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Synthesis of Carbon-Nitrogen-Phosphorous Materials with an Unprecedented High Amount of Phosphorous toward an Efficient Fire-Retardant Material

Phosphorus incorporation into carbon can greatly modify its chemical, electronic,a nd thermal stability properties.T odate this has been limited to lowlevels of phosphorus. Now as imple,l arge-scale synthesis of carbon-nitrogenphosphorus (CNP) materials is reported with tunable elemental composition, leading to excellent thermal stability to oxidation and fire-retardant properties.T he synthesis consists of using monomers that are liquid at high temperatures as the reaction precursors.T he molten-state stage leads to good monomer miscibility and enhanced reactivity at high temperatures and formation of CNP materials with up to 32 wt % phosphorus incorporation. The CNP composition and fireretardant properties can be tuned by modifying the starting monomers ratio and the final calcination temperature.T he CNP materials demonstrate great resistance to oxidation and excellent fire-retardant properties,w ith up to 90 %o ft he materials preserved upon heating to 800 8 8Ci na ir.

Carbon materials are widely used for arange of applications such as batteries,s upercapacitors,f uel cells,h eterogeneous catalysis,s ensors,w ater treatment, among others. [1] Insertion of heteroatoms with ad ifferent electronegativity into the carbon network can dramatically alter its electronic, [2] magnetic, [3] optical, [4] and electrochemical properties [5] along with its chemical reactivity. [6] Fore xample,s everal studies have shown that the introduction of nitrogen and phosphorus as electron donors into ac arbon structure alters its electronic states, [7] (electro)catalytic properties [8] and its chemical stability to both oxidation and exposition to high temperatures. [9] More specifically,d oping ac arbon matrix with phosphorus significantly enhances its thermal stability [10] and its electrical conductivity. [11] Thec ovalent radius of nitrogen permits its facile incorporation into carbon materials;s tructures with up to 70 % nitrogen are easily synthesized. [12] In contrast, the large covalent radius of phosphorus strongly impedes its insertion into the carbon matrix. During the traditional solid-state synthesis of carbon materials,the carbon and nitrogen atoms can build auniform network which is energetically favorable, whereas the phosphorus is mainly bonded to oxygen and carbon atoms on the surface. [7b, 13] Furthermore,i nm aterials based on carbon and nitrogen, the phosphorus is seldom bonded to nitrogen atoms.T herefore,uptonow,only carbon materials doped with low amounts of phosphorus have been prepared and the presence of PÀNb onds within the carbon structure has rarely been reported. [7b, 14] Its presence within ac arbon network can strongly enhance its chemical and thermal stability, [15] as well as its electronic and catalytic properties. [16] Polyphosphazenes are polymers with aP À N backbone,w hich are usually prepared from poly(dichlorophosphazene). Thes ynthesis of the latter usually requires ahighly inert environment and involves the use of catalysts to avoid crosslinking. [17] Herein, we report the simple and large-scale synthesis of carbon-nitrogen-phosphorus materials with al arge amount of heteroatoms incorporation and up to 32 wt %p hosphorus in the final materials.The new materials were obtained by the calcination of mixtures of two monomers,namely hexachlorophosphazene (abbreviated as PNCl) and 2,4-diamino-6phenyl-1,3,5-triazine (DPT), which form au niform liquid solution at high temperatures (250-400 8 8C). Thel iquid state facilitates the ring-opening of PNCl to poly(dichlorophosphazene), followed by their reaction with amines groups in DPT.Subsequently,upon condensation at high temperatures, ar ange of new carbon-nitrogen-phosphorus materials are formed;their properties can be tuned by changing the initial monomers composition and the final reaction temperature.

Thes ynthetic route,i ntermediates,a nd final materials structure were thoroughly studied by aw ide range of techniques.T he optimal nanocomposites demonstrate very high stability to oxidation and act as efficient fire-retardant materials.

Thec arbon-nitrogen-phosphorus materials were synthesized through ar eaction involving am olten-state step and afinal solid-state condensation as shown in Figure 1a.Briefly, DPT and PNCl powders in various molar ratios (6:1,3:1,1:1, is covalently bonded to the PN chain. Additionally,t he spectrum for D 6 PN 1 -550 showed two shoulder peaks,a ttributed to P2p 3/2 and P2p 1/2 ,a tl ower binding energies,w hich correspond to the ternary Patoms from PN chain end-groups. This suggests that at high DPT amount mainly PhÀCN x is formed and the polymerization with PNCl is inhibited. Consequently,i nt he final structure,t he result of PNCl condensation mostly consists of PN oligomers.T he detailed reaction paths and the effect of monomers ratio are discussed below.

