceeded in a controlled manner, however, it was markedly retarded due to the extremely high viscosity of the medium. One tentative explanation for this behavior might be that MAC2NP2 is preferentially solvated by polar solvents due its polar nature rendering the propagating radicals less soluble to less polar solvents which, in turn, leads to the retardation or termination of the polymerization as it was noticed when THF or 1,4-dioxane were used as polymerization solvents. Similar results were also noticed for the polymerization of dimethyl(methacryloyloxy) methyl phosphonate (MAPC1) in solvents with different polarities [25].




3.2. Hydrolysis of PMAC2NP2 Polymers


The homopolymer of PMAC2NP2 synthesized in DMF was chosen for hydrolysis of the phosphonated ester groups by the use of TMSBr and the subsequent addition of methanol, which is considered a very effective method for the cleavage of phosphonate ester groups without affecting the chemical structure of the polymer. The successful hydrolysis was confirmed via 31P NMR (see Figure S5 Supporting information) in D2O where the shifting of the phosphorus peak from 26.55 to 7.56 ppm constitutes concrete evidence for the total hydrolysis of the phosphonate ester groups. The hydrolyzed polymer which will be referred from now on as HPMAC2NP2.




3.3. Aqueous Solution Properties of HPMAC2NP2 Homopolymer


MAC2NP2 is an ionizable monomer possessing a tertiary amine unit, which behaves as a weak base and participates in a weak acid-base equilibrium upon changing the solution pH exhibiting one dissociation constant pKa. The reversible protonation process of the PMAC2NP2 homopolymer is illustrated in Scheme 2a. Hydrolysis of the phosphonate ester groups leads to the formation of two pairs of phosphonic acid groups which behave as a weak diacid presenting two dissociation equilibria with dissociation equilibrium constants of pKa1 and pKa2 where, in the case of phosphonic acid, the pKa1 ranges from 2 to 3 and the pKa2 from about 6–7 (Scheme 2b) [25,46].



The effect of the solution pH at the ionization behavior of PMAC2NP2 polymers before and after hydrolysis of the phosphonate groups was investigated by potentiometric titration and zeta potential measurements. The titration curve of PMAC2NP2 is presented in Figure 2. The curve exhibited a single ionization plateau in the pH range from 4 to 8, which is attributed to the deprotonation of the tertiary amines. In particular, at pH around 4.5, the addition of base caused a steep increase of the pH to a value of 5. At this point, further addition of the base results in the deprotonation of the tertiary amine groups of the polymers and leads to a slight increase of the pH (plateau region). Finally, when the basic units have become fully deprotonated, an abrupt increase in the solution pH is observed (pH 8.5) due to the excess base added in solution. The effective pKa1 was calculated quite accurately from the plot of the pH versus the degree of ionization (α) for α = 0.5 and was found to be 6.30.



For comparison, the titration curve of HPMAC2NP2 is displayed as well. The latter exhibited a single ionization plateau and well-defined inflection points at pH 4.0 and 9.8, signifying unambiguously the simultaneous deprotonation (from acidic to basic pH) of the ionizable tertiary amine and phosphonic acid groups due to similar buffering zones of the respective units. Especially in the solution of pH 2, the phosphonic acid groups are unionized and the amino groups are totally protonated. An increase of the solution pH initially leads to deprotonation of the first pair of phosphonic acid groups where its completion is noticed at the first inflection point at pH 4. Subsequently, the gradual deprotonation of the amine units takes place with a concomitant ionization of the second pair of phosphonic acid groups. This parallel procedure also rationalizes the extension of the plateau of the titration curve compared to PMAC2NP2. Finally, when the pH is above 10, the amine groups are considered totally deprotonated while the phosphonic acid groups exist in their ionized (dibasic) form. Moreover, the question arises how the pKa value is influenced by the presence of the phosphonic acids, thus, the apparent pKa1 and pKa2 which correspond to the primary and secondary dissociation where calculated and found to be 2.60 and 6.85, respectively. Previous studies on the dissociation behavior of methacrylate bearing phosphonic acid as the pendant groups have reported the dissociation constants at pKa1 and pKa2 to be 2.60 and 8.20, respectively [25]. In our case, the pKa2 was significantly shifted to a lower pH which is attributed to the interaction of the amine with the phosphonic acid groups which, in turn, tends to lower the pKa2 of the latter [47].



