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Abstract:

 N-vinylcarbazole (NVK) is proposed as an additive for acrylates thermal free radical polymerization (FRP) and epoxy thermal ring opening polymerization (ROP) at room temperature. The new initiating systems are based on a silane/silver salt/N-vinylcarbazole interaction, which ensures good to excellent polymerization. Moreover, the polymerization is much more efficient under air than under argon. The effects of the N-vinylcarbazole, silane, silver salt and monomer structures are investigated. Interestingly, silver nanoparticles Ag(0) are formed in situ. The as-synthesized nanocomposite materials contained spherical nanoparticles homogeneously dispersed in the polymer matrices. Polymers and nanoparticles were characterized by Differential Scanning Calorimetry (DSC), Transmission Electron Microscopy (TEM), Energy-Dispersive X-ray Spectrometry (EDS), Fourier Transform Infrared Spectroscopy (FTIR), and UV-vis spectroscopy. A coherent picture of the involved chemical mechanisms is presented.
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1. Introduction

Nanocomposite materials containing noble metal and dispersed nanoparticles in a polymer matrix may exhibit peculiar physical and chemical properties that are of high scientific and technological importance [1]. These new composites are used for optical [2], electrical [3] and medical [4] applications as well as data storage [5]. In particular, silver nanoparticles are very important for their excellent electrical conductivity [6], anti-microbial effect [7] and optical properties [8]. In recent years, a whole bunch of synthetic methods for the preparation of metal nanoparticules have been developed: chemical, photochemical and thermal.

Metal-polymer nanocomposites are usually obtained via multistep methods. Dry silver nanoparticules (NPs) produced beforehand can be dispersed into a polymerizable formulation to obtain self-assembly functionalized structures. However, besides the specific hazards related to handling dry NPs, their size dispersity over a large scale is difficult to control, thus limiting the interest of this “ex situ” method [9,10].

The “in situ” approach that involves the generation of metal nanoparticules directly in a polymerizable medium through reduction of cationic precursors offers the advantages of better dispersion ability and facile chemical or photochemical reduction [11,12].

Thermally and photochemically induced free radical polymerizations (FRP) have been the subject of numerous studies [13,14,15,16,17,18]. In thermal FRPs, redox initiated processes are very attractive due e.g., to the absence of solvents and the use of quite low reaction temperatures. However, such FRPs suffer from a strong drawback concerned with the well-known oxygen inhibition [13,14,15,16,17,18,19,20]. Indeed, both the initiating (Scheme 1(r1)) and propagating (Scheme 1(r2)) radicals are scavenged by O2 and converted into stable peroxyl radicals, which cannot participate in any further polymerization initiation reactions and lead to a decrease of both polymerization rates and final conversions (Scheme 1) [21,22,23,24].

Scheme 1. Different polymerization reactions under oxygen (r1: initiating step and r2: propagation step).



[image: Applsci 05 00241 g010 1024]







In cationic polymerization (CP), such an inhibition does not exist and, interestingly, the use of less toxic monomers than the acrylates can be highly worthwhile. Redox systems being able to initiate a cationic polymerization have been already proposed [25,26,27,28]. Very recently, new bi-component combinations based on onium salt (diaryliodonium or triarylsulfonium salt) and organosilane (R3SiH) as the reducing agent were elegantly proposed: the redox reaction is catalyzed by noble metal complexes (platinum, palladium, rhodium) and leads to a silylium cation, which directly attacks the epoxide or/and reacts with water to form a Bronstedt acid [29].

The thermal FRP and/or CP at room temperature and under air remain an exciting research topic. This approach consists of producing a radical R● (from an organosilane), to initiate FRP, that can be easily oxidized by a silver salt (e.g., AgSbF6) leading to R+, which corresponds to the ROP initiating structure (Scheme 2) [30,31,32].