C1sa nd N1sX PS measurements show the evolution of CN heterocycles (C and Na toms in CÀN=Ca nd N-(C) 3 species) at high amounts of DPT in the starting materials reflecting the PhÀCN x formation. Thes ubstitution of PN structure with Ph À CN x was further supported by X-ray diffraction (XRD) measurements, [START_REF]CCDC 224695[END_REF] Fourier transform infrared (FTIR) spectroscopy,a nd elemental analysis (EA) data. TheX RD patterns (Supporting Information, Figure S1a) reveal that increasing the relative amount of DPT results in the formation of more organized layered structure,a s witnessed by the typical stacking peak of carbon nitride gradually appearing and shifting to higher angles,a ta round 27.58 8.T he FTIR spectrum of D 1 PN 6 -550 (Supporting Information, Figure S1b) featured strong and broad absorption bands at 1180 cm À1 and 874 cm À1 ,corresponding to stretching P=N [18] and PÀNv ibrations, [19] respectively.F or materials prepared with al arger relative amount of DPT,t he typical peaks corresponding to i) the breathing vibration mode of tris-triazine subunits at 810 cm À1 and ii)vibrations of aromatic C À Nh eterocycles at 1200-1600 cm À1 were detected. EA measurements (Supporting Information, Table S2, Table S4) show that the starting monomers ratio is directly related to the relative amounts of elements in the final materials:t he relative increase in DPT resulted in more C, Nand less P, Cl in the final materials and vice versa. TheC /N atomic ratio approached that for Ph À CN x when using higher DPT/PNCl ratio.

All the above-mentioned measurements suggest that the synthesis involves first the ring opening into linear À[PNCl] n À, followed by its substitution with DPT monomers.Afterward, the attached DPT monomers are further condensed into Ph À CN x .T he alteration of the products by the change of the monomers ratio indicates that there is acompetition between the DPT condensation and its reaction with the linear PN polymer.

In the next set of experiments,t he effect of the final condensation temperature was explored. Thethermal properties that are presented later in this manuscript indicate that the D 1 PN 3 sample is the most stable to oxidation at high temperature,s ow ef ocused on further studying materials of this composition at different calcination temperatures.T he C1shigh-resolution XPS spectrum of the D 1 PN 3 -450 sample confirms the creation of PhÀCN x phase (Supporting Information, Figure S2) and C À Na nd C = Nb onds were detected. These carbon components show an egligible change upon calcination at 450-650 8 8C, suggesting that the basic structure of D 1 PN 3 was undamaged with increasing temperature. Further increase of the calcination temperature to 750 8 8C leads to small decomposition of the structure.At850 8 8C, most 1:3and 1:6) were ground into ahomogeneous solid mixture. Afterward, the mixture was transferred into aceramic crucible and heated to 260 8 8Cfor 2h,followed by its calcination under nitrogen atmosphere for another 2h at adesignated target temperature (450, 550, 650, 750, 850 8 8C). Theobtained composites were labeled as D x PN y -T (x:y denotes the molar ratio of DPT to PNCl, Tdenotes the target temperature of the reaction). Thereaction yields are given in the Supporting Information, Table S1. Themolten-state step allows to shape the final structure as exemplified in Figure 1a. Thecylinder shape can be prepared by preforming the reaction in aglass-tube. The confined reaction vessel together with polyphosphazene structure lead to the formation of CNP monolith.

X-ray photoelectron spectroscopy (XPS) measurements show the typical evolution of the chemical states of P, C, and Nfor all samples. The P2pspectrum reveals four phosphorus environments (Figure 1b). Twodominant species, attributed to the terminal and bridging Penvironments from the backbone of À [PNR] n À polymer chains, appeared in all samples. Importantly,the increase of DPT in the precursor mixture led to asmall shift of P2ptolower binding energies. This shift is due to the electron-donating substituents, from the branched phenyl-modified carbon nitride (PhÀCN x )that of the functional groups disappeared and mainly sp 2 carbon was detected, accounting for the collapse of the polymer structure.Asreported in heteroatom-doped carbon materials, the dopant atoms incorporate into the p-conjugated system by delocalizing their p-electrons, [20] this process occurs at 700 8 8Co rh igher temperatures owing to the formation of thermodynamically stable hybridized carbon. This carbonization process can also be evidenced by the additional new peaks in P2pa nd N1sX PS spectra comparing D 1 PN 3 -850 samples with the materials that were calcinated at lower temperatures.Apart from XPS,EAand ICP data (Supporting Information, Table S3) were used to demonstrate the variation of the elements ratio at D 1 PN 3 with varying calcination temperatures.T he EA data shows that up to 750 8 8C, the structure remained almost intact and more than 30 %Pwas incorporated within the structure.T he increase in temperature to 850 8 8Cresulted in the loss of most Pand only 6% was detected.