In order to gain further insight into the aqueous solution properties of the pH-responsive polymers, data for the zeta potential as a function of pH were also recorded. Figure 3 illustrates the zeta values of PMAC2NP2 and HPMAC2NP2 polymers as a function of solution pH. The zeta potential-pH profiles displayed opposite trends for each type of polymer, as was expected. For PMAC2NP2 starting under acidic conditions, constant positive zeta potential values were reported due to the positive charge of the tertiary amine groups. As the pH further increases, the zeta potential steadily drops due to the charge neutralization of the amine groups and reaches the isoelectric point at pH 8.6 (which is in accordance with the second inflection point (pH = 8.5) of the titration curve of PMAC2NP2), indicating the zero net charge for the polymers. The zeta potential profile of the HPMAC2NP2 polymers reverses markedly from positive to negative values for the same pH range examined. Starting from basic conditions, negative zeta values are reported which is attributed to the presence of both pairs of negatively charged phosphonic acid groups. As the solution pH decreases, the zeta potential remains approximately constant until pH 8 where it constantly increases up to pH 3, signifying the concomitant protonation of the second pair of phosphonic acid as well as the amino moieties. The zeta potential values remain negative at this pH regime due to the excess of the negatively charged phosphonic acid groups compared to the positively charged amine groups.





4. Conclusions


In the present contribution, we reported for the first time a study on the RAFT polymerization and the aqueous solution properties of an aminobisphosphonated methacrylate. In this preliminary study, an interesting kinetic feature was observed regarding the effect of the polarity of the solvents on polymerization kinetics of MAC2NP2. Relatively controlled polymerization with controlled number average molar masses and low dispersities showing high conversions and fast polymerization rate were accomplished when using CH3CN or DMF as the reaction medium. Decreasing the polarity of the solvent or in bulk conditions led either to the termination or to the retardation of the polymerizations. This kind of behavior is on account of the polar nature of the MAC2NP2 monomer which is difficult to solubilize in less polar solvents. Hydrolysis of the phosphonate ester groups led to the formation of the phosphonic acid form polymer which exhibited a strong dependence of the solution pH. Aqueous solution characterization of the HPMAC2NP2 was carried out using potentiometric titration and zeta potential measurements. Potentiometric titrations of the hydrolyzed polymers showed an enhanced plateau regime where the deprotonation of the acidic and basic moieties took place concurrently. Measurements of the zeta potential as a function of pH of PMAC2NP2 and HPMAC2NP2 demonstrated opposite profiles due to the presence of both ionizable groups which had a reflection at the zeta potential values. A more detailed study in RAFT polymerization of MAC2NP2 is on progress in order to explore the impact of temperature of MAC2NP2 in DMF and, additionally, to examine the association behavior of the hydrolyzed form as a function of pH and salt concentration and the results will be described in forthcoming publications.








Supplementary Materials


The following are available online at http://www.mdpi.com/2073-4360/10/7/711/s1.





Author Contributions


P.G.F. conceived and designed the experiments; P.G.F. performed the experiments and analyzed the data; P.G.F., C.N., G.D. contributed reagents/materials/analysis tools; P.G.F. wrote the paper.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mou, L.; Singh, G.; Nicholson, J.W. Synthesis of a hydrophilic phosphonic acid monomer for dental materials. Chem. Commun. 2000, 5, 345–346. [Google Scholar] [CrossRef]

	



Tripathi, B.P.; Shahi, V.K. Organic–inorganic nanocomposite polymer electrolyte membranes for fuel cell applications. Prog. Polym. Sci. 2011, 36, 945–979. [Google Scholar] [CrossRef]

	



Tamura, Y.; Sheng, L.; Nakazawa, S.; Higashihara, T.; Ueda, M. Polymer electrolyte membranes based on polystyrenes with phosphonic acid via long alkyl side chains. J. Polym. Sci. Part A Polym. Chem. 2012, 50, 4334–4340. [Google Scholar] [CrossRef]

	



Levchik, S.V.; Weil, E.D. Overview of recent developments in the flame retardancy of polycarbonates. Polym. Int. 2005, 54, 981–998. [Google Scholar] [CrossRef]

	



Levchik, S.V.; Weil, E.D. A review of recent progress in phosphorus-based flame retardants. J. Fire Sci. 2006, 24, 345–364. [Google Scholar] [CrossRef]

	



Kaiser, J.; Schied, B.; Trautmann, N.; Vogt, W. Cation exchange resins based on phosphonomethyl-substituted phenols. Die Makromol. Chem. 1992, 193, 799–810. [Google Scholar] [CrossRef]

	



Essahli, M.; Colomines, G.; Monge, S.; Robin, J.-J.; Collet, A.; Boutevin, B. Synthesis and characterization of ionomers based on telechelic phosphonic polyether or aromatic polyesters. Polymer 2008, 49, 4510–4518. [Google Scholar] [CrossRef]