Scheme 2. Schematic representation of the polymerization mechanisms.
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However, the nature of the primary radicals produced from the organosilane is crucial for getting a high polymerization efficiency, as they should be characterized by excellent oxidation properties; moreover, the resulting radicals and cations must be efficient structures for the FRP and CP reactions, respectively [33,34,35,36,37]. Even if a lot of systems have been developed in the last years [33,34,35,36,37,38,39,40,41,42], the search for novel additives being able to improve the radical and/or cationic polymerization processes still appears as a challenge.

In the present paper, N-vinylcarbazole (NVK) is used as an additive for thermal free and/or cationic polymerization of an acrylate and an epoxide at room temperature and under air (TMPTA, St and EPOX—see below, Scheme 3). This proposal is the result of three approaches connected with (i) the fascinating and versatile use and potential of organosilanes in radical and cationic photopolymerization under air recently outlined [43,44,45]; (ii) the general interest for the in situ incorporation of metallic particles into a polymer film (i.e., the insertion of Ag(0) into a matrix is highly worthwhile for the design of biocide or bactericide incorporating polymers); and (iii) the formation of an excellent film-forming properties and the high glass-transition-temperature (220 °C) due to the formation of polyvinylcarbazole (PVK) in the film of polymer [46,47].

Scheme 3. Investigated compounds for polymerization processes.
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2. Experimental Section


2.1. Compounds

The compounds with the highest purity available used are presented in Scheme 3. Diphenylsilane (DPSi), N-Vinylcarbazole (NVK), Silver hexafluoroantimonate (AgSbF6), Trimethylol-propane triacrylate (TMPTA), Styrene (St) and (3,4-epoxycyclohexane) methyl 3,4-epoxycyclohexylcarboxylate (EPOX) were all purchased from Sigma-Aldrich and used as received.



2.2. Radical and Cationic Polymerization

Silver salt (1% w/w) was dissolved in the selected monomer (TMPTA, St or EPOX) and diphenylsilane (DPSi) was introduced into the formulation by a syring at room temperature. The polymerization of these monomers (TMPTA, St and EPOX) was carried out in pill-box for a sample of 1 g. The progress of the exothermic polymerization is followed by monitoring the sample temperature using a thermocouple connected to a DaqPro-5300 (resolution 0.1 °C, Spectris Canada, Inc; Dba Omega Environmental, Laval, Canada). A magnetic stirrer in contact with the pill-box was used to ensure a good homogeneity. The addition of the DPSi into the formulation corresponds to time t = 0 s.

Since most radical or cationic polymerizations rapidly take place with the release of a large amount of heat (exothermic reaction), it has been shown [29,48] that the increase of the temperature is directly proportional to the monomer conversion. However, as the set-up used here is not adiabatic, the relationship between the conversion and the temperature is only valid for the first steps of the polymerization process.



2.3. Interpenetrated Polymer Network Synthesis

For the polymerization of TMPTA/EPOX (50%/50% w/w) blends, silver salt (1% w/w) was dissolved into the mixture of monomers and DPSi was introduced into the formulation by a syring at RT. The polymerization of TMPTA/EPOX was carried out in pill-box for a sample of 1 g. The progress of the exothermic polymerization is followed by monitoring the sample temperature using a thermocouple connected to a DaqPro-5300 (resolution 0.1 °C). A magnetic stirrer in contact with the pill-box was used to ensure a good homogeneity. The addition of the DPSi into the formulation corresponds to time t = 0 s.



2.4. Characterization

UV measurements were carried out with a Spectra max plus 384 spectrometer (VWR International; Mont Royal, QC, Canada), whereas Fourier-transform infrared spectra (FTIR) were performed on an ABB Bomen Spectrometer (ABB Bomen, Quebec, QC, Canada).

Elemental analysis was obtained by energy-dispersive X-ray spectrometry (EDS) using an EDS spectrometer (Oxford instruments Austin, Inc., Austin, TX, USA).

Differential Scanning Calorimetry (DSC) analysis was performed on a DSC-Q2000 instrument (TA instruments Inc., Mississauga, ON, Canada) under a nitrogen atmosphere at a heating or cooling rate of 20 °C/min. The films were scanned in the range of 25 °C to 300 °C.

