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E
ver since its introduction by No-
voselov and co-workers in 2004,1 re-
searchers turned their attention on

the novel and seemingly abundant
graphene material. Produced from graph-
ite, graphene sheets can be isolated with-
out costly and elaborate techniques, offer
an array of desirable properties, and enrich
the family of carbon allotropes along with
single walled carbon nanotubes (SWCNTs),2

fullerenes,3 and single walled carbon nano-
horns (SWCNHs).4 Graphene sheets open
new pathways toward realization of nano-
technology applications5,6 and may even be
the long-awaited replacement of silicon in
electronic devices.7

Offering electrical conductivity,8�13 spin
transport,14 and ferromagnetism,15 as well
as good mechanical16�20 and excellent ther-
mal properties,21 graphene at the same
time is free of some of the drawbacks that
hamper SWCNTs such as metal impurities.22

Its 2D geometry, comprising a single layer
of graphite, allows for some interesting ap-
plications, like conducting films23 where its
carbon nanostructured counterparts such
as fullerenes (0D), SWCNTs (1D), and SWC-
NHs (3D) fall short. Altering the 2D carbon
lattice of graphene by covalently introduc-
ing functional moieties (i.e., photo- and/or
electroactive species) is a key-step toward
the preparation and development of some
novel graphene-based nanohybrids poten-
tially suitable in optoelectronics.24 However,
like its parent graphite material, graphene
sheets remain insoluble in all solvents and
additional steps must be taken to overcome
this disadvantage.

Another obstacle stems from the pro-
cess to obtain graphene sheets from graph-
ite in high yields. Many studies emerged
over the last years to address this issue. To

this end, several methodologies exist, in-
cluding chemical vapor deposition,25 epi-
taxial growth,26,27 carbon nanotube
cutting,28,29 mechanical exfoliation,30,31

chemical reduction,16,32,33 and direct
sonication.34,35 Each of these methods pre-
sents both advantages and disadvantages,
dealing with cost and scalability. Once in
graphene form, the material can undergo
further chemical modification to decorate
it with functional groups that can add to the
properties of the material, for example, en-
hanced solubility, etc.

Of the aforementioned approaches to-
ward obtaining graphene sheets, the direct
sonication method seems to be the most at-
tractive due to its simplicity. Coleman and
co-workers suggested34 that in order to “sol-
ubilize” graphene, the solvent used should
provide strong interactions with the layers,
rivaling the van der Waals interlayer forces
present in graphene multilayers/graphite.
Direct sonication, also seems to be the only
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ABSTRACT Efficient exfoliation of graphite flakes by sonicating them in benzylamine was accomplished,

affording stable suspensions of few-layers graphene. The latter were chemically modified following the Bingel

reaction conditions, with the aid of microwave irradiation, producing highly functionalized graphene-based hybrid

materials. The resulting hybrid materials, possessing cyclopropanated malonate units covalently grafted onto

the graphene skeleton, formed stable suspensions for several days in a variety of organic solvents and were

characterized by diverse and complementary spectroscopic, thermal, gravimetric, and high-resolution electron

microscopy techniques. When a malonate derivative, bearing the electro-active extended tetrathiafulvalene

(exTTF) moiety, was synthesized and used for the functionalization of graphene, energy dispersive X-ray (EDX)

analysis verified the presence of sulfur in the corresponding graphene-based hybrid material. Moreover, the redox

potentials of the exTTF-graphene hybrid material were determined by electrochemistry, while the formation of a

radical ion pair that includes one-electron oxidation of exTTF and one-electron reduction of graphene was

suggested with the energy gap of (graphene)●��(exTTF)●� being calculated as 1.23 eV.
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alternative to chemical reduction, for the scalable pro-
duction of graphene.

