Nitrogen-doped graphite-like carbon derived from phthalonitrile resin with controllable negative magnetoresistance and negative permittivity
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Abstract
Herein, a nitrogen-doped graphite-like carbon material derived from hybrid phthalonitrile (PN) resin with controllable carbon microstructures including crystalline structures, hybridized carbon configurations, degree of disorder and nitrogen species such as pyridinic N, pyrrolic N, and graphitic N has been manufactured by high temperature annealing method. By simply altering these carbon microstructures through annealing temperature, the lowest resistivity of 1.76 W·cm at 290 K, the negative MR value of -6.10% at a magnetic field of 9 T and negative permittivity over -105 at low frequency are achieved in the semiconducting nitrogen-doped graphite-like carbon material. The results confirm the decreasing degree of disorder attained from Raman spectroscopy, the increasing ratio of sp2 and sp3 hybridized carbon, i.e. C(sp2)/C(sp3), from X-ray photoelectron spectroscopy (XPS), and the rise of charge carrier mobility with increasing the magnetic field from Hall-effect measurement are responsible for the negative MR effect in this nitrogen-doped graphite-like carbon material. The negative permittivity is attributed to the plasma oscillation with delocalized charge carriers by Drude model and the greatly increasing graphitic N in the carbon microstructures. This work opens a new insight for the applications of carbonized PN resins in the electronic device field. 
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1 Introduction

Carbon materials are non-metallic materials dominated by carbon elements. Normally, the excellent electrical, thermal, and mechanical properties could be found in different carbon materials, such as graphene, carbon nanotubes, carbon nanofibers and fullerenes 

[1, 2] ADDIN EN.CITE . Owing to their light weight, good chemical stability, low spin-orbit coupling and hyperfine interaction, carbon materials have been recognized as a kind of promising electronic materials in recent years [3]. Doping of nitrogen atoms into carbon materials is considered as one of the possible methods to improve their electronic and physicochemical properties 

[4, 5] ADDIN EN.CITE . Lots of works have been done to explore the role of nitrogen doping in electrocatalysis, supercapacitors, batteries and other fields for the nitrogen-doped carbon materials, especially graphene-related materials 

[6, 7] ADDIN EN.CITE . For instance, Gao et al. [8] utilized a polymer formed from hyrolyzed vinyl imidazolium nitrate to prepare a three-dimensional nitrogen-doped carbon foam and systematically investigated its electrocatalytic performance towards oxygen reduction reaction (ORR). Wang et al. [9] prepared the nitrogen-doped carbon nanofibers annealed from polymer blend of polyacrylonitrile (PAN) and novolac (NOC) to serve as an extremely excellent supercapacitor electrode. Wang et al. [10] synthesized an intrinsic nitrogen-doped biomass-based carbon aerogel derived from chitin and chitosan as carbon and nitrogen source, which exhibited extraordinary electromagnetic interference (EMI) shielding performance. Moreover, it’s also mentioned that the nitrogen doping could significantly improve the electrical conductivity of graphene-related materials 

[11, 12] ADDIN EN.CITE . 

Phthalonitrile (PN) resin with extremely high glass transition temperature, excellent thermal and anti-oxidative stability, good mechanical properties, high radiation resistance, low moisture absorption has been widely used in aerospace, navigation, microelectronics and other industries [13]. Generally, during the curing process, the cyano group on the PN monomer is polymerized through the nucleophilic addition reaction under the action of catalyst to form the thermosetting PN resin. It is reported that the cured PN resin mainly contains three cross-linked structures including phthalocyanine, triazine and isoindoline [14]. Benefiting from the outstanding thermal stability of phthalocyanine and triazine structures, PN resin has high carbon yield after high temperature annealing in the inert atmosphere, which is a good precursor for the formation of carbon materials [15]. The cross-linked structures in the PN resin after carbonization are possibly transformed into polycondensation rings, which provides the possibility of forming the transport pathway to transfer the charge carriers by hopping or tunnelling through the mixed-valence interactions between molecular orbitals in the system [16].