Transmission electron microscopy (TEM) analyses of composite materials were carried out at an accelerated voltage of 80 kV using a Hitachi H-7500 TEM (Hitachi High Technologies Canada, Inc., Toronto, ON, Canada).




3. Results and Discussion


3.1. Free Radical Polymerization (FRP)

The polymerization of TMPTA smoothly proceeds at room temperature using DPSi/AgSbF6 (2%/1% w/w) (Figure 1A); the stirring is stopped within 3 min due to the complete polymerization of the formulation. The polymerization does not occur using DPSi or AgSbF6 independently thereby demonstrating that this combination is necessary to initiate the process. Almost no inhibition is noted as a short period is already requested for the solubilization of the silane into the formulation. A complete polymerization is obtained after about 300 s. It can be noted that the polymerization is dramatically faster under air than under argon (tack free time ~3 min vs. 6 min, respectively, Figure 1A). This result shows that (i) no strong oxygen inhibition obviously occurs; and (ii) oxygen should positively participate in the initiation process (see below). Remarkably, a high Si-H consumption is observed during the polymerization (Figure 1B) confirming the hydrogen abstraction process (Scheme 2 and Scheme 3) (see below): This demonstrates that the Si-H conversion is directly related to the overall efficiency of the system. The formation of polyacrylate (PTMPTA) is well evidenced by IR spectra by the observation of the disappearance of the characteristic band of the acrylate double bonds at 1620 cm−1 (Figure 1C) [10,49].

Figure 1. (A) Role of the atmosphere in the free radical polymerization of TMPTA in the presence of DPSi/AgSbF6 (2%/1% w/w): (1) under air and (2) under argon; (B) IR band of the decreasing of the DPSi recorded during the polymerization; and (C) real-time FT-IR spectra in the 1600–1670 cm−1 wavenumber range of sample containing 1% (wt) of AgSbF6 and 2% (wt) of DPSi in TMPTA under air (1- before and 2- after polymerization).
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Interestingly, the addition of NVK strongly improves the polymerization profiles, i.e., both the polymerization rate and the conversion are higher in the presence of NVK (the increase of the temperature is directly proportional to the monomer conversion [29,48]) (Figure 2). A decrease of the tack free time is also noted (i.e., ~1 min vs. 3 min with and without NVK, respectively). Remarkably, no polymerization is observed when using NVK/AgSbF6 system in the same conditions (i.e., room temperature and under air). Consequently, the different three-component system (Silane/NVK/Silver salt) can be considered as excellent initiating system for thermal free radical polymerization under air and at RT (Figure 2).

Figure 2. Comparison of the polymerization initiating ability under air and at RT of sample containing 1% (wt) of AgSbF6 and 2% (wt) of DPSi in TMPTA: (1) without NVK and (2) with 2% (wt) of NVK.
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However, the great interest of the proposed approach lies on the fact that the initiating system is efficient using simple glass vials and unpurified TMPTA, even in the presence of water or oxygen, which can act as polymerization inhibitors with other synthetic approaches [50]. This can open new opportunities for mass production and applications of PTMPTA.

Interestingly, when using a styrene monomer (St) instead TMPTA in the same experimental conditions, FRP occurs but the process is less efficient (e.g., inhibition time is high and tack free time ~4 h using St vs. no inhibition time and 1 min using TMPTA) (Figure 3A). This can be related to the low viscosity of this monomer (0.762 cp) compared to that of TMPTA (70–100 cp), which increases the oxygen inhibition [33,51]. The formation of polystyrene (PSt) is well evidenced by IR spectra of the obtained polymer (Figure 3B), which are fully consistent with the spectra that show the disappearance of the characteristic band of the acrylate double bonds at 1630 cm−1. Remarkably, the consumption of the silanes Si-H is almost complete (~100%) (Figure 3C). This is also found in agreement with the proposed mechanism (Scheme 1 and Scheme 2).

