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Covalent functionalization of N-doped graphene by N-alkylation† 
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Nitrogen doped graphene was modified by N-alkylation using a 

combination of phase transfer catalysis in combination with 

microwave irradiation. The resulting derivatives of N-doped 

graphene were analysed showing that the bandgap of the material 

varied depending on the alkylation agent used. 

 

Graphene (G) has emerged in the last decades as one of the 

most promising materials due to its unique physical and 

chemical properties that make it a suitable material for a 

broad range of applications, from microelectronics to 

composites.
1
 Controlling the properties of G appears to be an 

approach of choice to expand the range of applications 

further, modulating the response of G materials. In this regard, 

chemical doping appears to be an obvious method for tuning 

the properties of G.
2
 Two approaches have been proposed to 

chemically dope G: (1) functionalization on the G surface or (2) 

substitutional doping, which introduces heteroatoms into the 

carbon lattice.1 Among various possible dopants, N-doping has 

become the most widely reported due to the facile doping 

process and the effective modulation of the electronic 

properties while maintaining high electrical conductivity.3, 4 

Concerning the preparation of heteroatom-doped G, chitosan, 

which acts as a source of carbon and nitrogen, has been used 

for the preparation of few layers thick N-doped G [(N)G] films 

and powders (containing from 0.4 to 7 wt % nitrogen) by 

pyrolysis under moderate temperatures (800-1200 ºC).5,6 

Nitrogen is a neighbour element to carbon in the periodic 

table. Due to its electron configuration (1s22s22p3) does it 

contain 1 more electron than carbon and can as such 

introduce additional π- electrons into the carbon system and 

therefore additional n-type carriers, which could compensate 

the carrier mobility reduction caused by the defects after 

doping graphene.
4
 Three common bonding configurations are 

usually obtained when introducing nitrogen into the carbon 

lattice: pyridinic N, pyrrolic N and quaternary or graphitic N.
2,7

 

Among these configurations, the quaternary N and pyridinic N 

are the most common types. As mentioned above, heteroatom 

doping offers possibilities for tailoring the electronic properties 

of G. The larger electronegativity of nitrogen compared to that 

of carbon (3.04 vs. 2.55 on the Pauling scale) induces charge 

polarization in the carbon network conferring G with 

semiconducting properties. The electron-rich nature of 

nitrogen induces a n-type semiconducting effect and the Fermi 

level is shifted above the Dirac point,
8,9

 thus, the band gap 

between the valence and the conduction band will be opened. 

Therefore, N-doping provides the possibility of tuning the band 

gap of graphene which makes these doped materials great 

candidates for applications in electronic devices. 10, 11, 12 It 

should also be considered that doping could play an adverse 

effect by deteriorating the thermal and mechanical properties 

of G. Compared to doping of graphene with elements such as 

nitrogen, chemical functionalization of G using techniques such 

as alkylation are based on standard organic reactions through 

which a wide spectrum of functional groups can be anchored 

onto G. In principle, doped G could also be modified by specific 

reactions at the dopant heteroatom through different routes 

depending on the nucleophilic or electrophilic nature of the 

dopant element.2 Specifically, in the present case, pyridinic N 

atoms in (N)G should act as anchoring sites for N-alkylation 

reactions often used in organic chemistry. Since 

functionalization on G commonly occurs at the edges, covalent 

attachment through N- atoms could be a way to achieve 

functionalization of the basal plane of the graphene lattice. 

Phase transfer catalysis (PTC) is a versatile method to promote 

organic reactions between immiscible solutions due to the 

action of phase transfer agents facilitating interface transfer of 

species.13 PTC offers several advantages, such as operational 

simplicity, mild reactions conditions and the environmental 

benignity of the reaction system. By combining microwave 
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irradiation (MW) technology
14,15

 and PTC conditions, 

substantial improvements can be achieved in terms of reaction 

efficiencies, selectivity and eco-friendly conditions.
16

 

Here, we report an efficient method to synthesize N(G) sheets 

bearing organic addends anchored to the N pyridinic sites by 

combination of PTC and MW irradiation techniques. To the 

best of our knowledge, this is the first example of N-graphene 

functionalization based on derivatization of the heteroatom. In 

order to provide evidence of (N)G functionalization different 

techniques have been used, such as thermogravimetric 

analysis (TGA), X-Ray Photoelectron Spectroscopy (XPS), 

Fourier-Transform Infrared Spectroscopy (FTIR) and Raman 

Spectroscopy, as well as AFM measurements provided 

information about the sample topography. Chitosan (Aldrich, 

low molecular weight) previously purified from insoluble 

residues was pyrolyzed under Ar atmosphere at 900 oC for 6 h. 