To reveal the reaction mechanism of DPT/PNCl we focused on the elucidation of the synthesis path for the D 1 PN 3 sample.Amelting point apparatus (MPA), solid-state NMR, scanning electron microscope (SEM), and also thermogravimetric analysis (TGA) and differential thermogravimetry (DTG) were employed to study the growth mechanism, intermediate and final materials.F igure 2a displays photographs of DPT-PNCl mixture (molar ratio of 1:3) in acapillary tube heated at various temperatures in the MPA. Tw ochanges can be observed from the MPAimages;first, the solid mixture turned into aq uicksand-like mixture at 115 8 8Co wing to the melting of PNCl. Afterward, slightly before 260 8 8Ct he DPT was melted and at ransparent homogeneous molten solution was observed. In accordance with the MPAd ata, TGA and DTG curves (Supporting Information, Figure S3) show that as ignificant weight loss occurs from 115-200 8 8Cd ue to the monomers phase change,f ollowed by their condensation up to 600 8 8C.

To confirm the critical role of the molten phase,w e performed aseries of modifications to the reported synthesis.

In our experiments,c alcination of PNCl alone led to its full decomposition and no material remained after the same synthetic procedure.T he importance of choosing two monomers that form ahomogeneous molten state is demonstrated by replacing DPT with other nitrogen-rich organic compounds,n amely dicyandiamide,m elamine,a nd urea, which are the common precursors to materials based on carbon and nitrogen:n one of these monomers exhibit ac lear molten phase.W henm ixed with PNCl and calcinated at high temperatures,t hey did not form am olten phase:a sar esult, the PNCl completely evaporated and only carbon-nitrogen materials with an egligible amount of Pw ere formed with non-uniform distribution (Supporting Information, Figures S4, S5).

Solid-state NMR measurements at various reaction temperatures were acquired to elucidate the reaction path as well the intermediates and final materials structure. 13 CCPM AS spectrum of DPT molecule shows two broad signals centered at 130 and 170 ppm, corresponding to carbon within the phenyl and triazine units,r espectively (Figure 3a). Am ore precise assignment was obtained from the calculation of 13 C chemical shift values on the crystalline structure of DPT. [21] Thefull chemical shift values assignments are summarized in the Supporting Information, Table S5. Little change is observed in the carbon environments upon the reaction with PNCl at 260 8 8C(1:3molar ratio of DPT:PNCl) as illustrated by abroadening of the 13 Csignals without significant shifts (Figure 3a.). After heating to 550 8 8C, the 18.8 and 17.6 ppm (Figure 3b)t hat can be attributed to the two phosphorous inequivalent sites (1:2 ratio) in the crystalline structure. [24] After reaction with DPT at 260 8 8C, the spectrum was drastically changed and broad signals ranging from 10 to À40 ppm appeared. Thep rominent changes are probably due to the formation of PN 3 Cl and PN 4 environments owing to the replacement of Cl group with the NH 2 groups.T ofurther elucidate the Pchemical environment, we applied structural modeling (Figure 3c)t oc alculate the possible 31 Pc hemical shift values (Supporting Information, Table S6) on simple systems with representative phosphorus first neighbors.T he absence of signals between 20 and 50 ppm, where peaks for [PCl 2 N] 3 rings would be expected, confirmed the opening of [PCl 2 N] 3 rings.

Thef ormation of P À Nb onds leads to phosphorous environments which match our experimental data. Indeed, the calculated chemical shift values for P(NP) x (NH) 4Àx and P(NP) 2 (NH)Cl cover the whole experimental observed range. This suggests alarge distribution of Penvironments at 550 8 8C. Am ore precise assignment would necessitate am uch more sophisticated modeling,b ut it can be noticed that after calcination at 850 8 8C(Supporting Information, Figure S6) the signal becomes narrower and centered around À3ppm. This suggests the DPN lost most of its Pand turns into carbon, in ag ood agreement with XPS and EA results.