Magnetoresistance (MR) refers to the change of resistance for a material under the external magnetic field [17]. Electronic devices based on the MR phenomenon have been widely exploited in the computer hard disk drives and magnetic random access memory (MRAM), angular displacement sensors, biosensors and biochips, magnetic field sensors and other fields [18]. As a promising electronic material, carbon material has attracted extensive attention in the MR devices [19]. When the electric field is applied to a material, it generates the induced charges that could weaken the external electric field [20]. The ratio of the original applied electric field (in vacuum) to the electric field in the final media is the permittivity (e) [21].Typically, materials with different ranges of permittivity can be applied in different fields. For example, materials with huge permittivity and low dielectric loss are suitable for the capacitors [22]. Materials with low permittivity and small dielectric loss are appropriate for wave-transmitting materials [23]. Besides, materials with negative permittivity have attracted extensive attention for the applications in optical cloaking, optical tunneling devices, subwavelength lenses and compact resonators [24]. These materials are called metamaterials, which have unique physical properties including inversed Snell's refraction, inversed Doppler effect and inversed Cherenkov radiation effect [25]. Nevertheless, there is no related report regarding both negative MR and negative permittivity in the carbonized PN resin so far.

In this work, a novel nitrogen-doped graphite-like carbon material coming from hybrid 2,2-bis[4-(3,4-dicyanophenoxy)phenyl] hexafluoropropane (FPN, one kind of PN resin monomer)/4-(4-aminophenoxy) phthalonitrile (APN)/4-(2-allylphenoxy) phthalonitrile (XDCN) resin after calcination with controllable negative magnetoresistance and negative permittivity is reported. Several carbonized FPN resins with dominating phthalocyanine structure are fabricated at different annealing temperatures. These samples exhibit the semiconducting characteristics verified by temperature dependent resistivity measurements. In addition, their MR effect and permittivity are investigated systematically. The degree of disorder obtained from Raman spectra, C(sp2)/C(sp3) ratios from X-ray photoelectron spectroscopy (XPS) and the charge carrier mobility from Hall-effect measurement are utilized to analyze the negative MR effect of the nitrogen-doped graphite-like carbon materials. The Drude model is adopted to explain the negative permittivity in these materials. 
2 Experimental

2.1 Materials

Anhydrous potassium carbonate (K2CO3, 99%) and hydrochloric acid (HCl, 36-38 wt%) were attained from Beijing Beihua Fine Chemicals Co., China. 4-aminophenol (C6H7NO, 99.5%) and 2-allylphenol (C9H10O, ≥98%) were bought from Aladdin Reagent Company (China). 4,4'-(hexafluoroisopropylidene)diphenol (bisphenol AF) was supplied by Xinhua Chemicals (Suzhou, China). Resorcinol (C6H6O2, 99%), sodium hydroxide (NaOH, ≥96.0%) and phosphorus pentoxide (P2O5, ≥98.0%) were purchased from Sinopharm Chemicals (Shanghai, China). These chemicals were used without any other pre-treatment. 4-nitrophthalonitrile (NPN, ≥98.0%) was gotten from Alpha Chemical Co., Ltd (Shijiazhuang, China) and recrystallized by ethanol. N,N-dimethylformamide (DMF, ≥99.0%), from Beijing Beihua Fine Chemicals Co., was purified by distillation over phosphorus pentoxide under the reduced pressure. Distilled water was made by twice distillation. Activated carbon supported calcium oxide (CaO@AC) was prepared according to our previous work [26], and stored in the degassing dryer for moisture protection.
2.2 Preparation of phthalonitrile monomers

2.2.1 Preparation of 2,2-bis[4-(3,4-dicyanophenoxy)phenyl] hexafluoropropane (FPN)

The synthesis of FPN was conducted in accordance with a modified Keller’s method [27]. Briefly, bisphenol AF (0.20 mol), 4-nitrophthalonitrile (0.42 mol) and DMF (400 mL) were added into a three-neck round-bottom flask equipped with a condenser, a thermometer and a nitrogen inlet under the magnetic stirring. When the above mixture became homogenous, anhydrous K2CO3 (0.40 mol) was added. Then the mixture was gently heated to 80 ℃, and magnetically stirred for 6 h under the nitrogen atmosphere. Upon cooling down to room temperature, the resulting dark brown mixture was poured into 0.1 mol L-1 of HCl solution, then filtered and washed with deionized water to neutral. After drying in a vacuum oven, the product with the yield of 92% was obtained. 