Figure 3. (A) Role of the monomer in the thermal free radical polymerization of Styrene (St) under air in the presence of DPSi/NVK/AgSbF6 (2%/2%/1% w/w); (B) real-time FT-IR spectra in the 1600–1650 cm−1 wavenumber range of sample containing 1% (wt) of AgSbF6, 2% (wt) of NVK and 2% (wt) of DPSi in Styrene under air (1) before and (2) after polymerization; and (C) IR band of the decreasing of the DPSi recorded during the polymerization.
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3.2. Cationic Polymerization (CP)

Interestingly, the proposed new system (DPSi/NVK/AgSbF6) is quite versatile since they are also able to initiate the polymerization of epoxy monomers, such as (3,4-Epoxycyclohexane) methyl 3,4-epoxycyclohexylcarboxylate (EPOX), which indicates that the formation of the cationic species is also efficient in this case (Figure 4A). A quite good polymerization is always obtained at RT and under air leading to tack free surface coatings (gel time ~5 min and tack free time ~1 h). It is evident the important decrease of the typical epoxy band at 770–830 cm−1 and the high increase of the band at 1080 cm−1 due to ether group formed during the ring-opening polymerization (Figure 4B) [30,31,32,33,34,35,36,37]. Almost no inhibition is noted, as a short period is already requested for the solubilization of the silane into the formulation.

Figure 4. (A) Role of the monomer in the thermal free radical polymerization of EPOX under air in the presence of DPSi/NVK/AgSbF6 (2%/2%/1% w/w). (B) IR spectra recorded during the thermal cationic polymerization in the range between 760–1140 cm−1 of sample containing 1% (wt) of AgSbF6, 2% (wt) of DPSi and 2% (wt) of NVK in EPOX (1) before and (2) after polymerization.
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3.3. DPSi/NVK/AgSbF6 for the Synthesis of Interpenetrated Polymer Networks (IPNs)

The new system (DPSi/NVK/AgSbF6) that simultaneously and efficiently generates initiating radicals and cations (see below, r4) can allow an easy synthesis of interpenetrated polymer network from TMPTA/EPOX blend (50%/50%) by thermal polymerization at RT and under air (Figure 5A). They ensure good to excellent polymerizations are always obtained leading to tack free surface coatings after only 3 min. A concomitant increase of the band at 1080 cm−1 and decrease of the band at 1620 cm−1 is also observed due to the formation of the polyether network and polyacrylate, respectively (Figure 5B) [30,31,32]. A high Si-H consumption is also found in agreement with the proposed mechanisms (Scheme 1 and Scheme 2) (Figure 5C). Remarkably, a decrease of the concentration of DPSi reduces the efficiency of polymerization: a decrease of the temperature and an increase of the tack free time is also noted (i.e., 3 and 5 min for 2 and 1% w/w of DPSi, respectively) (Figure 5D). This demonstrates that the silane concentration is directly related to the overall efficiency of the system.

Figure 5. (A) Role of the organosilane in the thermal interpenetrated polymer networks (IPNs) of TMPTA/EPOX blend (50%/50%) under air in the presence of DPSi/NVK/AgSbF6 (2%/2%/1% w/w). (B) IR spectra recorded during the thermal IPN polymerization of the TMPTA/EPOX blend (50%/50%) of sample containing 1% (wt) of AgSbF6, 2% (wt) of DPSi and 2% (wt) of NVK (1) before and (2) after polymerization. (C) IR band of the decreasing of the DPSi recorded during the polymerization. (D) Role of the concentration of organosilane in the thermal interpenetrated polymer networks (IPNs) of TMPTA/EPOX blend (50%/50%) under air in the presence of NVK/AgSbF6 (2%/1% w/w): (1) with 1% (wt) DPSi and (2) 2% (wt) DPSi.
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3.4. In-situ Incorporation of Silver Nanoparticules (Ag(0)NPs)

The in-situ formation of silver nanoparticles (Ag(0)NPs) during the polymerization process is demonstrated by UV-visible spectroscopy (Figure 6). The addition of DPSi to AgSbF6 in TMPTA, St or EPOX monomers leads to the formation of Ag(0) nanoparticles clearly evidenced by UV-visible spectroscopy (i.e., surface plasmon resonance (SPR) band typical of silver nanoparticles observed at about 405 nm (Figure 6)). Unprotected Ag(0) nanoparticles characterized by the size domain < 15 nm display a SPR band at a similar wavelength [52,53].