	



Monge, S.; Canniccioni, B.; Graillot, A.; Robin, J.-J. Phosphorus-containing polymers: A great opportunity for the biomedical field. Biomacromolecules 2011, 12, 1973–1982. [Google Scholar] [CrossRef] [PubMed]

	



Iwasaki, Y.; Nakagawa, C.; Ohtomi, M.; Ishihara, K.; Akiyoshi, K. Novel biodegradable polyphosphate cross-linker for making biocompatible hydrogel. Biomacromolecules 2004, 5, 1110–1115. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Mao, H.-Q.; Leong, K.W. A novel biodegradable gene carrier based on polyphosphoester. J. Am. Chem. Soc. 2001, 123, 9480–9481. [Google Scholar] [CrossRef] [PubMed]

	



David, G.; Asri, Z.E.; Rich, S.; Castignolles, P.; Guillaneuf, Y.; Lacroix-Desmazes, P.; Boutevin, B. Peculiar behavior of degenerative chain transfer polymerization of a phosphonated methacrylate. Macromol. Chem. Phys. 2009, 210, 631–639. [Google Scholar] [CrossRef]

	



David, G.; Negrell, C.; Manseri, A.; Boutevin, B. Poly(mma)-b-poly(monophosphonic acrylate) diblock copolymers obtained by atrp and used as additives for anticorrosive coatings. J. Appl. Polym. Sci. 2009, 114, 2213–2220. [Google Scholar] [CrossRef]

	



Banks, M.; Ebdon, J.R.; Johnson, M. Influence of covalently bound phosphorus-containing groups on the flammability of poly(vinyl alcohol), poly(ethylene-co-vinyl alcohol) and low-density polyethylene. Polymer 1993, 34, 4547–4556. [Google Scholar] [CrossRef]

	



Kohler, J.; Keul, H.; Moller, M. Post-polymerization functionalization of linear polyglycidol with diethyl vinylphosphonate. Chem. Commun. 2011, 47, 8148–8150. [Google Scholar] [CrossRef] [PubMed]

	



Tayouo, R.; David, G.; Améduri, B.; Rozière, J.; Roualdès, S. New fluorinated polymers bearing pendant phosphonic acid groups. Proton conducting membranes for fuel cell. Macromolecules 2010, 43, 5269–5276. [Google Scholar] [CrossRef]

	



Suzuki, S.; Whittaker, M.R.; Grøndahl, L.; Monteiro, M.J.; Wentrup-Byrne, E. Synthesis of soluble phosphate polymers by raft and their in vitro mineralization. Biomacromolecules 2006, 7, 3178–3187. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.; Matyjaszewski, K. Atom transfer radical polymerization of dimethyl(1-ethoxycarbonyl)vinyl phosphate and corresponding block copolymers. Macromolecules 2005, 38, 3577–3583. [Google Scholar] [CrossRef]

	



Zhou, F.; Huck, W.T.S. Three-stage switching of surface wetting using phosphate-bearing polymer brushes. Chem. Commun. 2005, 5999–6001. [Google Scholar] [CrossRef] [PubMed]

	



Hua, D.; Tang, J.; Jiang, J.; Zhu, X. Synthesis of phenylphosphinic acid-containing amphiphilic homopolymers by reversible addition-fragmentation transfer (raft) polymerization and its aggregation in water. Polymer 2009, 50, 5701–5707. [Google Scholar] [CrossRef]

	



Hua, D.; Tang, J.; Jiang, J.; Zhu, X.; Bai, R. A facile approach for preparation of phenylphosphinic acid-functionalized pst microspheres by emulsion polymerization using amphiphilic macro-raft agent as emulsifier. Macromolecules 2009, 42, 8697–8701. [Google Scholar] [CrossRef]

	



Blidi, I.; Geagea, R.; Coutelier, O.; Mazieres, S.; Violleau, F.; Destarac, M. Aqueous raft/madix polymerisation of vinylphosphonic acid. Polym. Chem. 2012, 3, 609–612. [Google Scholar] [CrossRef]

	



Mukumoto, K.; Zhong, M.; Matyjaszewski, K. Atom transfer radical polymerization of dimethyl(methacryloyloxymethyl) phosphonate. Eur. Polym. J. 2014, 56, 11–16. [Google Scholar] [CrossRef]

	



Kumar, A.; Pisula, W.; Markova, D.; Klapper, M.; Müllen, K. Proton-conducting poly(phenylene oxide)–poly(vinyl benzyl phosphonic acid) block copolymers via atom transfer radical polymerization. Macromol. Chem. Phys. 2012, 213, 489–499. [Google Scholar] [CrossRef]