Chemical reduction of graphene involves, initially,
direct oxidation of graphite36 introducing numerous de-
fects and oxygenated species. The resulting material is
graphene oxide (GO) and is soluble in aqueous media.
The presence of defect sites naturally disrupts the
�-planarity of the material making GO an insulator.37,38

To remedy this fundamental shortcoming, GO can un-
dergo thermal or chemical reduction39 for the removal
of the oxygen sites which are faced with the task of
completely removing all the introduced defects and re-
turning the carbon material to its conducting state.
However, this chemically converted graphene40 natu-
rally has the tendency to form aggregates limiting its
applications and most commonly requiring stabilization
in a substrate prior to or after removal of the oxygen
defects.41,42 On the other hand, direct sonication of
graphite using an appropriate solvent is favorable due
to its low introduction of defect sites, which are mostly
edge-situated, rather than planary, leaving intact the
electrical properties of the material.43

Covalent functionalization of graphene has been
on the forefront of researchers’ interest either as a way
to stabilize and obtain graphene from graphite, or as a
means to enrich graphene’s properties.24 The Bingel cy-
clopropanation reaction is commonly applied for the
functionalization of fullerenes44 and SWCNTs,45,46 while
SWCNHs have been also recently functionalized in this
way with the aid of microwaves.47 Herein, we demon-
strate a powerful way to exfoliate graphite through a
simple sonication step creating stable suspensions and
then proceed to covalently attach organic moieties
onto the graphene skeleton, using the Bingel reaction
and applying microwave irradiation conditions. Stable
dispersions of cyclopropanated graphene are obtained,
while the electroactive moiety of extended tetrathiaful-
valene (exTTF) is incorporated. The graphene-based
nanohybrids are characterized by complementary spec-
troscopic (Raman, ATR-IR), thermal gravimetric analysis
(TGA) and high-resolution electron microscopy (HR-
TEM) techniques. Finally, the electrochemical redox po-
tentials of graphene�exTTF nanohybrid are evaluated
by cyclic voltametry (CV), while the presence of sulfur in
the graphene�exTTF nanohybrid was verified by elec-
tron dispersive X-ray (EDX).

RESULTS AND DISCUSSION
Inspired by Coleman’s approach to use an appropri-

ate solvent capable of overcoming the van der Waals in-
teractions of graphite we opted to try out the possibil-
ity of benzylamine in order to produce graphene sheets
from exfoliation of graphite. The electron donating
character of benzylamine may play a role on the exfoli-
ation of few-graphene layers most likely by forming
charge-transfer complexes with them. At first, benzyl-
amine was added to graphite flakes and the mixture

was sonicated for a moderate time of 2�6 h. Even
from the early stages of sonication a gray and then an
ink-like solution was forming. By the end of the sonica-
tion treatment, the afforded dispersion could be easily
separated from the unaffected graphite through cen-
trifugation and remained stable for a few days.

At this stage it is important to point to a very re-
cent and thorough study presenting exfoliation of
graphite using N-methyl-pyrrolidone (NMP).43 In short,
that study involves the effect of various aspects, such as
sonication time, energy output of the sonication bath
as well as the work up centrifugation, on the exfoliation
outcome. In our case, the relatively short sonication
time applied is indicative of our intention not only to
provide an alternative efficient solvent for exfoliation of
graphite, but more importantly to use the resulting ma-
terial as a basis for covalent functionalization of
graphene. Therefore, several aspects of this study, such
as severe defect formation, owed to sonication, or sol-
vent degradation due to excessive heating of the bath,
can be overlooked.

To explore the efficiency of the selected benzyl-
amine solvent, DMF was also tried for longer periods
of time with no appreciable results. Also
o-dichlorobenzene (oDCB) was recently reported48 to
be a fair solvent for the exfoliation of graphite, but in
our case it was not as efficient. With the use of 2 mL of
benzylamine and 7 mg of graphite and sonication for
2�4 h, a stable solution with a concentration of �0.5
mg/mL can be obtained. This was measured by drying
and weighing the graphite precipitate after centrifuga-
tion and removal of the supernatant suspension.
Longer sonication periods (�10 h) did not seem to in-
crease the reported concentration of graphene in ben-
zylamine. When high centrifugation speed (4000 rpm)
was applied, the concentration of 0.5 mg/mL of
graphene in benzylamine was evaluated.