Figure 6. UV-visible absorption spectra of a polymerized TMPTA film using AgSbF6 (1% w/w) and NVK (2% w/w) in the absence (1) and in the presence (2) of DPSi (2% w/w); Insert: Evolution of Ag(0)NPs colors during the synthesis in TMPTA at RT and under air.
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3.5. Reaction Mechanisms

The formation of a silyl radicals (R3Si●) and/or silylium cations (R3Si+) through the interaction of the silane with silver salt is assumed (Scheme 2) by analogy with the reported behavior of R3SiH/AgOCl4 in organic chemistry [54,55,56,57]. These reactions might proceed by an attack of the electrophile on a Si-H bond [54,55,56,57]. On the other side, the formation of silylium cations when using chlorosilanes (R3SiCl) instead of R3SiH with silver salts (r’1) was well characterized [58]. The good polymerization ability of the R3SiH/AgSbF6 and R3SiH/AgSbF6/NVK systems appears here as in full agreement with the formation of R3Si●, NVK●, R3Si+, NVK+ and H+, which are largely known [16,17,43,44,45,59,60,61,62] as efficient initiating species for both thermal and photochemical radical and/or cationic polymerization of TMPTA and EPOX.

Scheme 2, however, does not account for the favorable oxygen effect. The mechanism (Scheme 4) involves the oxidation of the silyl radical into a peroxyl, a rearrangement of the peroxyl (as already observed elsewhere) [63] and the further re-generation of a silyl radical together with the formation of R-SiH(O-R)2. Such a process was already reported in [63,64].

Scheme 4. Kinetics of rearrangement of the peroxyl radicals into silyl radicals.
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Upon addition of NVK, R3Si● react with the NVK double bond leading to R3Si-NVK● (r’2), as known in other systems [59,60,61,62]. As previously discussed [59,60,61,62], R3Si-NVK● radicals are easily oxidized by Ag+ leading to the formation of R3Si-NVK+ (r3) [65,66]. R3Si-NVK● is characterized by a very low ionization potential [60]; this is fully consistent with the associated fast oxidation process.

The R3Si-NVK● and R3Si-NVK+ being a highly efficient initiating structure for the FRP and ROP of an acrylate and an epoxy [59,65,66,67], it is not surprising that an efficient polymerization is found in the presence of NVK.

In these reactions, radicals and cations are probably generated to initiate the free radical polymerization (FRP), ring opening polymerization (ROP) and interpenetrated polymer network (IPN) of the acrylate, epoxy and acrylate/epoxy blend monomers (r4), respectively, with in-situ formation of silver nanoparticles (Ag(0)NPs) during the polymerization process (see above). Other elegant initiating systems based on other radical oxidation processes by Ag+ were proposed in ref [68,69,70,71,72,73,74,75].



R3SiCl + AgSbF6 →→→ R3Si+SbF6− + Ag(0) + products



(r’1)






R3Si● + NVK → R3Si-NVK●



(r’2)






R3Si-NVK● + Ag+ → R3Si-NVK+ + Ag(0)



(r3)






R3Si-NVK●, R3Si● + acrylate → Polymer



(r4a)






R3Si-NVK+, R3Si+, H+ + epoxy → Polymer



(r4b)






3.6. Characterization of Ag(0) Nanoparticles (NPs) and Polymer Films

Functionalized Ag(0)NPs were characterized by TEM and EDX. The bright field transmission electron microscopy images (TEM) of films cured using AgSbF6/NVK/DPSi (1%/2%/2% w/w) system dissolved in different monomers (TMPTA, St or EPOX) are reported in Figure 7. The TEM micrograph (Figure 7) of Ag(0)NPs obtained after thermal polymerization at RT shows that the Ag(0)NPs remain well-dispersed in the polymer matrix and are well dispersed with no significant agglomeration. A spherical geometry was noticed of the particles whose diameters are in the 5 to 25 nanometer range. The TEM images suggest the possibility of a homogeneous polymeric coating on the nanoparticle surface. These morphological results are in agreement with ref [10,62,72,76].