2.2.2 Preparation of 4-(4-aminophenoxy) phthalonitrile (APN)
APN was prepared in line with our previous study [14]. In brief, 4-nitrophthalonitrile (0.10 mol), 4-aminophenol (0.10 mol), and DMF (50 mL) were added into a 250 mL of three-neck round-bottom flask. After being dissolved, anhydrous K2CO3 (0.15 mol) was put into above mixture. The mixture was magnetically stirred at 85 ℃ for 5 h under the nitrogen atmosphere. After cooling down to room temperature, the resulting dark brown mixture was poured into 0.1 mol L-1 of NaOH solution, the resultant precipitate was collected by filtration and washed with deionized water until pH was about 7. The product was dried at 80 ℃ in a vacuum oven overnight.

2.2.3 Preparation of 4-(2-allylphenoxy) phthalonitrile (XDCN)
XDCN was prepared in compliance with our previous study [28]. Generally, 2-allylphenol (0.20 mol), 4-nitrophthalonitrile (0.20 mol), CaO@AC (0.20 mol), and DMF (200 mL) were added into a three-neck round-bottom flask equipped with a condenser, a thermometer and a nitrogen inlet under the magnetic stirring. Then the mixture was gently heated to 80 ℃, and magnetically stirred for 6 h under the nitrogen atmosphere. Upon cooling down to room temperature, the resulting dark brown mixture was poured into 0.1 mol L-1 of HCl solution, filtered and washed with deionized water to neutral. Finally, the products with the yield of 89% were dried under vacuum at 70 °C. The chemical structures of FPN, APN and XDCN are shown in Fig. S1.
2.3 Preparation of carbonized FPN/APN/XDCN resin
Firstly, FPN (6 g, monomer), APN (1.5 g, catalyst) and XDCN (0.6 g, catalyst) were successively added into a three-neck round-bottom flask and heated to 160 ℃. After 5 min of magnetic stirring, the melting blends were poured into a silicone mould and placed in an oven with the curing sequences of 200 ℃ for 4 h, 250 ℃ for 4 h, 280 ℃ for 6 h and 300 ℃ for 6 h. Then, the sample was taken out and placed on the glass rod for post curing at 375 ℃ for 8 h in the same oven to achieve the FPN/APN/XDCN resin.

Secondly, the FPN/APN/XDCN resin was placed in a tubular furnace (GSL-1100X-S, Kejing Co. Ltd., Hefei, China) at 550 ℃ for 8 h followed by processing in an infrared furnace (Beijing Huace Testing Instrument Co., Ltd.) with the heating sequences of 600 ℃ for 20 min, 700 ℃ for 20 min, and 800 ℃ for 20 min to acquire the carbonized FPN/APN/XDCN resin, which was labeled as F800. Similarly, F700 and F600 were also prepared with the same procedure at the corresponding temperature for comparison.
2.3 Characterizations

Scanning electron microscope (SEM, JEOL JSM-7900F) was conducted to observe the microstructures of samples. The high-resolution transmission electron microscopy (HRTEM) was performed on a Tecnai G2 F30. Fourier translation infrared (FTIR) with attenuated total reflection (ATR) spectra were recorded in the range of 400 - 4000 cm-1 with 64 scans per spectrum at 2 cm-1. X-ray diffraction (XRD) was applied to characterize the crystalline structure of samples by a D8 Advance X-ray powder diffractometer within the diffraction angle ranges from 10 to 70 º at a scanning speed of 10 º min-1. X-ray photoelectron spectroscopy (XPS) analysis was carried out using a Thermo Escalab 250XI spectrometer with Al K (h = 1486.6 eV) radiation as the excitation source at an anode voltage of 12 kV and an emission current of 10 mA. Raman spectra were collected in the range of 400 - 3200 cm-1 on a Renishaw Invia Raman spectrometer. LCR meter (Tonghui TH2838H) was employed to investigate the frequency dependent permittivity and AC impedance within the frequency range from 100 Hz to 1 MHz at room temperature. MR was carried out using a standard four-probe technique by a 9-Tesla Physical Properties Measurement System (PPMS, Quantum Design) at room temperature, in which the magnetic field was perpendicular to the current. Temperature dependent resistivity and Hall effect were also measured on the same PPMS system.
3 Results and Discussion

