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Modulation of the exfoliated graphene work
function through cycloaddition of nitrile imines†‡

Myriam Barrejón,a Marı́a J. Gómez-Escalonilla,a José Luis G. Fierro,b

Pilar Prieto,c José R. Carrillo,c Antonio M. Rodrı́guez,cd Gonzalo Abellán,e

Ma Cruz López-Escalante,f Mercedes Gabás,g Juan T. López-Navarreteh and
Fernando Langa*a

After the feasibility of the 1,3-dipolar cycloaddition reaction between nitrile imines and exfoliated

graphene by density functional theory calculations was proved, very few-layer graphene was effectively

functionalized using this procedure. Hydrazones with different electronic properties were used as

precursors for the 1,3-dipoles, and microwave irradiation as an energy source enabled the reaction to be

performed in a few minutes. The anchoring of organic addends on the graphene surface was confirmed

by Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and thermogravimetric analysis.

Ultraviolet photoelectron spectroscopy (UPS) was used to measure the work function and band gap of

these new hybrids. Our results demonstrate that it is possible to modulate these important electronic

valence band parameters by tailoring the electron richness of the organic addends and/or the degree of

functionalization.

1. Introduction

Graphene is a two-dimensional material that is composed of
a single layer of carbon atoms and it has recently attracted
considerable scientific interest due to its significant physical
properties and a large number of potential technological
applications.1–3

Graphene is characterized as a zero band gap semimetal in
which the conduction and the valence bands meet at the Dirac
point. The zero bandgap nature of graphene results in a high
current leakage, which limits its applications as a candidate
in standard logic electronic circuits. In this regard, the intro-
duction of a bandgap in graphene through band structure
engineering4–7 into a semiconductor by opening up the band
gap, and thus enhancing its potential practical electronic applica-
tions is highly desirable.8,9 Covalent chemistry provides a powerful
pathway to tailor the physical properties of pristine graphene
to transform intrinsic zero band gap energy graphene. Based
on the well-known covalent chemical reactivity of fullerenes
and carbon nanotubes, chemists have already achieved good
control of the elemental covalent chemistry of graphene and a
broad arsenal of chemical reactions have already been carried
out on this flat form of carbon, despite its low chemical
reactivity when compared with curved carbon nanostructures
such as fullerenes and carbon nanotubes.10–13 Cycloaddition
chemistry is clearly an important tool in the chemistry of
carbon nanostructures. The application of this chemistry leads
to higher solubility, better control over composition and the
development of more complicated carbon nanostructure archi-
tectures for novel properties and new applications. The most
frequently employed type of cycloaddition in carbon nano-
structure chemistry is arguably the 1,3-dipolar cycloaddition
and, in particular, the cycloaddition of azomethine ylides.14,15

Nevertheless, nitrile imines, formed in situ in a one-pot pro-
cedure from hydrazones and N-bromosuccinimide (NBS) or
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N-chlorosuccinimide (NCS) in the presence of triethylamine
(NEt3), react with fullerenes16 and carbon nanotubes17,18 as
dipolarophiles under relatively mild reaction conditions to
afford 2-pyrazoline derivatives in good yield. The scope of the
reaction is very broad as hydrazones are readily available from
aldehydes, which has allowed the preparation of a large number
of derivatives for different practical purposes. It should be noted
that with less reactive dipoles, the use of microwave irradiation
(MWI) has proven to be very useful in cycloaddition reactions19,20

as well as in fullerene and carbon nanotube chemistry.21 The
application of MWI allows the formation of cycloadducts in a
few minutes. Significantly, in contrast to other fullerene deriva-
tives, the resulting 2-pyrazolinefullerenes show better, or at least
equivalent, electron affinity when compared to the parent C60 and
they also exhibit remarkable thermal stability.22

Although numerous cycloaddition reactions have been
explored experimentally with fullerenes23 or carbon nanotubes,24

and despite the fact that the covalent functionalization of
graphene is a growing field of research, only the 1,3-dipolar
cycloaddition of azomethine ylides14,15 has been applied to the
functionalization of graphene.25–28

The band gap and the work function (WF) of a material
provide information about the electronic states on the surface
of the solid and most organic electronic devices require the use
of semiconducting materials in which the work function should
be adjustable, thus allowing efficient charge transport. In this
sense, the possibility of adjusting the work function through
chemical functionalization makes graphene a very promising
material in the semiconductor field.29 Band-gap opening has
been demonstrated after in situ doping,30 chemical doping,31

electrochemical doping32 or BN doping of chemical vapor
deposited graphene.33 The WF of graphene can be tuned by using
different methods, such as the electric field effect,34 chemical
doping with heteroatoms,35 or chemical functionalization.36–38