Sonication in a solvent creates defects onto
graphene sheets,43 however these are situated mostly
on the edges, rather than on the graphene surface, leav-
ing mostly intact the electronic properties of the ma-
terial. In our case, compared to pristine graphite flakes,
careful examination of the Raman spectra revealed an
increase of the ID/IG ratio (Figure 1) denoting that de-
fects are introduced through the sonication procedure
with benzylamine. This is most likely attributed to gen-
eration of new edges created by the exfoliation of
graphite.

Raman spectroscopy is a powerful tool for studying
graphene as it can reveal the extent of
exfoliation,34,43,49,50 which at the same time can follow
changes caused by hole and electron doping.51�53

Therefore, it is not surprising that the 2D band at 2700
cm�1 has also changed shape from a sharp band to a
more featureless broader peak indicative of the num-
ber of layers per flake. Although in our study, single
graphene sheets possessing sharp and symmetric 2D
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band cannot be identified, the Raman spectrum of the

benzylamine treated graphite is indicative of graphene

particles consisting of few graphene sheets. More dras-

tic changes in the Raman spectrum are observed upon

functionalization, as reported below.

The solubility achieved through the use of benzyl-

amine allowed us to proceed to the next level, namely

functionalize graphene with organic groups. Tour and

co-workers recently proposed initial exfoliation with

oDCB to allow for radical addition of alkyl iodides onto

graphenes.48 Moreover, during the course of the current

study, exfoliation of graphene with the aid of pyridine

or NMP, followed by implementation of 1,3-dipolar cy-

cloaddition reaction of azomethine ylides affording pyr-

rolidine decorated graphene sheets was reported.54,55

Encouraged by our previous attempt to functionalize

SWCNHs under microwave irradiation using the Bingel

reaction conditions,47 we opted to covalently attach

malonate-bearing organic moieties onto the graphitic

skeleton of the nanomaterial.

Microwave-assisted chemistry is an important tool

in carbon nanostructure chemistry. During the past de-

cade several publications exhibiting advantages of

microwave-assisted chemistry versus conventional syn-

thetic approaches dealing with fullerenes,56 carbon

nanotubes57�60 and carbon nanohorns61 have surfaced.

Microwave chemistry takes advantage of the strong

microwave absorption that carbon nanostructures ex-

hibit toward mw irradiation,62,63 facilitating reactions

carried out under it. Moreover, it affords flexibility, re-

duced amount of time required for said reaction and in

most cases reported, cleaner products. 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU) and CBr4
64,65 were

used alongside the diethylmalonate, to functionalize

graphene (Scheme 1).

In Table 1 the reaction conditions are presented for

each of the attempted functionalization reactions. At

this point it is worth noting that attempted exfoliation

with an inappropriate solvent (i.e., toluene) and applica-

tion of the same experimental conditions (reagents/

microwave intensity/exposure) did not yield any soluble

product. Moreover, in another blank experiment, sim-

ply mixing graphite flakes and reagents for the cyclo-

propanation reaction, under microwave irradiation, did

not furnish products. Therefore, Bingel reaction condi-

tions are not applicable when pre-exfoliation of the

graphene does not take place, at least under micro-

waves. As such, the type of solvent, is crucial to the

functionalized material produced and should be taken

into account.

In the absence of air cooling during the reaction,

(Table 1, entry 1) the amount of microwave irradiation

is smaller due to rapid increase in temperature. In all

other samples, air cooling was used, which allowed for

higher intensity of irradiation to be applied for pro-

longed periods of time, combined with the stepwise re-

action sequence for better temperature control. A typi-

cal plot of the power/time evolution throughout the

various steps of the reaction is presented at the Sup-

porting Information (Figure S1).