3.1. Carbon microstructures control in carbonized FPN/APN/XDCN resins 
The carbon microstructures in carbonized FPN/APN/XDCN resins could be easily tailored by the annealing temperature. The HRTEM images of FPN/APN/XDCN resin annealed at 550 ℃ and F800 are disclosed in Fig. 1A and B, respectively. It is noted that after annealing at 550 ℃, the sample appears a typical amorphous phase, Fig 1A, whereas F800 presents the obvious graphitized regions, Fig 1B. It is observed that there are clear lattice fringes with a spacing of 0.34 nm corresponding to the (0 0 2) crystallographic plane of graphitized carbon in the HRTEM image of F800, Fig. 1B, which means the high degree of graphitization in these regions [29]. Interestingly, the (1 0 0) crystallographic plane related to the lattice fringe with a spacing of 0.22 nm is also noticed in the HRTEM image of F800, Fig 1B. Commonly, the direction of (1 0 0) crystallographic plane could provide information about the stacking mode of graphite structures 

[30, 31] ADDIN EN.CITE . It is found that there are two kinds of lattice fringes associated with (1 0 0) crystallographic plane in the graphitized regions of F800, which may be the result of tubostratic stacking of graphite layers [32]. Additionally, it is believed that the regions with higher crystalline order would result in the higher electrical conductivity relative to the amorphous regions 

[33, 34] ADDIN EN.CITE . Therefore, the existing highly graphitized regions may supply F800 with high electrical conductivity. Fig. 2A shows the XRD patterns of F600, F700 and F800. There are evidently two broad peaks at 2q = 26 and 43 o, corresponding to the (0 0 2) and (1 0 0) crystallographic planes of hexagonal graphitized carbon 

[35, 36] ADDIN EN.CITE . These results demonstrate that the carbonized FPN/APN/XDCN resins at such temperature not only have the amorphous straticulate structures but also have the certain part of crystalline graphitized structures. These results are consistent with the HRTEM results above. Moreover, it is obvious that F800 and F700 have the higher graphitization degree than F600 affirmed by increasing the peak intensity [37]. The HRTEM and XRD results above suggest that the annealing temperature could tune the crystalline structure of the carbonized FPN/APN/XDCN resins and the high annealing temperature of 800 oC favors the formation of graphitized structure in the carbonized FPN/APN/XDCN resins.

The XPS is exploited to identify the changes of hybridized carbon configuration in the carbonized FPN/APN/XDCN resin, which can provide more information for the construction of graphitized carbon material and the emergence of high electrical conductivity in the carbon system. The high-resolution C 1s XPS spectrum of F600, F700 and F800 is depicted in Fig. 2B-D. It is seen that four characteristic peaks are deconvoluted in these carbonized FPN/APN/XDCN resins due to the presence of heteroatoms. The binding energy peaks at ~284.6, ~285.7, ~286.7 and ~288.7 eV are assigned to C(sp2) clusters (C=C), C(sp3) clusters (C-C), C-N (or C-O) bonds and C=N (or C=O) bonds, respectively [38]. Typically, the carbon system dominated by sp2 hybridization expresses the characteristic of a conductor since the sp2 hybridized carbon atoms could provide the free electrons that the sp3 hybridized carbon atoms do not have 

[17, 39] ADDIN EN.CITE . Hence, the larger ratio of C(sp2)/C(sp3), the higher electrical conductivity in material would be obtained. It is noteworthy that the ratio of C(sp2)/C(sp3) for F600, F700 and F800 gained from the deconvolution of high resolution C 1s XPS spectra is 3.06, 4.03 and 7.15, separately, and increases with increasing the annealing temperature. This is possibly related to the increase of graphitization ratio in the carbon system [40]. This may increase the electrical conductivity and decrease the resistivity of samples as the annealing temperature raises. These results recommend that the annealing temperature could alter the C(sp2) and C(sp3) configurations in the carbonized FPN/APN/XDCN resin. 

Raman spectroscopy is utilized to evaluate the degree of disorder for the carbonized FPN/APN/XDCN resins since the degree of disorder in the structure of a material is highly connected with its electrical property [41]. Fig. 3A-C outlines the Raman spectra of F600, F700 and F800. Conventionally, in the Raman spectra of a carbon material, the D-band peak at ~1350 cm-1 and G-band peak at ~1590 cm-1 are two major peaks [42]. The D-band is correlated to the breathing mode of A1g symmetry in the six-membered ring, which indicates the degree of disorder in the carbon system. The G-band corresponds to the in-plane bond stretching motion of paired carbon atoms in the rings and chains 