However, the effect of surface functionalization on the electronic
structure of graphene is still not well understood, and systematic
studies on the variation of the graphene WF reported as a
function of the type of functionalization are rare.32,39 Reduced
graphene oxide (rGO) has also attracted attention as an alternative
to achieve easily fabricated organic graphene-based optoelectronic
devices. Theoretical studies using density functional theory (DFT)
calculations on the tunability of rGO predict an increase in the WF
of up to 2.5 eV through the precise control of oxygen-containing
functional groups.31 Ultraviolet laser irradiation has been used to
increase the WF of chlorinated GO layers by up to 5.23 eV.40

Based on our experience with fullerenes and carbon nano-
tube chemistry, in the present work we assessed theoretically
and experimentally the feasibility of the cycloaddition of four
different N-p-nitrophenylnitrile imines onto the surface of
graphene. The hybrid materials were fully characterized and a
systematic study was performed using ultraviolet photoelectron
spectroscopy (UPS) on the modulation of the graphene work
function by modifying the electron richness of the pyrazoline
substituent and the degree of functionalization. This contribu-
tion aims to offer a new and reliable route to achieve controlled
graphene band engineering.

2. Experimental section
General procedure for the synthesis of graphene pyrazolines
(3a–d) under classical heating (CH)

Pyridine (0.5 mL) was added to a solution of the appropriate
hydrazone (0.10 mmol) in dry chloroform (CHCl3) (15 mL) under
argon and the mixture was cooled to 0 1C. NCS (0.42 mmol, 56 mg)
was added and the mixture was stirred for 30 minutes. Thereafter,
chloroform was evaporated under vacuum and then a solution of
exfoliated graphene (EG) in N-methylpyrrolidone (NMP) (80 mL)
and triethylamine (2 mL) were added and the resulting solution
was heated at 170 1C under argon for 6 days. The crude product
was separated by centrifugation, decanted, and then washed
several times with methanol and dichloromethane.

General procedure for the synthesis of graphene-pyrazolines
(3a–d) under microwave conditions (MWI)

Pyridine (0.5 mL) was added to a solution of the appropriate
hydrazone (0.10 mmol) in dry CHCl3 (15 mL) under argon and
the mixture was cooled to 0 1C. NCS (0.42 mmol, 56 mg) was
added and the mixture was stirred for 30 minutes. Thereafter,
chloroform was evaporated under vacuum and then a solution
of exfoliated graphene (EG) in NMP (80 mL) and triethylamine
(2 mL) were added in a microwave glass vessel and the mixture
was subjected to microwave irradiation (40 W, 170 1C, 1 hour).
After cooling to room temperature, the crude product was separated
by centrifugation, decanted, and then washed several times with
methanol and dichloromethane.

Preparation of 3a. According to both general procedures,
pyridine (0.5 mL), hydrazone (1a) (28 mg, 0.10 mmol), NCS
(56 mg, 0.42 mmol), exfoliated graphene in NMP (80 mL) and
triethylamine (2 mL) gave the desired product.

Preparation of 3b. According to both general procedures,
pyridine (0.5 mL), hydrazone (1b) (25 mg, 0.10 mmol), NCS
(56 mg, 0.42 mmol), exfoliated graphene in NMP (80 mL) and
triethylamine (2 mL) gave the desired product.

Preparation of 3c. According to both general procedures,
pyridine (0.5 mL), hydrazone (1c) (37 mg, 0.10 mmol), NCS
(56 mg, 0.42 mmol), exfoliated graphene in NMP (80 mL) and
triethylamine (2 mL) gave the desired product.

Preparation of 3d. According to both general procedures,
pyridine (0.5 mL), hydrazone (1d) (22 mg, 0.10 mmol), NCS
(56 mg, 0.42 mmol), exfoliated graphene in NMP (80 mL) and
triethylamine (2 mL) gave the desired product.

Preparation of 4. 70 mL of the graphene dispersion in NMP
(7.13 mg) together with sarcosine (48 mg, 0.54 mmol) and 2-thio-
phenecarboxaldehyde (60 mg, 0.54 mmol) were heated by irradia-
tion for 1 hour at 40 W and 170 1C. The mixture was then brought
to room temperature. Separation by centrifugation and washing
with methanol and dichloromethane afforded the desired material.