Having all the data at hand we suggest the following growth mechanism. Theh eating of PNCl monomer to high temperatures and its interaction with DPT molecules can facilitate and initiate the opening of the cyclic structure to ac hain linear polymer.F TIR measurements suggest the formation of as upramolecular assembly that is built from hydrogen bonds interaction between the two monomers at 260 8 8C( Figure 2b;S upporting Information, Figure S7). The antisymmetric stretching vibration of PN ring was shifted from 783 to 806 cm À1 and the stretching vibration of the N À H group in DPT fully disappeared. It is worth noting that the ring-opening reactions usually require the utilization of initiators/catalysts. [25] Here,t he hydrogen bonds network leads to the opening of the ring without any additional catalysts.S ubsequently,t he chlorine atoms linked to phosphorus are replaced by the active amine groups in DPT as depicted in Figure 2b.At350 8 8C, the unreacted amine groups in DPT start to polymerize and establish ascaffold based on carbon and nitrogen. In this case,anordered carbon-nitrogen structure that substitutes À[PNR] n À polymer chains with aw ell-organized, dense,f lat, and smooth morphology (Supporting Information, Figures S8,S9) is obtained from ap olymerization in the molten phase at high temperature.T he molten phase allows the two monomers to react similarly to the traditional organic chemistry approach owing to the molecules miscibility and reactivity.T herefore,a ss hown before,itissimple to tune the final elements ratio by adapting the initial monomers ratio.A th igher calcination temperatures,the polymerization is followed by afull carbonization of the structure to DPN.O ur results indicate that the materials compose from PÀNÀCb onds.

TGA in air was conducted to evaluate the stability of the new materials to oxidation and their suitability as fire-retardant materials.F irst, all the DPNs-550, with DPT:PNCl ratio ranging from 6:1t o1 :6, were analyzed to probe the effect of the elements ratio on the thermal stability (Figure 4a). TheT 10 (the temperature at 10 %m aterial loss) strongly depends on the starting and final elements ratio and dramatically increases with higher PNCl amounts (inset in Figure 4a and the Supporting Information, Table S7). The best T 10 ,747 8 8C, was obtained for the D 1 PN 3 -550 sample. At higher PNCl ratio, a small decrease of T 10 to 731 8 8Cwas obtained. Noticeably,the T 10 of the carbon-nitrogen scaffold from DPT-550 shows alower T 10 value of 574 8 8Cand the material was fully decomposed at about 700 8 8C. Thegreater stability of the DPN materials can be attributed to the strong PÀNlinear backbones within the structure which are known to be stable to oxidation.

We opted to further optimize the best sample (D 1 PN 3 )by exploring final condensation temperatures from 450 to 850 8 8C (Figure 4b;Supporting Information, Table S8). Theincrease of the condensation temperature from 450 to 650 8 8Cresults in an increase in T 10 ,uptoanimpressive 795 8 8Cfor D 1 PN 3 -650. Further increase in the condensation temperature of the synthesis to 750 8 8Cleads to aslight decrease in T 10 .The materials synthesized at 850 8 8Cshow asimilar behavior to the pristine carbon-nitrogen scaffold due to the massive loss of PN units within the structure as shown before. Therefore, based on these results, weconclude that D 1 PN 3 -650 exhibits the best stability to oxidation and flame-retardant properties.

Thef ire-retardant behavior of D 1 PN 3 -650 was further evaluated by burning it for 30 and 60 min under the hot flame of an alcohol lamp (Figure 4c). Compared with the recent state-of-the-art fire-retardant carbon-based materials, [10b] our material displays an excellent stability enhancement and only as light mass loss was obtained (Supporting Information, Figures S10,S11). Images of burned D 1 PN 3 -650 after soaking it in ethanol are shown in the Supporting Information, Figure S12. Importantly,t he sample almost remained intact and the flame did not self-propagate.T he FTIR, XPS,a nd SEM results (Supporting Information, Figures S13-S15) illustrate that the -[PNR] n -p olymeric chains remain even after 30 min burning, despite some PÀOspecies inevitably appearing. XPS data (Supporting Information, Figure S14) suggests that the carbon was barely oxidized. We proposed that the Pis mainly oxidized, protecting the carbon from burning. Recently it was reported that heteroatoms insertion into carbon matrix may lead to the formation of noble carbons with very high resistance to oxidation. [7d] Thec hemical stability of D 1 PN 3 -650 was investigated by immersing it into strong acid and base.The material demonstrated high stability under these harsh condition as shown in Figure S16.