Figure 7. TEM analysis of silver nanoparticles obtained after thermal polymerization using AgSbF6/NVK/DPSi (1%/2%/2% w/w) system in (A) TMPTA, (B) St, (C) EPOX and (D) IPN (TMPTA/EPOX).
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The formation of Ag(0)NPs created in situ in this hybrid polymer matrix during thermal radical and/or cationic polymerization at room temperature were monitored using energy dispersive X-ray (EDS) spectroscopy analysis, as shown in Figure 8. Indeed, in the resulting EDS pattern, C, O, F, Si, Au, Ag and Sb peaks are clearly shown, demonstrating that silver/polymer composites were successfully prepared by this one-step process. Remarkably, the presence of Au(0) particules is due to the phenomenon of metallization of the polymer matrix before making the measurement.

Figure 8. Energy-Dispersive X-ray Spectrometry (EDS) analysis recorded from Ag(0) nanoparticles in EPOX.
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Thermal behavior of the cured films was evaluated by DSC measurements. The DSC curves are reported in Figure 9. Remarkably, a clear increase of the glass-transition-temperature (Tg) values after addition of N-vinylcarbazole (NVK) in the formulations was noted (i.e., 226 °C for curve 2 vs. 212.5 °C for curve 1, Figure 9). The reason for such an increase is due to the formation of polyvinylcarbazole (PVK) in the film of polymer, which leads to (1) a decrease of the free volume; and (2) the impediment of the mobility crosslinked epoxide and/or an acrylate polymer network.

Figure 9. DSC thermograms for the cured samples containing (1) DPSi/AgSbF6 (2%/1% w/w) and (2) DPSi/NVK/AgSbF6 (2%/2%/1% w/w) in TMPTA.
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4. Conclusions

In the present study, in situ synthesis of silver-acrylate, silver-epoxy and silver-IPN nanocomposites was achieved by thermal polymerization through a simultaneous radical and/or cationic polymerization processes using a silane/silver salt couple at room temperature and under air. Remarkably, and unlike published works so far, heating is not required to activate the reaction. The new redox systems were proposed to initiate in two-component systems (DPSi/silver salt) the ring-opening polymerization (ROP) of (3,4-Epoxycyclohexane) methyl 3,4-epoxycyclohexylcarboxylate (EPOX) and the free radical polymerization (FRP) of trimethylolpropane triacrylate (TMPTA) and styrene (St). Interestingly, the addition of N-Vinylcarbazole (NVK) to the silane/silver salt systems leads to a drastic increase of polymerization reactivity and efficiency, respectively. This three-component system generates free radicals (R3Si● and NVK●) or ions (R3Si+, NVK+ and H+). Remarkably, fast ROP and FRP are observed. Interestingly, these initiators can also be used for the synthesis of interpenetrated polymer networks (IPN), e.g., for the polymerization of TMPTA/EPOX blends. Highly crosslinked network were achieved and the nanocomposite obtained, contains near spherical geometry for most of the nanoparticles, homogeneously dispersed in the polymer network without significant agglomeration as a result of a surrounding effect of polymer chains formed by the rapid cationic and/or radical chain growth. Interestingly, an increase on Tg values was observed after addition of N-vinylcarbazole (NVK) in the formulations. This was ascribed to a decrease of free volume of the polymer network because the formation of PVK in the film of polymer leads in the impediment of the mobility crosslinked epoxide and/or an acrylate polymer network. The mechanical and optical properties of the obtained new organic polymer/silver nanoparticles will be investigated in near future.
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