	



Graillot, A.; Monge, S.; Faur, C.; Bouyer, D.; Robin, J.-J. Synthesis by raft of innovative well-defined (co)polymers from a novel phosphorus-based acrylamide monomer. Polym. Chem. 2013, 4, 795–803. [Google Scholar] [CrossRef]

	



Canniccioni, B.; Monge, S.; David, G.; Robin, J.-J. Raft polymerization of dimethyl(methacryloyloxy)methyl phosphonate and its phosphonic acid derivative: A new opportunity for phosphorus-based materials. Polym. Chem. 2013, 4, 3676–3685. [Google Scholar] [CrossRef]

	



Markova, D.; Kumar, A.; Klapper, M.; Müllen, K. Phosphonic acid-containing homo-, ab and bab block copolymers via atrp designed for fuel cell applications. Polymer 2009, 50, 3411–3421. [Google Scholar] [CrossRef]

	



Keddie, D.J.; Moad, G.; Rizzardo, E.; Thang, S.H. Raft agent design and synthesis. Macromolecules 2012, 45, 5321–5342. [Google Scholar] [CrossRef]

	



Gegenhuber, T.; De Keer, L.; Goldmann, A.S.; Van Steenberge, P.H.M.; Mueller, J.O.; Reyniers, M.-F.; Menzel, J.P.; D’hooge, D.R.; Barner-Kowollik, C. Fusing light-induced step-growth processes with raft chemistry for segmented copolymer synthesis: A synergetic experimental and kinetic modeling study. Macromolecules 2017, 50, 6451–6467. [Google Scholar] [CrossRef]

	



Derboven, P.; Van Steenberge, P.H.; Vandenbergh, J.; Reyniers, M.F.; Junkers, T.; D’hooge, D.R.; Marin, G.B. Improved livingness and control over branching in raft polymerization of acrylates: Could microflow synthesis make the difference? Macromol. Rapid Commun. 2015, 36, 2149–2155. [Google Scholar] [CrossRef] [PubMed]

	



Lin, J.H. Bisphosphonates: A review of their pharmacokinetic properties. Bone 1996, 18, 75–85. [Google Scholar] [CrossRef]

	



Dyba, M.; Jezowska-Bojczuk, M.; Kiss, E.; Kiss, T.; Kozlowski, H.; Leroux, Y.; El Manouni, D. 1-hydroxyalkane-1,1-diyldiphosphonates as potent chelating agents for metal ions. Potentiometric and spectroscopic studies of copper(ii) co-ordination. J. Chem. Soc. Dalton Trans. 1996, 6, 1119–1123. [Google Scholar] [CrossRef]

	



Gumienna-Kontecka, E.; Jezierska, J.; Lecouvey, M.; Leroux, Y.; Kozlowski, H. Bisphosphonate chelating agents: Coordination ability of 1-phenyl-1-hydroxymethylene bisphosphonate towards Cu2+ ions. J. Inorg. Biochem. 2002, 89, 13–17. [Google Scholar] [CrossRef]

	



Mady, M.F.; Kelland, M.A. Overview of the synthesis of salts of organophosphonic acids and their application to the management of oilfield scale. Energy Fuels 2017, 31, 4603–4615. [Google Scholar] [CrossRef]

	



Chougrani, K.; Boutevin, B.; David, G.; Seabrook, S.; Loubat, C. Acrylate based anticorrosion films using novel bis-phosphonic methacrylates. J. Polym. Sci. Part A Polym. Chem. 2008, 46, 7972–7984. [Google Scholar] [CrossRef]

	



Cui, J.; Zhu, C.; He, M.; Ke, Z.; Liu, Y.; Tai, Q.; Xiao, X.; Hu, Y. Preparation and thermal properties of a novel core-shell structure flame-retardant copolymer. Polym. Adv. Technol. 2018, 29, 541–550. [Google Scholar] [CrossRef]

	



Vahabi, H.; Longuet, C.; Ferry, L.; David, G.; Robin, J.-J.; Lopez-Cuesta, J.-M. Effect of aminobisphosphonated copolymer on the thermal stability and flammability of poly(methyl methacrylate). Polym. Int. 2012, 61, 129–134. [Google Scholar] [CrossRef]

	



Bachler, P.R.; Schulz, M.D.; Sparks, C.A.; Wagener, K.B.; Sumerlin, B.S. Aminobisphosphonate polymers via raft and a multicomponent kabachnik–fields reaction. Macromol. Rapid Commun. 2015, 36, 828–833. [Google Scholar] [CrossRef] [PubMed]