UV/Vis and impedance spectroscopy measurements (Supporting Information, Figure S17) disclose that D 1 PN 3 -650 is an-type semiconductor with aband gap of 1.45 eV (Supporting Information, Figure S17). Thee lectric conductivity of D 1 PN 3 -650 is slightly improved compared to DPT-550 (Supporting Information, Figure S18).

Thet hermal properties of the D 1 PN 3 -650 were then evaluated and the corresponding values for effective thermal conductivity (l eff ), diffusivity (k)a nd specific heat were 0.157(AE 0.009) WmK À1 ,0 .31(AE 0.05) mm 2 s À1 ,a nd 0.52(AE 0.05) MJ m À3 K À1 .I ts hould be mentioned here that both the l eff and k are possibly slightly overestimated due to the experimental set-up,w here the carbonaceous foam was partially crushed. Thel ow thermal diffusivity can be compared to some polymeric materials,s ilica or adobe bricks, corroborates well with the observed flame-retardant stability enhancement preventing the excessive propagation of the heat front through the material as displayed in Figure 4c. Analysis of mercury porosimetry shows that the D 1 PN 3 -650 sample possesses ar ather small pore volume (0.144 cm 3 g À1 ) and al ow mesoporosity (only as mall fraction of mesopores around 3.5 nm in size), which results the value of l eff that is not as low as anticipated (! 0.100 WmK À1 ).

In conclusion, we demonstrate au nique and straightforward approach involving am olten-state step to synthesize CNP materials with unprecedentedly high amount of phosphorus,u pt o3 2wt%,a nd controllable elemental composition and chemical properties.T od os o, we used two monomers that melt at high temperatures and establish am ixture that is ah omogenous liquid up to 400 8 8C. The molten-state stage leads to excellent monomers miscibility at high temperatures,a llowing their reaction as in solution and prevents PNCl evaporation. Detailed structural analysis of the molten-state intermediates and the final carbon-nitrogen-phosphorus materials with various monomers ratio and calcination temperatures reveals that the reaction occurs by the opening of hexachlorophosphazene rings,followed by the replacement of the chlorine atoms by amine groups of the DPT monomer at the molten-state stage.W ed emonstrated that the chemical composition and the thermal stability to oxidation at high temperature can be tuned by the starting monomers ratio and the final calcination temperature.C onsequently,t he materials exhibit great resistance to oxidation and for the best composite up to 90 %o ft he materials are preserved at 800 8 8Cu nder air. We believe that the moltenstate approach opens the opportunity to overcome some of the traditional solid-state limitations in the synthesis of new materials with controllable and tunable elemental composition as well as variable chemical and electronic properties toward their utilization in fire-retardant materials and electrochemical devices. 

Figure 1 .

 1 Figure 1. a) Illustration of the process for preparing DPN samples involving amolten-state step. b) High-resolution P2p, C1s, N1s XPS spectra of i) D 6 PN 1 -550, ii)D 3 PN 1 -550, iii) D 1 PN 1 -550, iv) D 1 PN 3 -550, v) D 1 PN 6 -550.

Figure 2 .

 2 Figure 2. a) Melting of the DPT-PNCl precursor seen in the melting point apparatusa tcontrolled temperatures. b) Proposed reaction path of CNP materials.

Figure 3 .

 3 Figure 3. a) 13 CCPMAS NMR spectra of i) DPT and reaction products with PNCl (molar ratio of DPT:PNCl of 1:3) at ii) 260 8 8Cand iii)550 8 8C. b) 31 PMAS NMR spectra of i) PNCl and reaction products with DPT (molar ratio of DPT:PNCl of 1:3) at ii)260 8 8C, and iii) 550 8 8C. c) Representation of the models I, II, III, and IV obtained through geometry optimization.

Figure 4 .

 4 Figure 4. TGA curves of DPN samples synthesized in a) various raw materials ratio, and b) various calcination temperature measured in air with aheating rate of 10 8 8Cmin À1 .The insets are the T 10 temperatures vs. samples, i) DPT-550, ii) D 6 PN 1 -550, iii) D 3 PN 1 -550, iv) D 1 PN 1 -550, v) D 1 PN 3 -550, vi)D 1 PN 6 -550, vii) D 1 PN 3 -450, viii) D 1 PN 3 -650, ix) D 1 PN 3 -750, x) D 1 PN 3 -850. c) Photographs of the D 1 PN 3 -650 exposed to aflame (alcohol lamp) after various exposition times.

Csignals remain in the same chemical shift range and only asignificant broadening of the signals was observed, which is probably due to the carbonization of the structure, suggesting the formation of graphitic carbon nitride[22] and aromatic carbon domains.[23] 
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