3. Results and discussion
Theoretical study

To better understand the reactivity, regioselectivity and stereo-
selectivity of the 1,3-dipolar cycloaddition of nitrile imines to
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graphene we carried out a computational study with DFT
calculations. In the last decade, the scientific community has
followed different pathways for the computational description of
the reactivity of graphene.41 One of these approaches involves
the description of graphene as a two dimensional infinite super-
structure by ab initio methods within periodic boundary
conditions.42,43 This approach is employed in order to deter-
mine the electronic properties of graphene and its derivatives
and it allows the study of the organized monolayer adsorption
of molecules on the surface. The description of graphene as a
‘finite’ structure is an approach that is widely used in the recent
literature on graphene and it correctly describes the interaction
with isolated molecules. This is also the best approach to
describe the chemical reactivity due to its low computational
cost.44–46 For this reason, in this work we employed finite-size
polybenzenoid (25 fused benzene rings) hydrocarbons as graphene
models and did not consider defects.

Previous studies by Houk47,48 indicate that polyacenes have
an open-shell singlet ground state.49 This polyradical behavior
was also found in graphene nanoflakes with systems that were
around 100 carbon atoms in size.50 It was found that graphene
models are more stable as open-shell singlet states than as
closed-shell singlet and open-shell triplet states.51 For this purpose,
all calculations reported here were performed using Gaussian 09
(see details in the ESI‡) using the (U) M06-2X level of theory52,53

and 6-31G(d) basis set54–58 as this method is reported to provide
excellent energy values for cycloaddition reactions.59 This
approach therefore takes into account the dispersion interactions
because the sp2 framework of graphene can interact through
p-stacking and CH–p interactions with the dipolarophile. All
stationary points were characterized by harmonic analysis.
All relative energies reported in this paper include zero-point
vibrational energy (ZPVE) corrections. Both models, i.e., zigzag
(model 1) and armchair (model 2) edges, terminated with hydrogen
atoms were considered47,48 (Scheme 1).

Firstly, the reactant structures were optimized and the
topologies and energy values of the frontier molecular orbitals
(see Fig. S1, ESI‡) and the band gap were calculated. All of the
outcomes are collected in Table S1 (ESI‡). The band gap energy
values are referenced to graphene sheet model 2 as it was
determined computationally that this is 28.67 kcal mol�1 more
stable than model 1. The calculations indicate that the orbital
energy gaps are low enough to allow the reaction; as depicted in
Table S1 (ESI‡), for nitrile imines 2b,c the energy difference
between the HOMO of the graphene and the LUMO of the
nitrile imines is smaller than that between the LUMO of the
graphene and the HOMO of the nitrile imine – a finding that
suggests an inverse electron demand approach; in the case of
nitrile imines 2a and 2d both approaches are possible.

Next, we computed the reaction path considering tert-
butylnitrile imine 2d and both graphene models. To our knowl-
edge there are few examples in the literature in which the
transition states have been computed.44–48 The DFT computa-
tional time scale is about n4 (n = number of atoms) and it is
more complex in the case of transition states. The reactivity of
the graphene model described in the literature is justified only

for thermodynamic reasons. As a consequence, we considered
the kinetics as well as the regioselectivity and the stereoselectivity
of this process. Thus, we computed the complete reaction path
for six possible attacks, which are denoted as A, B, C, D, E and F
(Scheme 1, top). For each case, two possible regioisomers were
considered and, within each, both possible stereoisomers were
assessed. These are denoted as follows: subscript 1 is employed
for graphene model 1, subscript 2 is employed for graphene
model 2; r1, r2, c1 and c2 denote nitro groups right, left, ahead
and behind, respectively. Hence, the four possible approaches
(except for functionalization in positions C and F, in the center of
the sheet) are denoted as r1c1, r1c2, r2c1, and r2c2, where r1c1,
r2c1 and r1c2, r2c2 are enantiomers (see Fig. S2 (ESI‡) for clarity).
The outcomes are collected in Table 1.