Besides the diethyl malonate readily available, the

electroactive extended tetrathiafulvalene (exTTF) de-

rivative (2) was chosen, in order to investigate the elec-

trochemistry of the nanomaterial. The exTTF (2) was

synthesized according to literature procedures,66 and

was covalently added onto the graphene network with

the aid of microwave irradiation.

During early attempts to exfoliate and functionalize

graphene, larger quantities of solvent (benzylamine)

were used, up to 8 mL for 10 mg of graphite. However,

low yields of Bingel functionalized graphene were ob-

tained (�0.5 mg), indicating that concentration plays

an important role in the reaction conditions. We, thus,

opted to use a smaller solvent volume in order to keep

concentration high. Using an excess of commercially

available diethylmalonate, this holds true. Therefore,

Figure 1. Raman spectra, using 514 nm excitation line, of
graphite (black) and exfoliated graphene after typical soni-
cation with benzylamine (red).

TABLE 1. Experimental Details for the Microwave Assisted Functionalization of Graphene

entry material graphite (mg) malonate (mmol) CBr4 (mg) benzylamine (mL) step 1 (watt/sec) step 2 (watt/sec) step 3 (watt/sec)

1 G1 12 2.6 690 1.5 5/300
2 G1a 10 4.2 700 1.5 10/200 30/180
3 G1a 1c 2.6 650 2 30/180 30/180 30/180
4 G2a 7 0.19b 670 1.5 30/180 10/180 10/180
5 G2a 1c 0.05b 630 2 20/180 20/180 20/180

aDenotes that active cooling was used during microwave reaction. bDenotes that the exTTF malonate derivative was used. cDenotes that the exfoliation mixture was centri-
fuged and only the supernatant was used for the reaction.
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the volume of benzylamine was kept to a maximum of
2 mL in all experiments.

Following the reaction on the microwave oven, the
yielded nanohybrid material was filtrated and washed
several times with DMF, methanol, and dichlo-
romethane (DCM) to remove excess organic content
not attached to the graphene skeleton. Then the resi-
due was suspended in DCM and centrifuged. The super-
natant formed stable dispersions for several days in
various organic solvents (DCM, o-DCB, DMF, toluene),
enhancing the notion that functionalization indeed
took place. The enhanced solubility achieved for the
Bingel-functionalized graphenes allowed us to perform
studies in solution. Thus, the electronic absorption

spectrum UV�vis�NIR of G1 material in DCM was re-
corded, showing a continuous absorbance from the UV
to the NIR region. Similarly, the UV�vis�NIR spectrum
of G2 was also featureless with a continuous absor-
bance throughout the recorded spectral regions with
the exTTF absorbance being masked and flattened
(Supporting Information, Figure S2).

Pristine graphite shows an almost featureless infra-
red spectrum. In contrast, in the attenuated-total-
reflectance infrared (ATR-IR) spectra of G1 and G2, the
presence of the characteristic C�H stretching vibrations
due to the grafted malonate moieties at 2920 and 2847
cm�1 is evident (Supporting Information, Figure S3); as
well the carbonyl vibration due to malonate units are

Scheme 1. Synthetic procedure affording functionalized graphene-based materials G1 and G2.
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also seen at around 1705 and 1727 cm�1, respectively,

providing significant support for the successful covalent

functionalization. Moreover, the stretching bands due

to the carbon�carbon double bonds are observed at

around 1600 cm�1, similarly with intact graphite.