The resulting turbostratic graphitic residue was sonicated at 

700 W for 1 h to obtain dispersed (N)G in water. The nitrogen 

content of the sample was 6.65 wt % as determined by 

elemental combustion chemical analysis. Covalent 

functionalization of (N)G suspensions with the corresponding 

bromide derivative was initially performed under PTC 

conditions by conventional diffusion heating (CH) (Scheme 1). 

N-alkylation reaction of (N)G was carried out at 70 ºC for 20 h 

in the presence of tetra-n-butylammonium bromide (TBAB) as 

Phase Transfer Catalyst (PTC) and potassium carbonate (K2CO3) 

as base, affording functionalized graphene f-NG 1-4. The 

resulting materials were thoroughly washed with different 

solvents to remove any remaining salt and unreacted bromide 

derivatives. Due to low degree of functionalization obtained 

under CH, the reaction was carried out employing PTC and 

MW irradiation in a CEM microwave reactor, using a closed 

quartz tube with pressure control. Under these conditions, the 

degree of functionalization was higher (see Fig. 1) and the 

reaction time was reduced to 60 min.  

 

Fig. 1.  TGA curves for N-graphene (black), hybrid 1 obtained under CH (green) under 

MW irradiation (red) and bromide derivative (blue). 

The first evidence of the successful covalent functionalization 

of (N)G was obtained from TGA. Fig. 1 and S2 shows the 

thermogravimetric profiles of (N)G together with those of N-

alkylated graphene (N)G 1 through CH or MW heating in the 

presence of TBAB. For (N)G, the main weight loss takes place 

at around 200 ºC and it can be ascribed to the decomposition 

of labile oxygen-containing groups present in the material. At 

600 ºC, a weight loss of around 11 % is observed which could 

be assigned to the removal of more stable oxygen 

functionalities. For f-NG 1 obtained by CH, an additional 

weight loss of 12 % is observed at this temperature, which can 

be attributed to the decomposition of the addend attached to 

(N)G, based on the TGA profile of phenacyl bromide 1 (Fig. 1). 

Taking this into account, the number of groups attached to 

graphene was estimated 1 per 6.2 nitrogen or 93 carbon 

atoms.   
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Scheme 1. Synthetic route towards f-NG 1-4.  

In the case of the thermogram obtained for the N-alkylation 

under MW irradiation, the additional weight loss observed for 

f-NG 1 at 600 ºC is approximately 33 %, which corresponds to 

the presence of 1 group per 2.2 nitrogen atoms or 34 carbon 

atoms. The thermogravimetric profile of the control sample of 

f-NG 1 obtained by MW heating in the absence of PTC shows a 

weight loss of 23 %, indicating that the degree of 

functionalization is proportionally lower (see ESI, Fig. S1). 

Weight losses corresponding to the rest of (N)G hybrids 2-4 

bearing different groups (Scheme 1) are found in Fig. S2 and 

Table S1. As observed, reactions performed under MW heating 

not only reduced significantly the reaction times but also gave 

rise to materials with higher degrees of functionalization in 

respect to classical heating. It is interesting to note that the 

highest percentage of functionalization correspond to about 

44 % of the total N atoms present on (N)G determined by 

combustion elemental analysis. 

Further support on the covalent anchoring of the functional 

groups on the (N)G surface was provided by XPS 

measurements (see Tables S2, S3 and Fig. S3). Two types of 

normal emission angle-integrated scans were carried out for 

the samples in this study: low resolution survey scans from 200 

to 1300 eV and pass energy in the analyzer of 100 eV, and high 

resolution scans 15-20 eV windows and 50 eV pass energy. The 

survey scans were primarily used to monitor samples for the 

presence of surface contaminants. High-resolution scans were 

acquired for the C 1s, O 1s, N 1s and Zn 2p energy regions. 