The results clearly indicate that the attack on the central
positions (C and F) is unfavorable under both kinetic (27.5 and
38.8 kcal mol�1) and thermodynamic (17.2 and 6.7 kcal mol�1)
considerations (Table 1, entries 9 and 18). Conversely, reactions
on the corner and the edge bonds will be favored kinetically
and thermodynamically. It is noteworthy that c2 attack is
always kinetically favored due to a p–p interaction between
the nitrobenzene ring and the graphene sheet in the transition
states (TS) (Fig. 1).

In contrast, the c1 attack is thermodynamically favoured. In
all these cases the products show obvious curvature originating
from the tetrahedral atoms at which the cycloaddition occurs.
This distortion decreases the steric interactions (Fig. 1). Thus,
it can be concluded that the 1,3-dipolar cycloaddition of nitrile
imines to graphene may proceed from the kinetic and thermo-
dynamic points of view. The most reactive positions, both
kinetically and thermodynamically, are A and D; considering that

Scheme 1 (top): Graphene models and bonds considered. A to E denote
the possible positions of attack in the reaction. (bottom): 1,3-Dipolar
cycloaddition between nitrile imines 2a–d, formed in situ from hydrazones
1a–d and graphene (EG). Reagents and conditions: (i) NCS, pyridine, CHCl3,
0 1C to RT, 30 min; (ii) EG, NMP, NEt3, 170 1C, (a) classical heating, 6 days or
(b) microwave irradiation, 40 W, 1 h.
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graphene model 2 (armchair) is 28 kcal mol�1 more stable than
model 1, position D (in the corner) would be the most favoured.

Experimental demonstration

Having confirmed by computational studies the feasibility of
the reaction, we proceeded with the experimental verification
by reacting exfoliated graphene with several nitrile imines
generated in situ from hydrazones functionalized with different
substituents: electron donors (4-N,N-dimethylamino, thiophene),60

a moderate donor (tert-butyl)61 and an electron acceptor
(3,5-bistrifluoromethylphenyl).62

Few-layer graphene was obtained by sonication of graphite
flakes in N-methylpyrrolidone (NMP) (see the ESI‡).63 Analysis
of the Raman spectrum (laser excitation at 532 nm) of exfoliated
graphene (EG) showed that the 2D band can be deconvoluted
into three bands (Fig. 2 and Fig. S3, ESI‡) (Lorentzian-shaped
peaks) that are characteristic of few-layer graphene (less than
5 layers).64 The I2D/IG ratio of 0.5 is indicative of a three/four
layer graphene structure.65,66 Further insights into the nature
of EG were obtained by atomic force microscopy (AFM),

which revealed flakes with an average height of ca. 4 nm, thus
confirming the exfoliation process in 3–4 layers (Fig. 2 right and
Fig. S4, ESI‡).

The study of the pristine exfoliated graphene by transmis-
sion electron microscopy (TEM) in N,N-dimethylformamide
(DMF) showed the presence of some aggregates of graphene
platelets that were several hundreds of nanometers in the
lateral dimensions. Fig. S5A–C (ESI‡) show the presence of a
residual amorphous contribution, probably arising from hydro-
carbon contamination and/or DMF solvent, as recently reported
by Kaiser et al.67 A detailed inspection of some of the thinnest
flakes revealed that the aggregates consist of highly crystalline
few-layer graphene that on average are less than 5 nm in
thickness – a finding that is consistent with the AFM studies.
Indeed, Fig. S5D (ESI‡) exhibits the characteristic fringes with a
thickness of ca. 2.8 nm and this is consistent with approxi-
mately 8 graphene layers.

We proceeded to carry out covalent functionalization with nitrile
imines as dipoles prepared in situ from hydrazones. Pyrazoline-
functionalized graphene hybrids 3a–d were prepared in a one-pot
procedure from hydrazones 1a–d and NCS in the presence of NEt3

and these were reacted with EG for 6 days at 170 1C (Scheme 1,
bottom).16,68 Microwave heating methods have emerged as an
interesting alternative in fullerene,69 carbon nanotube70 and
graphene chemistry;71 therefore, this source of energy was used
in these reactions and the reaction time was reduced to 1 hour.

Besides, in order to compare the influence of the nature of
functionalization on the work function of graphene (vide infra),
pyrrolidino graphene 4 was prepared by reaction of exfoliated
graphene with 2-formylthiophene and N-methylglycine in NMP
at 170 1C for 1 hour under microwave irradiation (see details in
the ESI‡ and Scheme S1).