In Figure 2, the Raman spectra of the cyclopropana-

ted graphene material, graphite, and exfoliated

graphene are compared. When Bingel reaction condi-

tions are applied, the ID/IG ratio is completely changed

and the D-band intensity is increased surpassing the

G-band, thus supporting covalent grafting of malonate

moieties onto the graphene layers. Moreover, the 2D

band changes dramatically, indicating the smaller num-

ber of graphene sheets existing in a given flake.49 We

also examined the material after thermal decomposi-

tion of the organic units attached. In this context, when

thermogravimetric analysis (TGA) measurements were

conducted on the G2 material, under an inert atmo-

sphere, the Raman spectrum returns to a form resem-

bling the initial graphite one, showing substantial

changes in the D, G, and 2D bands as compared with

the corresponding ones in the Raman spectrum of the

functionalized material (Figure 2). The process of heat-

ing up the sample to 900 °C increases, as expected, the

number of defect sites on the graphitic skeleton, as ex-

hibited by a greater ID/IG ratio when compared with the

ratio of those present in intact graphite. Examination

of both functionalized graphene hybrid materials, G1

and G2, reveals the same trend with an elevated ID/IG ra-

tio compared to that of the pristine graphite.

TGA measurements were also used to determine

the organic content of the samples. We noticed that

benzylamine with a boiling point of around 180 °C is a

difficult solvent to remove from the samples. However,

as pointed out earlier, the functionalization procedure,

allowed for efficient dispersion in a number of volatile

solvents such as DCM. Subsequently, continuous wash-

ing and centrifugation of the samples using volatile sol-

vents would decrease the chance that residual benzyl-

amine will affect our TGA measurements considerably.

In Figure 3 the TGA graphs of both G1 and G2 ma-

terials are presented and compared with that of intact

graphite. The latter is thermally stable when heated up

to 900 °C under nitrogen; however, functionalized ma-

terials G1 and G2 show considerable weight loss due to

the decomposition of the covalently grafted organic ad-

dends. As benzylamine, having a high boiling point of

185 °C, was initially used to achieve exfoliation of few-

graphene sheets, prior to the microwave-assisted Bin-

gel functionalization, it is reasonable to assume that the

weight loss observed in G1 and G2 up to 240 °C corre-

sponds to entrapped benzylamine within graphene lay-

ers. Therefore, the weight loss observed in the temper-

ature range 240�450 °C is attributed to the thermal

decomposition of the malonate units and is calculated

to be 23% and 18% for materials G1 and G2, respec-

tively. On the basis of those values, the number of

graphene carbon atoms per malonate moiety is esti-

mated, thus giving a functionalization degree of 1 di-

ethyl malonate unit per 44 carbon atoms and 1 exTTF

malonate unit per 198 carbon atoms, in G1 and G2 ma-

terials, respectively. The difference in functionalization

can be rationalized by the steric hindrances introduced

by the bulkier exTTF moiety (compared to diethylma-

lonate) influencing the organic uptake of the final prod-

uct. The weight loss observed above 600 °C is attrib-

uted to the thermal decomposition of defects created

at sites where functionalization occurred, consistent

with the behavior exhibited by similarly functionalized

carbon nanostructures, like carbon nanotubes and car-

bon nanohorns.60,67,68

When one tries to morphologically examine samples

to determine more accurately the efficient exfoliation

of graphene, atomic force microscopy (AFM) is widely

used. However in the case of benzylamine-sonicated ex-

foliated graphenes, the high boiling point of the sol-

vent would cause severe aggregation,43 thus prohibit-

ing proper morphological examination. However, HR-

TEM examination was performed to morphologically

Figure 2. Raman spectra, using 514 nm excitation line of
graphite (black), functionalized graphene hybrid material
G2 (blue), and residual material after thermogravimetric
analysis measurements (green).

Figure 3. Thermogravimetric analysis of intact graphite
(black) and functionalized graphene materials G1 (blue)
and G2 (red).
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evaluate the condition of the exfoliated modified

graphene hybrid material. In Figure 4a, a typical HR-

TEM image of material G2 is shown. It is clear that few-

layer graphene sheets are present; however, the exact

number of graphene layers cannot be estimated and no

large graphitic aggregates are found denoting that effi-

cient exfoliation indeed took place. Moreover in the

specific sample, EDX measurements (Figure 4b) were

carried out to confirm the presence of sulfur atoms,

strengthening the notion that covalent functionaliza-

tion took place anchoring exTTF moieties along the gra-

phitic skeleton. Additionally, a representative HR-TEM

image and the corresponding EDX spectrum of material

G1 are shown at the Supporting Information (Figure S4).