[43, 44] ADDIN EN.CITE . In this work, the D-band is the focus of attention because it means the proportion of defects in the carbon system, which would not exist in case of pure graphene. Furthermore, it is reported that both full width at half maximum (FWHM) and the ratio of ID/IG could signify the degree of disorder for a material, which denotes that the lower value of FWHM in the D-band and the lower ratio of ID/IG, the lower degree of disorder would be achieved in the carbon systems 

[45, 46] ADDIN EN.CITE . As a result, the peaks for D-band and G-band have been deconvoluted by the fitting as shown in Fig. 3A-C to acquire the FWHM in the D-band and the ratio of ID/IG for these three samples since the D-band and G-band come into together during the measurements. The value of FWHM in the D-band for F600, F700 and F800 is 273.6, 254.8 and 240.8 cm-1, respectively. Moreover, the ratio of ID/IG for F600, F700 and F800 is 3.03, 2.82 and 2.50, accordingly. The variation of FWHM in the D-band and the ratio of ID/IG exhibit the same tendency for F600, F700, and F800. Consequently, it is concluded that the degree of disorder in the carbonized FPN/APN/XDCN resin decreases with increasing the annealing temperature. It also could well clarify the structure changes for the carbonized FPN/APN/XDCN resins with increasing the annealing temperature.
Besides, in both the EDX elemental mapping and the wide-scan XPS spectra of carbonized FPN/APN/XDCN resins, the nitrogen element is found to be present, Fig. S3, Table S1 and Fig S4, separately. Thus, in order to further understand the alteration of nitrogen doping level and nitrogen species in the carbon system with increasing the annealing temperature, the wide-scan XPS spectra and high-resolution N 1s XPS spectra of F600, F700 and F800 are displayed in Fig. S4 and Fig. 3D-F, respectively. The nitrogen doping level acquired from Fig. S4 is laid out in Table 1, which is 5.56, 4.23, and 2.64%, accordingly. In the high-resolution N 1s XPS spectra of these three samples, three deconvoluted peaks are clearly viewed, which can be adopted to analyze the nitrogen species change with increasing the annealing temperature in the carbonized FPN/APN/XDCN resins. The binding energy peaks at ~398.3, ~399.8, and ~401.0 eV are designated as pyridinic N, pyrrolic N, and graphitic N, respectively 

[47, 48] ADDIN EN.CITE . The structures of pyridinic N, pyrrolic N, and graphitic N are drawn in Fig. S5. The fractions of nitrogen species attained from the deconvolution of high-resolution N 1s XPS spectra are listed in Table 1. Defining the configuration of nitrogen species in the carbonized FPN/APN/XDCN resins is favorable to better realize the characteristics of such materials from the perspective of molecular structure. There are three types of nitrogen species including pyridinic N, pyrrolic N and graphitic N in the carbonized FPN/APN/XDCN resins. As disclosed in Fig. S5, pyridinic N and pyrrolic N are bonded to two carbon atoms, which usually appear at the edge or vacancy of graphene structure. Pyridinic N exists in the six-membered ring structure, while pyrrolic N presents in the five-membered ring structure. Graphitic N is linked with three carbon atoms in sp2 configuration, replacing the original carbon atoms in graphene structure. Interestingly, the graphitic N fraction increases from 32.59, 39.76 to 46.19% for F600, F700 and F800, respectively, and the pyridinic N fraction also presents an increasing trend. However, the pyrrolic N fraction declines a lot with increasing the annealing temperature due to the instability of five-membered heterocyclic rings [49]. Alterations of the proportion for these nitrogen species are the result of nitrogen rearrangement with increasing the annealing temperature. What’s more, it is reported that the nitrogen doping, especially graphitic N, can contribute to the boost of n-type charge carrier concentration in graphene-related materials 

[50, 51] ADDIN EN.CITE . Thus, the rising graphitic N in F800 is properly supply with high electrical conductivity to F800. 
By summarizing the results above, the hybridized carbon configuration, i.e. C(sp2)/C(sp3) ratio, degree of disorder, nitrogen doping level and nitrogen species content for the carbonized FPN/APN/XDCN resins can be certainly adjusted through the annealing temperature. Importantly, after calcination at 800 ℃, the FPN/APN/XDCN resin becomes a nitrogen-doped graphite-like carbon material. 
3.2. Negative MR and negative permittivity regulated by different carbon microstructures 

As aforementioned, the carbonized FPN/APN/XDCN resins attain the different carbon microstructures at diverse temperatures, which possibly bring the various electrical properties to themselves. Therefore, the carbon microstructures-controlled resistivity, MR property and permittivity in F600, F700 and F800 have been comprehensively investigated. 