The structural and thermal properties of the new graphene-
based nanohybrids 3a–d and 4 were investigated by Raman
and X-ray photoelectron spectroscopy (XPS), thermogravimetric
analysis (TGA) and infrared spectroscopy (FTIR). AFM and
HR-TEM studies were also performed for morphological
characterization.

Confirmation of the covalent functionalization was obtained
by Raman spectroscopy with laser excitation at 532 nm. As shown
in Fig. 3 (top) and Fig. S6 (ESI‡), the ratio ID/IG, which shows
minimal disorder in EG (ID/IG = 0.05), increased markedly in 3a–d

Table 1 Activation energies (DEa, kcal mol�1) and reaction energies
(DErxn, kcal mol�1) computed at the (U)M06-2X/6-31G(d) level

Entry Attack DEa (Kcal mol�1) DErxn (kcal mol�1)

1 A1-r1c1 10.2 �47.5
2 A1-r1c2 3.5 �42.1
3 A1-r2c1 10.2 �47.5
4 A1-r2c2 3.9 �38.2
5 B1-r1c1 14.8 �30.6
6 B1-r1c2 9.7 �23.5
7 B1-r2c1 14.9 �30.4
8 B1-r2c2 9.5 �23.6
9 C 27.5 17.2
10 D2-r1c1 10.6 �44.1
11 D2-r1c2 4.6 �33.5
12 D2-r2c1 11.9 �44.2
13 D2-r2c2 5.7 �29.6
14 E2-r1c1 18.8 �11.2
15 E2-r1c2 9.1 �12.6
16 E2-r2c1 18.4 �20.2
17 E2-r2c2 9.1 �9.1
18 F 38.8 6.7

Fig. 1 The four possible stereoisomers resulting from attack on position D
(the most favorable) computed at the (U) M06-2X/6-31G(d) theory level.

Fig. 2 (left) Raman spectrum of the 2D band region deconvoluted into
three Lorentzian peaks (532 nm: laser excitation energy); (right) AFM image
of an EG solution deposited onto SiO2 (the inset shows the presence of
overlapped few layers graphene with an average height of ca. 4 nm).
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(the ID/IG ratio ranged from 0.15 to 0.32, see Table S2, ESI‡) due
to the increase in the number of sp3 carbons that were formed
on the graphene during functionalization. More importantly, in
3a–d a peak (CQN) was observed at approximately 1430 cm�1

and this provides evidence of the formation of the pyrazole ring
on the exfoliated graphene material.72

Furthermore, the NO2 band, which overlaps with the G band,
was observed at around 1590 cm�1. In the case of the thiophene
derivative 3b a peak at 1020 cm�1 corresponding to C–S aromatic
vibration was also present. Finally, it should be noted that, for all
pyrazoline-graphene derivatives 3a–d, the G band was shifted to
lower frequencies (n = 10 cm�1) and this provides evidence of
n-doping of the material73–75 (Fig. 3 bottom).

The chemical environment of the functional groups and
their concentration on the graphene surface were evaluated by
photoelectron spectroscopy (XPS).76,77 As can be observed from
the results in Table 2, the experimental and the theoretically

expected values of N/S and N/F atomic ratios for samples 3b and
3c (prepared under classical heating or microwave irradiation) are
almost the same, thus providing further evidence for the covalent
anchoring of the pyrazoline moiety on the graphene sheets.
Details of the XPS study can be found in the ESI‡ (Fig. S7–S10).

Further evidence for the 1,3-dipolar cycloaddition on the
surface of graphene was obtained by comparing the TGA curves
of EG with those of the functionalized graphene materials 3a–d
(see Fig. S11 (ESI‡) for TGA profiles of nanohybrids 3a–d and 4).
The weight loss observed for EG (2.6%) is attributed to the
defects caused by sonication,78 which are also evident in the
Raman spectra (D/G band ratio) (see Fig. S3, ESI‡). All function-
alized graphene materials obtained by classical heating showed
an additional loss in the temperature range 250–550 1C due to
thermal decomposition of the covalently grafted organic groups
on the graphene. Similar weight losses were found for the samples
obtained under microwave irradiation, although the reaction time
in this case was reduced from 6 days (under classical heating)
to 1 hour (Table S3, ESI‡).