The electrochemical properties of graphene�exTTF

G2 were also studied by cyclic voltammetry (CV). The

CV measurements were performed in CH2Cl2 contain-

ing 0.1 M n-Bu4NPF6 as a supporting electrolyte, with Pt

disk (1.6 mm diameter) as working electrode and Pt

gauze, with a 52 mesh, as counter-electrode. The meas-

ured potentials were recorded with the aid of a silver

wire immersed in AgNO3, 0.1 M in dry CH3CN as refer-

ence. In Figure 5 the cyclic voltammogram of the G2 is

depicted. Two peaks are clearly discernible: a weak oxi-

dation peak at 0.35 V vs Fc/Fc� that is attributed to the

exTTF moiety, corresponding to the formation of the di-

cation species,69�71 shifted by 55 mV with respect to

the pristine exTTF moiety, and a broad reduction peak
at �0.88 V vs Fc/Fc� attributed to the reduction of func-
tionalized graphene (see also Supporting Information,
Figure S5, the CV of material G1). This result suggests
the possibility of the formation of a radical ion pair that
includes one-electron oxidation of exTTF, namely (exT-
TF)●� and one-electron reduction of graphene, namely
(graphene)●�. The energy gap, which is the total energy
for the radical ion pair, of (graphene)●��(exTTF)●�, cal-
culated as the difference between the oxidation poten-
tial of exTTF and the reduction potential of graphene,
was found to be 1.23 eV. Therefore, the free-energy
change for the charge-separated state of
(graphene)●��(exTTF)●�,via the formation of the sin-
glet excited state of exTTF, namely1(exTTF)* with a to-
tal energy of 1.91 eV,72 was evaluated to be �0.69 eV,
which confirms the exothermic formation process of
(graphene)●��(exTTF)●�.

CONCLUSIONS
A novel and efficient solvent capable of creating

stable graphene suspensions from graphite was intro-
duced in the form of benzylamine, and its efficiency
during simple sonication of intact graphite was estab-
lished. This allowed the use of the exfoliated graphene
dispersion to covalently graft malonate moieties along
the graphitic skeleton, following the Bingel reaction
conditions and using microwave irradiation. The reac-
tion conditions provided highly functionalized prod-
ucts, improving solubility in various organic solvents.
The graphene-based hybrid materials were character-
ized by using complementary spectroscopic, thermal,
and microscopy techniques. Electro-active moieties, in
the form of malonate bearing extended tetrathiaful-
valene units, were covalently attached onto the
graphene skeleton and the presence of sulfur in the hy-
brid material was confirmed by EDX spectroscopy. Elec-
trochemical examination of the exTTF�graphene hy-
brid material allowed the determination of the redox
potentials, while the formation of a radical ion pair that
includes one-electron oxidation of exTTF and one-
electron reduction of graphene was suggested.

Figure 4. (a) Representative HR-TEM image and (b) EDX spectra of functionalized graphene hybrid material G2. Asterisks
denote impurities due to the elements of Cu, Fe, Al, and Si which are present in the microscope equipment, sample holder
and crystal detector.

Figure 5. Cyclic voltammogram of G2 obtained in 0.1 M
TBAPF6 in CH2Cl2 using Ag/AgNO3 as reference electrode.
Scan rate is 100 mV/s.
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EXPERIMENTAL SECTION
Chemicals. All reagents were purchased from Aldrich and were

used without further purification, unless otherwise stated. The
malonate modified �-extended tetrathiafulvalene (exTTF)73�75