	



Chougrani, K.; Boutevin, B.; David, G.; Boutevin, G. New n,n-amino-diphosphonate-containing methacrylic derivatives, their syntheses and radical copolymerizations with mma. Eur. Polym. J. 2008, 44, 1771–1781. [Google Scholar] [CrossRef]

	



Chougrani, K.; Niel, G.; Boutevin, B.; David, G. Regioselective ester cleavage during the preparation of bisphosphonate methacrylate monomers. Beilstein J. Organ. Chem. 2011, 7, 364–368. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chong, Y.K.; Krstina, J.; Le, T.P.T.; Moad, G.; Postma, A.; Rizzardo, E.; Thang, S.H. Thiocarbonylthio compounds [sc(ph)s−r] in free radical polymerization with reversible addition-fragmentation chain transfer (raft polymerization). Role of the free-radical leaving group (r). Macromolecules 2003, 36, 2256–2272. [Google Scholar] [CrossRef]

	



Chong, Y.K.; Moad, G.; Rizzardo, E.; Skidmore, M.A.; Thang, S.H. Reversible addition fragmentation chain transfer polymerization of methyl methacrylate in the presence of lewis acids: An approach to stereocontrolled living radical polymerization. Macromolecules 2007, 40, 9262–9271. [Google Scholar] [CrossRef]

	



Mellon, V.; Rinaldi, D.; Bourgeat-Lami, E.; D’Agosto, F. Block copolymers of γ-methacryloxypropyltrimethoxysilane and methyl methacrylate by raft polymerization. A new class of polymeric precursors for the sol−gel process. Macromolecules 2005, 38, 1591–1598. [Google Scholar] [CrossRef]

	



Derboven, P.; Van Steenberge, P.H.M.; Reyniers, M.-F.; Barner-Kowollik, C.; D’Hooge, D.R.; Marin, G.B. A novel method for the measurement of degenerative chain transfer coefficients: Proof of concept and experimental validation. Polym. Chem. 2016, 7, 3334–3349. [Google Scholar] [CrossRef]

	



Reichardt, C.; Welton, T. Empirical parameters of solvent polarity. In Solvents and Solvent Effects in Organic Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2010; pp. 425–508. [Google Scholar]

	



Wood, M.R.; Duncalf, D.J.; Findlay, P.; Rannard, S.P.; Perrier, S. Investigation of the experimental factors affecting the trithiocarbonate-mediated raft polymerization of methyl acrylate. Aust. J. Chem. 2007, 60, 772–778. [Google Scholar] [CrossRef]

	



Van Wazer, J.R. Phosphorus and Its Compounds; Interscience Publishers: New York, NY, USA, 1958. [Google Scholar]

	



Alfrey, T.; Pinner, S.H. Preparation and titration of amphoteric polyelectrolytes. J. Polym. Sci. 1957, 23, 533–547. [Google Scholar] [CrossRef]








[image: Polymers 10 00711 sch001 550] 





Scheme 1. The synthetic pathway for the RAFT polymerization of MAC2NP2 using CPDB as the transferring agent followed by the hydrolysis of phosphonate into phosphonic acid groups. 
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Figure 1. (a) The pseudo-first order kinetic plot, (b) number average molar mass and (c) dispersity index versus conversion plot for the RAFT polymerization of MAC2NP2 in CH3CN, DMF, THF, and bulk at 70 °C. 
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Scheme 2. (a) The reversible protonation process of PMAC2NP2 and (b) HPMAC2NP2. 
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Figure 2. The titration curves for the PMAC2NP2 (□) and HPMAC2NP2 (○) polymers at c = 0.1 wt %. 
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Figure 3. The zeta potential of the PMAC2NP2 (□) and HPMAC2NP2 (○) polymers as a function of the solution pH. 
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Table 1. The molecular characteristics of the mediated RAFT polymerization of PMAC2NP2 in different solvents at 70 °C.
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	Entry
	Solvent
	Conv. (%) a
	Mn b (g/mol)
	Mn,th. c(g/mol)
	Mw/Mn





	1
	DMF
	82
	6800
	9500
	1.24



	2
	CH3CN
	58
	5300
	6700
	1.21



	3
	THF
	34
	3000
	4800
	1.14



	4
	Bulk
	47 d
	4600
	5400
	1.21







a Conversion of double bonds as determined by 1H NMR at 7 h of polymerization, b Determined by PMMA calibrated GPC, c Mn,th. = ([MAC2NP2]0/[CPDB]0 × MWMAC2NP2 × conv. + MWCPDB), d Conversion calculated at 22 h of polymerization.
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