Table S3 lists the elements detected and their percentage 

determined by XPS. The elements detected by XPS are in 

agreement with the nature of the organic addend. One 

interesting point to note is that the atomic percentage of N 

determined by XPS is much lower than the value determined 

by chemical analysis. It should be noted, however, that 

Page 2 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

elemental quantification by XPS is problematic since it only 

provides analysis of the surface layers (up to ca. 3 nm) of 

powders and it could be that N atoms are not homogeneously  

distributed between the surface and bulk when (N)G is 

analyzed as dry powders. In addition, functionalization can 

mask some N atoms that will be covered by the substituent. As 

expected, the N content of f-NG 4 increases due to porphyrin 

nitrogen atoms. Evidence of the covalent attachment of the 

organic addends to f-NGs is provided by FTIR spectra (Figs. 2 

and S4). Accordingly, f-NG 1 shows features that do not appear 

in the starting (N)G, such as two bands at 1691 cm
-1

 and 1400 

cm
-1

 attributable to the C=O and C-N stretching vibration 

modes, respectively. In addition, a new band appeared at 699 

cm-1 which was attributed to the C-Cl stretching. The effective 

attachment of the bromide derivative is further confirmed by 

the increase of the aliphatic C-H stretching bands at 2910-2960 

cm-1. FTIR spectra for the rest of hybrids showed similar results 

after functionalization (see ESI, Fig. S4).  

 

Fig. 2. FT-IR spectra of (N)G  and f-NG 1  compared with its bromide precursor 1. 

Raman measurements show the characteristic D and G bands 

at around 1350 cm
-1

 and 1594 cm
-1

 respectively (see Fig. S5 in 

ESI). The D band shows a high intensity, indicating a high 

density of defects within the hybrid structure.
6
 This is in 

concordance with the small graphene crystallite size of around 

20 nm.
17

 A higher N content implies a higher number of 

defects (higher ID/IG) combined with smaller crystallites. In 

addition, a general distortion of the 2D band was observed for 

all the hybrids. In this regard, previous studies have shown 

that the Raman bands get broadened and the 2D band 

disappeared when increasing the doping concentration.18 No 

differences were observed between the Raman spectra of the 

starting (N)G and those corresponding to the functionalized 

hybrids, indicating that N-functionalization did not influence 

on the density of defects on the G sheet.  

          The 1H-NMR spectrum of f-NG 1 recorded in CDCl3 is 

presented in Fig. 3. It was possible to record the signals 

corresponding to the 4-chlorophenacyl units in the aromatic 

region as well as the singlet of the methylene group appearing 

at 5.30 ppm. This chemical shift was different from that of the 

4-chlorophenacyl bromide used as reagent (4.42 ppm) and 

would be about 1.3 ppm upfield with respect to the value 

reported for N-(4-chlorophenacyl)pyridinium, a structurally 

close analog of the subunits present in f-NG 1, that is 6.66 

ppm. This strong upfield shift would be compatible with the 

influence that the anisotropy of the π-cloud of graphene 

exerted on this CH2 group.  

 

Fig. 3 Expansion of the 1H-NMR spectrum recorded for f-NG 1 in CDCl3 (see Fig. S6 in the 

ESI for the full spectrum). 

The UV-vis absorption spectra for N(G) show the dominant 

absorbance peak around 200 nm, which was ascribed to π-π* 

transition of aromatic C–C bonds, and a shoulder at 280 nm, 

associated with n-π* transition of C═O bonds
19

 (see ESI, Fig. 

S7). For f-NG 1, a new peak was observed at around 230 nm, 

which could be attributed to the anchored addend, since its 

absorption spectrum shows a sharp peak at this wavelength. 

For f-NG 2 and f-NG 3 no supporting information could be 

obtained from the UV-vis spectra, since the peaks 

corresponding to the addends overlap with the dominant 

absorbance peak from (N)G. However, for f-NG 4 (see ESI, Fig. 

S8), the UV-vis spectrum shows a new absorption peak at 428 

nm, which was attributable to the π-π* transition of the 

porphyrin unit. As observed, this peak was bathochromically 

shifted by 4 nm with respect to 4. This suggested the existence 

of electronic interactions between porphyrins and the basal 

plane of (N)G. 