was synthesized according to literature methods.66

Instrumentation. For the microwave synthesis, a CEM Discover
microwave reactor with infrared pyrometer and pressure con-
trol system was used. For sonication a SOLTEC, Sonica 3300ETH
ultrasonic cleaner was used. Midinfrared spectra in the region
550�4000 cm�1 were obtained on a Fourier transform IR spec-
trometer (Equinox 55 from Bruker Optics) equipped with a single
reflection diamond ATR accessory (DuraSamp1IR II by SensIR
Technologies). Raman measurements were performed at room
temperature with a Renishaw confocal spectrometer at 514 nm.
The thermogravimetric analysis was performed using a TGA
Q500 V20.2 Build 27 instrument by TA in an inert atmosphere
of nitrogen. In a typical experiment 1 mg of the material was
placed in the sample pan and the temperature was equilibrated
at 100 °C. Subsequently, the temperature was increased to 900 °C
with a rate of 10 °C/min and the weight changes were recorded
as a function of temperature. Electrochemistry studies were per-
formed using a standard three-electrode cell with Pt disk (1.6
mm diameter) as a working electrode, Pt mesh as counter-
electrode and Ag/AgNO3 (0.1 M AgNO3 in acetonitrile) as a refer-
ence electrode. Cyclic voltammograms were carried out in dried
CH2Cl2 using TBAPF6 (recrystallized three times from acetone and
dried in a vacuum at 100 °C before each experiment) as electro-
lyte, under N2 atmosphere. Ferrocene was used as an internal
standard. Measurements were recorded using an EG&G Prince-
ton Applied Research potensiostat/galvanostat model 2273 con-
nected to a personal computer running PowerSuite software.
HR-TEM measurements and EDX analysis were performed using
a JEOL JEM 2100F microscope equipped with a superatmo-
spheric thin-window X-ray detector.

Exfoliation of Graphite. The appropriate amount of graphite
flakes and benzylamine were added in a glass vessel under ar-
gon atmosphere; the vessel was sealed and sonicated for t �
2�10 h. The resulting black ink-like dispersion was centrifuged
to remove the larger graphite aggregates. The solubility of
graphene in benzylamine is estimated at around 0.5 mg/mL.

General Method for Microwave-Assisted Bingel Functionalization of
Exfoliated Graphene. To the suspended solution of graphene in ben-
zylamine, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), carbon tet-
rabromide (CBr4), and the corresponding malonate derivative
were added. The mixture was purged with Ar, sealed, and left
to react in the microwave oven for the appropriate time using
130 °C as a temperature threshold. Upon completion, N,N-
dimethylformamide (DMF) was added to the reaction mixture,
and following filtration under vacuum the solid was washed with
DMF, methanol, and CH2Cl2. The black powder was sonicated
and centrifuged repeatedly until a colorless supernatant was ob-
tained. The combined supernatants were filtered affording the
product.
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Sánchez, L.; Viruela, R.; Ortı́, E.; Guldi, D.; Martı́n, N. Discrete
Supramolecular Donor-Acceptor Complexes. Angew.
Chem., Int. Ed. 2009, 48, 815–819.

72. Herranz, M. A.; Martı́n, N.; Sánchez, L.; Seoane, C.; Guldi,
D. M. New [pi]-Extended Tetrathiafulvalene-Containing
Fulleropyrrolidine Dyads Endowed With Vinyl Spacers. J.
Organomet. Chem. 2000, 599, 2–7.

73. Martin, N.; Perez, I.; Sanchez, L.; Seoane, C. Synthesis and
Properties of the First Highly Conjugated
Tetrathiafulvalene Analogues Covalently Attached to
[60]Fullerene. J. Org. Chem. 1997, 62, 5690–5695.

74. Herranz, M. A.; Martı́n, N. A New Building Block for Diels�
Alder Reactions in �-Extended Tetrathiafulvalenes:
Synthesis of a Novel Electroactive C60-Based Dyad. Org.
Lett. 1999, 1, 2005–2007.

75. Martin, N.; Sanchez, L.; Guldi, D. Stabilisation of Charge-
Separated States via Gain of Aromaticity and Planarity of
the Donor Moiety in C60-Based Dyads. Chem. Commun.
2000, 113–114.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 12 ▪ 7499–7507 ▪ 2010 7507