3.2.1 Electrical transport mechanism-temperature dependent resistivity
Since the temperature dependent resistivity properties are associated with the electrical transport mechanism of materials, the resistivity in the temperature range of 150-290 K for F600, F700 and F800 have been laid out in Fig 4A. It is noticed that even though the FPN/APN/XDCN resin is insulating, after annealing, F600, F700 and F800 become conductive clearly. In Fig. 4A, the resistivity of F600, F700 and F800 decreases with increasing the annealing temperature within the measured temperature range, manifesting a typical semiconducting characteristic [52]. In addition, these three samples present relatively low resistivities, which are 101.68, 29.20 and 1.76 W·cm at 290 K for F600, F700 and F800, respectively. Apparently, the variations of resistivity for these three samples under different annealing temperatures are consistent with the XPS results concerning the ratio of C(sp2)/C(sp3) and contents of graphitic N above. This further proves that the growth of ratio of C(sp2)/C(sp3) and graphitic N could heighten the electrical conductivity of graphene-related materials.
The introduction of Mott variable range hopping (VRH) theory could illustrate the electrical transport mechanism of samples. In this theory, the electrical conductivity (s) is in accordance with Equation (1):
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where 0 is a constant, T0 is the VRH temperature parameter and the value of n is 1, 2, and 3, corresponding to three different models (i.e. Efros-Shklovskii variable range hopping (ES-VRH), 2D, and 3D VRH models, accordingly) [18]. By fitting with these models, the 3D Mott VRH model agrees with the as-prepared carbon systems perfectly. The linear plots of ln (s) ~ T-1/4 are drawn in Fig. S6 and the fitting parameters are recorded in Table S2. This demonstrates that the electrical transport in the F600, F700, F800 follows the 3D Mott VRH mechanism.
As illustrated in FTIR spectrum of FPN/APN/XDCN resins in Fig. S2, the main structure in the FPN/APN/XDCN resin is phthalocyanine structure. In our previous study, the first-principle calculations and finite temperature molecular dynamics (FTMD) simulations were applied to simulate the final phthalocyanine structure after annealing [18]. By using the FTMD simulations, the charge carrier transport mechanism and low resistivity property of as-prepared carbon system could be better explained. As described in Fig. S7, the polyphthalocyanine structures might form the continuous conjugation structures after annealing and supply the transport pathway of charge carriers, leading to the low resistivity and high electrical conductivity in the formed nitrogen-doped graphite-like carbon materials.
3.3.1 MR Analysis

MR can be defined as Equation (2):
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where R(0,T) and R(H,T) are the resistance at temperature T without magnetic field and under the magnetic field H, respectively. The MR results of F600, F700 and F800 at 290 K are revealed in Fig. 4B, which were measured by PPMS system. The MR for all the samples is negative within the whole measured magnetic field and decreases with increasing the applied magnetic field. At magnetic field of 9 T, the MR of F600 attains -3.21%, whereas for F700 and F800, their MR values alters to -4.66% and -6.10%, separately. This signifies that the MR value of samples can be adjusted by the different carbon microstructures through annealing temperature.

It is known that MR effect is related to the resistance change. The electrical conductivity, as the reciprocal of resistivity, can be obtained according to Equation (3) [53]: 
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where e is electron charge, n is charge carrier concentration and m is charge carrier mobility. Therefore, it is of great significance to explore the parameters n and m of a material for studying its MR effect [54]. In general, the parameters n and m can be gained from the Hall-effect measurement. The Hall effect refers to the phenomenon that when the electric current passes through the semiconductor perpendicular to the external magnetic field, the charge carrier will deflect and an additional electric field will be generated perpendicular to the direction of electric current and magnetic field, resulting in the generation of a voltage at both ends of the semiconductor [55]. The relationship between Hall resistance and magnetic field of F800 is disclosed in Fig. S8. In Fig. S8, the obvious Hall signal of F800 is discovered. After linear fitting of Hall resistance vs. magnetic field curve, the value of Hall coefficient (RH) is achieved as -0.68 cm3 C-1, representing a n-type semiconductor characteristic [56]. This implies that the charge carriers in F800 are mainly negatively charged electrons, which is consistent with the XPS result that the growth of graphitic N could raise the n-type charge carrier concentration. Assuming ideal Hall effect, the n can be delineated as Equation (4) [57]:
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Significantly, the n of F800 comes to 4.25×1018 cm-3, which is an important factor for leading to the high electrical conductivity of F800. On the other hand, the m could be computed by Equation (5):