In order to probe the excited-state interactions between the 

porphyrin and graphene, fluorescence spectra of the hybrid f-

NG 4 and precursor 4 were compared (see ESI, Fig. S8b). Both 

solutions were prepared in THF optically matched at the 

selected excitation wavelength and their emission spectra 

were acquired. Upon excitation of 4 at the Soret band (426 

nm), a fluorescence emission was observed at 494 nm. A 

weaker fluorescence emission was observed when the hybrid 

f-NG 4 was excited at the same wavelength. The calculated 

quenching efficiency was around 40 %, suggesting the 

existence of photoinduced electron transfer from the 

porphyrin 4 to (N)G. AFM images, as illustrated in Fig. 4, reveal 

the presence of few layer graphene flakes with an average 

height of ca. 1.5 nm, which correspond to an approximately 

four layers thick structure.20 It could also be that the thickness 

of N-doped graphene could be somewhat larger than that of 

pristine graphene sheets. Anyway, this thickness clearly 

evidenced the strongly exfoliated character of the sample. 

Further, the isolated layers showed polygonal shapes which 

are very characteristic in graphene samples. Finally, it is 

worthy to mention that comparing the images from the 

starting (N)G (top panel) and f-NG 4 (bottom panel), the last 

shows brightened zones whose height coincides with the 

distance calculated for the porphyrin unit, which could suggest 
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the presence of the porphyrin attached to graphene, although 

additional evidence by Zn mapping on high resolution TEM 

image of f-NG 4 would provide additional evidence to this 

proposal.  
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 N(G)     Eg=4.12 eV

 f-NG 1  Eg=3.35 eV

 f-NG 2  Eg=3.5 eV

 f-NG 3  Eg= 3.20 eV

 f-NG 4  Eg= 3.79 eV

Fig. 4 (Left) AFM image of (N)G on SiO2-coated Si wafers and 3D image on the right side 

(top panel); AFM image of f-NG 4 and 3D image on the right side (bottom panel). 

(Right) Tauc plot to determine the optical band gap of (N)G compared to that of f-NG 1-

4 

 Transmission electron microscopy (TEM) was performed in 

order to obtain detailed views of their morphology and analyze 

their possible crystal structure. TEM images obtained for (N)G 

and f-NG 4 are shown in Fig. S9. (N)G exhibits wrinkled paper-

like morphology (Fig. S9a). Magnified images reveal the 

presence of few-layers thick graphene with a detailed 

crystalline structure (Fig. S9b). The selected area electron 

diffraction (SAED) pattern given in Fig. S9c further supports the 

high crystallinity of (N)G, showing a symmetric hexagonal 

diffraction pattern, which is ascribed to a typical diffraction 

pattern of graphite.
21,22

 As observed for f-NG 4, chemical 

modification induces morphological changes on the surface 

(Figs. S9d and S9e), and the crystalline structure is disrupted 

after functionalization with the porphyrin unit (4) (Fig. S9e). 

This decrease of the crystallinity is further confirmed by the 

SAED pattern (Fig. S9f) that shows ring-like diffraction spots, 

probably due to structure distortion caused by intercalation of 

porphyrin into its graphitic planes.
23

 

 Assuming the materials to be semiconductors, a plot of the 

Kubelka-Munk function vs. hν affords the band gap energies.  

The optical band gaps of the new hybrids were determined 

using the Tauc plot
24

 of the modified Kubelka-Munk function 

with a linear extrapolation (Fig. 5). The approximated band gap 

of (N)G was found to be 4.12 eV and 3.35 eV, 3.50 eV, 3.20 eV 

and 3.79 eV for f-NG 1-4, respectively. The variation of the 

band gap after N-functionalization in these materials could be 

attributed to the disruption of graphene sublattices and the 

changes in the electronic density at the N atoms. Since band 

gap engineering is one of the high priority goals in the 

development of graphene electronics, the experimental 

influence of optical band gap as a function of the substituent 

on N atom appears as a new general method to tune the 

optical band gap by functionalization of graphene.  

 In summary, unprecedented N-functionalization of N-

doped graphene with a variety of organic addends by phase 

transfer catalysis in combination with microwave irradiation is 

reported. As result of this covalent functionalization, variations 

in the bandgap of the functionalized doped graphene were 

observed. The methodology here described should be also 

applicable for other dopant elements and should constitute a 

new general strategy for functionalization of graphene.  
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