The anchoring of the pyrazoline ring onto the EG surface
was also verified by FTIR spectroscopy (Fig. S12, ESI‡). Due to
the formation of the pyrazoline ring, the NH bond stretching at
3250–3300 cm�1 corresponding to the hydrazone group was
absent from the spectra of the functionalized graphene samples
3a–d. In addition, new features attributed to the aromatic CQC
stretching were observed between 1500 and 1400 cm�1 after the
cycloaddition reaction. It is also important to note the peak
observed at 690 cm�1 in the spectrum corresponding to the
graphene derivative 3b (Fig. S12, ESI‡), which is attributed to
the C–S stretching of the thiophene ring.79

The functionalized graphene hybrids were further character-
ized by carrying out morphological studies by means of TEM
(3c and 3d) and AFM (3b) techniques. AFM images and height
profiles of graphene reveal the presence of few-layer graphene
with an average height of ca. 4 nm, which is in good agreement
with the Raman results. Fig. S4 (ESI‡) shows a structure with
several height levels (terraces) and this suggests the collapse
of two exfoliated flakes, i.e., the dispersed graphene tends to
aggregate readily during the deposition process.80 The small
heights of the pyrazoline rings mean that a similar situation
was evident from the AFM image of 3b (Fig. 4).

In order to gain some insight into the microstructure of
the materials, HRTEM experiments were performed on selected

Fig. 3 (top): Raman spectra of 3b compared with that of EG (in black). The
spectrum in blue represents the hybrid prepared by classical heating and in
red under microwave irradiation. lexc = 532 nm. (bottom): G-band region
(lexc = 532 nm) of EG (black line) in comparison with nanohybrid 3b (blue line
by classical heating and red line under microwave irradiation).

Table 2 Comparison of the surface atomic ratios of functionalized
graphene (samples 3a–d and 4) prepared under classical heating (CH)
and microwave irradiation (MWI)

Sample

C (at%) O (at%) N (at%) S (at%) F (at%)

CH MWI CH MWI CH MWI CH MWI CH MWI

3a 95.5 95.6 4.1 3.9 0.4 0.5 — — — —
3b 95.4 96.1 4.2 3.5 0.3 0.3 0.1 0.1 — —
3c 95.4 95.5 4.0 3.6 0.2 0.3 — — 0.4 0.6
3d 96.2 95.8 3.1 3.8 0.7 0.4 — — — —
4 — 96.1 — 3.6 — 0.5 — 0.5 — — Fig. 4 AFM image of sample 3b. The height profile is taken along the solid line.
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samples (3c and 3d). Suspensions in ethanol of samples 3c and
3d were drop cast onto a lacey carbon grid and desiccated at
75 1C under vacuum. The HRTEM results for functionalized
sample 3d (tert-butyl derivative) are shown in Fig. 5 and Fig. S13
(ESI‡). It can be seen from Fig. 5A that the aggregate structure
consists of few-layer graphene after the functionalization process.
Interestingly, a higher magnification of the thinnest flakes
revealed the typical crystalline hexagonal lattice along with the
contribution of some amorphous moieties, which can be related to
the presence of the pyrazolines and/or some physisorbed organic
solvent residues. The analysis of the functionalized sample 3c
revealed a markedly different morphology consisting of aggregates
of smaller flakes, thus highlighting the influence of the fluoroalkyl
groups (Fig. S14, ESI‡).

Work function measurements

Finally, ultraviolet photoelectron spectroscopy (UPS) was employed
to explore the band structure of the graphene-based nanohybrids.
The spectra show similarities and differences between the EG
reference and the functionalized derivatives (see the ESI‡). The
work function (WF) data for the graphene-functionalized deriva-
tives are represented in Fig. 6.

Functionalization decreases the graphene WF in all cases but
to different extents depending on the nature of the radical and
on the degree of functionalization (C atoms/organic group). The
addition of electron-donating organic groups further decreases
the WF values, i.e., 4.45 and 4.46 eV for graphene-based nano-
hybrids 3a and 3b. In contrast, electron-acceptor organic groups
(samples 3c) led to an increase in the WF values (4.82 and 4.64 eV,
depending on the degree of functionalization) when compared to
those of derivatives 3d and 4 (4.59 and 4.54 eV, respectively), thus
making the WF closer to that of the EG (see green lines in Fig. 6).
Higher functionalization (551 C atoms/organic group) led to
a lower WF value (4.64 eV), while lower functionalization
(803 C atoms/organic group) gave a value of 4.82 eV. This evidence
strongly supports our hypothesis on the functionalization degree
as a key parameter in WF tunability, but the results for 3c samples

also demonstrate the role of the organic group in the WF for these
graphene derivatives.