[image: image5.wmf]H

=

R

ms

                              (5)

As shown in Fig. 4C, the mH of F800 increases from 3.86×10-1 to 4.11×10-1 cm2 V-1 s-1 with the increase of magnetic field from 0 to 9 T. It could be summarized that the increasing charge carrier mobility causes the negative MR effect in F800.
Additionally, with the purpose of further interpreting the connections among negative MR effect, ratio of C(sp2)/C(sp3), FWHM, and ratio of ID/IG, the relationships between MR and ratio of C(sp2)/C(sp3), FWHM, as well as ratio of ID/IG for F600, F700, and F800 are set out in Table 1 as well. As shown in Table 1, when the negative MR value changes from -3.21 to -4.66% and then to -6.10% for F600, F700, and F800, the rise of C(sp2)/C(sp3) ratio from 3.06 to 4.03 and then to 7.15, accordingly, manifesting an increasing electrical conductivity and decreasing resistivity as the electrical property is related to the ratio of C(sp2)/C(sp3) in the material [58]. This might affect the transport of charge carriers in the carbonized FPN/APN/XDCN resins under magnetic field 

[39, 59] ADDIN EN.CITE . This might also be one reason for the variation of negative MR effect in these carbonized FPN/APN/XDCN resins. Furthermore, it is reported that the MR effect might be in linkage to the degree of disorder in the carbon system 

[18, 45, 60] ADDIN EN.CITE . As shown in Table 1, the value of FWHM in the D-band declines from 273.6 cm-1 for F600 to 254.8 cm-1 for F700 and then to 240.8 cm-1 for F800, corresponding to the increase of MR value. Meanwhile, the maximum ratio of ID/IG is observed to be 3.03 for F600, associated with the lowest MR value, and it declines to 2.82 for F700 and then to 2.50 for F800, expressing the increase of MR value. As aforementioned in the Raman analysis, the lower value of FWHM, the lower ratio of ID/IG, the less degree of disorder in the conductive carbon system is attained. This could better estimate that the less disordered carbon system might further affect the electrical conductivity variations of materials under magnetic field. Consequently, it’s concluded that the MR value for all the samples increases with the reduction in the degree of disorder.
In short, the negative MR effect in the carbonized FPN/APN/XDCN resins could be well clarified from the point of the changes in the charge carrier mobility, ratio of C(sp2)/C(sp3), and degree of disorder for materials.
3.2.3 Permittivity Analysis

Fig. 4D depicts the real permittivity (') as a function of frequency within the frequency range of 20 ~ 1×106 Hz for F600, F700, and F800 at room temperature, respectively. The enlarged image provides the corresponding ' in the frequency range of 1×104 ~ 1×106 Hz. All the samples display significant negative permittivity in the low frequency range and then become positive as the frequency increases further. The switching of ' from negative to positive occurs after 1×104 Hz for F600, 2×104 Hz for F700 and F800, respectively. More importantly, the ' of F600, F700 and F800 comes to the value of -3.24×104, -5.71×104 and -1.57×105 at 20 Hz, respectively, which means that the absolute value of negative permittivity for these three samples at 20 Hz increases with the increase of annealing temperature. Generally, the competitive interactions between plasma oscillation of delocalized charge carriers and polarization of localized charge carriers contribute to the negative permittivity in materials [61]. When the polarization is overcome by the plasma oscillation, the material can exhibit the negative permittivity. It is reported that the negative permittivity is correlated with the formation of continuous conduction networks in the system and the electrical conductivity of materials 

[24, 62] ADDIN EN.CITE . According to the Drude model, the permittivity of conductive materials can be declared by Equation (6) [63]: 
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where g is the damping constant, w is the angular frequency and wp is the plasma frequency. When w < wp, the ' is negative. In this model, the negative permittivity can be assigned to the plasma oscillation with the delocalization of charge carriers and the formation of continuous conductive networks in the material. This signifies that the samples have more delocalized charge carriers and more conduction networks have been constructed with the increase of annealing temperature. This could also be proved by the improvement of electrical conductivity from F600 (101.68 W·cm at 290 K) to F800 (1.76 W·cm at 290 K). It’s reported that the increasing graphitic N could not only favor to improve the electrical conductivity of material, but also facilitate the emergence of negative permittivity in material [64]. Hence, the variations of graphitic N contents as affirmed in Table 1 and Fig. 3D-F might be the reason that FPN/APN/XDCN resins annealed at different temperatures possess the variable negative permittivity. 
Fig. S9A and B shows the imaginary permittivity (") and dielectric loss tangent (tan where tan "/') for F600, F700, and F800, respectively. The curve of " for the samples discloses the same trend as that of '. In the low frequency range, the " is negative and its absolute value decreases with the increase of frequency, and then the " is switched from negative to positive after 1×104 Hz for F600, 2×104 Hz for F700 and F800, respectively. It is worth mentioning that a maximum peak is observed in the tan  curves of each sample that corresponds to the switching frequency from negative to positive due to the Maxwell-Wagner-Sillars interfacial polarization [65]. 
In a word, the temperature dependent resistivity, negative MR and negative permittivity could be evidently tailored by the different carbon microstructures in the carbonized FPN/APN/XDCN resins through the annealing temperature. The lowest resistivity, highest negative MR and negative permittivity are discovered in F800 sample, which possesses a nitrogen-doped graphite-like carbon structure. The microstructure differences and electrical properties variations are arranged in Table 1 for comparison. 
4 Conclusions

Nitrogen-doped graphite-like carbon materials produced from FPN/APN/XDCN resin with dominating phthalocyanine structure have been successfully prepared by a high temperature annealing process and characterized by XRD, HRTEM, EDX, and XPS technique. All the samples exhibit the semiconducting characteristic and their resistivity at room temperature decreases with increasing the annealing temperature as following sequences: 101.68, 29.20 and 1.76 W·cm for F600, F700 and F800, respectively. The increasing graphitic N content and C(sp2)/C(sp2) ratio are dedicated to the high electrical conductivity and negative permittivity. The temperature dependent resistivity measurement points out that the electrical transport in these carbon systems follows 3D Mott VRH hopping mechanism. The negative MR effect and negative permittivity of samples could be tailored by the annealing temperature. In particular, the value of negative MR and negative permittivity for F800 comes to -6.10% at a magnetic field of 9 T and -1.57×105 at 20 Hz, respectively. Evidences for the decrease in the degree of disorder obtained from Raman spectra, the increase of C(sp2)/C(sp3) ratios from XPS results, and the increasing charge carrier mobility from Hall-effect measurement are responsible for the negative MR effect. The plasma oscillation with delocalized charge carriers, the formation of continuous conductive networks, and the presence of graphitic N contribute to the negative permittivity in these carbon materials. Consequently, it is easy to adjust the negative MR effect and negative permittivity of phthalonitrile resin by annealing at different temperatures to meet various application requirements. This work opens up a new applied field for the carbonized PN resins in the electronic device field. 
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Table 1 Microstructure differences and electrical properties variations of samples.

	Samples
	F600
	F700
	F800

	C(sp2)/C(sp3) ratio
	3.06
	4.03
	7.15

	FWHM in D-band (cm-1)
	273.6
	254.8
	240.8

	ID/IG
	3.03
	2.82
	2.50

	Nitrogen doping level (%)
	5.56
	4.23
	2.64

	Graphitic N (%)
	32.59
	39.76
	46.19

	Pyrrolic N (%)
	40.76
	28.97
	18.19

	Pyridinic N (%)
	26.65
	31.23
	35.62

	Resistivity at 290K (W·cm)
	101.68
	29.20
	1.76

	MR at 9 T (%)
	-3.21
	-4.66
	-6.10

	Permittivity at 20 Hz
	-3.24×104
	-5.71×104
	-1.57×105
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Fig. 1 HRTEM images of A FPN/APN/XDCN resin annealed at 550 ℃ and B F800.
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Fig. 2 A XRD patterns of F600, F700 and F800; high-resolution C 1s XPS spectra of B F600, C F700, and D F800. 
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Fig. 3 Raman spectra of A F600, B F700, and C F800; high-resolution N 1s XPS spectra of D F600, E F700, and F F800.
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Fig. 4 A Resistivity vs. temperature for F600, F700 and F800; B room temperature MR for F600, F700 and F800; C m as a function of magnetic field for F800; D real permittivity vs. frequency for F600, F700 and F800.
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