The assumption outlined above was supported by 3d and 4
(pyrazoline vs. pyrrolidine derivative), in which the function-
alization degree was very similar (see Fig. 7), where the values of
the WF were also comparable (4.59 eV vs. 4.54 eV). This fact
supports the hypothesis that the functionalization degree is
one of the parameters that must be managed in order to control
WF engineering in these graphene derivatives.

On the other hand, different results were also observed
depending on the kind of functionalization (pyrazoline vs.
pyrrolidine). Comparison of the effect on the work function after
the functionalization of graphene with an analogous pyrrolidine
derivative 4 (see Scheme S1, ESI‡) shows a more marked decrease
in graphene WF in the case of the pyrazoline derivative, which
could be attributed to the presence of the lone pair of nitrogen

Fig. 5 (A) Low magnification image of functionalized sample 3d deposited
onto a holey carbon TEM grid. (B) HRTEM (300 kV) image of a functionalized
graphene sheet showing that the crystal lattice retains its hexagonal pattern
(see inset). This situation was also corroborated by the presence of a hexa-
gonal symmetry in the fast Fourier transform (FFT). The observation of
several defects and dislocations, as well as amorphous areas, suggests the
presence of pyrazoline moieties.

Fig. 6 (top) WF determination for graphene-based derivatives. EG, black
line; 3c, green lines: solid and dashed lines corresponding to higher and
lower functionalization degrees, respectively; 4, purple line; 3d, gray line;
3b, blue line; 3a, red line. (bottom) VBE for the graphene-based derivatives.
EG, black line; 4, purple line, 3d, gray line, 3a, red line; 3b, blue line.
Horizontal lines are a guide to the eye. For the sake of clarity, spectra have
been displaced.
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electrons located very close to the surface of graphene. This lone
pair is absent in the case of the pyrrolidine derivative.

On the other side of the spectra, the valence band edge (VBE)
was evaluated for all of the graphene-based nanohybrids (Fig. 6,
bottom). Acceptor organic groups are not expected to affect the
VBE since they would shift the LUMO orbitals, i.e. the band
conduction edge, which cannot be evaluated by photoelectron
spectroscopy. Functionalization itself does not have a notice-
able effect on the VBE of graphene-based derivatives. The VBE
of graphene derivatives 3d and 4 do not differ significantly from
that of the EG sample (B0 eV). The incorporation of a donor
organic group leads to a very clear difference related to the type
of organic group and not to the degree of functionalization since
this was very similar for derivatives 3a and 3b (Fig. 6 bottom).
While the presence of the N,N-dimethylamino moiety (3a) does
not have any effect on the VBE position, the incorporation of
thiophene (3b) clearly opens a gap in this graphene-based
nanohybrid. The VBE position is estimated to be 1.7 eV. This
is a very surprising result given the similar donor character of the
derivatives with N,N-dimethylamino and thiophene.

Moreover, it is worth mentioning here that pyrrolidine
derivative 4 also contains a thiophene group and a band gap
was not opened in this derivative.

These results must be compared with the Raman spectra
measured for these samples, in particular with the G-band shift
detected for the pyrazoline derivatives functionalized with
donor radicals and for the pyrrolidine-thiophene derivative,
which indicates the n-type doping of these nanohybrids.73–75

However, it seems that in spite of the similar donor character of
N,N-dimethylamino and thiophene, only the link between
thiophene and pyrazoline is able to achieve an effective band
gap opening. According to the Raman spectra, the G-band shift
for the pyrrolidine derivative 4 is half that of pyrazoline
derivatives (see Fig. 3 and Fig. S6, ESI‡). This fact is also
indicative of the influence of the type of functionalization on
the work function.

The values obtained for the WF (4.46 eV) and band gap
(1.7 eV) in the case of the 3b nanohybrid are rather remarkable

when compared with some other published results. The findings
of this study highlight34 this kind of graphene derivative as one
of the most promising candidates to build graphene-based
organic devices.

Conclusions

In summary, we have studied computationally and experimentally
the 1,3-dipolar cycloaddition of nitrile imines to graphene. Although
the reaction is slow under classical heating, the use of microwave
irradiation allows the reaction to be carried out in a few minutes.
Finally, we show that it is possible to modulate the band gap and
the work function by modifying the electronic properties of the
organic addend or the degree of functionalization.
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