Angewandte
itermationalediion. CHEIMIIE

DOI: 10.1002/anie.201201452

Linking Photo- and Redoxactive Phthalocyanines Covalently to

Graphene**

Maria-Eleni Ragoussi, Jenny Malig, Georgios Katsukis, Benjamin Butz, Erdmann Spiecker,
Gema de la Torre,* Tomas Torres,* and Dirk M. Guldi*

Dedicated to Professor Frangois Diederich on the occasion of his 60th birthday

Graphene has attracted extensive attention in recent years
because of its striking mechanical, optical, and electrical
features.!!! This single-atom-thick material is a gapless semi-
conductor and exhibits electron mobilities reaching values of
up to 10 000 cm?>V~'s™! at room temperature.? In fact, this is
the basis for a myriad of applications,! especially in the area
of photovoltaics,*! either in the form of a transparent
conducting electrode®! or an active component in combina-
tion with appropriate organic counterparts such as conjugated
polymers.! Covalent or non-covalent functionalization of
visible-light harvesters/electron donors to graphene has
evolved into a promising platform for novel solar cell
applications. In this context, there have been a number of
articles describing the preparation of graphene/porphyrin
nanohybrids.”’ Phthalocyanines (Pcs) are also ideal for this
purpose given their outstanding electronic properties and
their high absorption coefficients in an important part of the
solar spectrum.®!

A fair amount of work focuses on the non-covalent!” and
covalent™ functionalization of graphene as a means to
overcome the obstacles of low solubility and rather poor
processability in virtually any kind of solvent. A leading
example is the exfoliation/functionalization of graphite flakes
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through oxidation reactions [i.e., graphene oxide (GO)],
subsequent chemical modification, and, ultimately, reduction
to obtain single-layer, functionalized graphene [i.e., reduced
graphene oxide (rGO)]. One of the major disadvantages of
this procedure is the modification of the intrinsic electronic
properties of graphene. In stark contrast, the liquid-phase
exfoliation of graphite, namely mild sonication in solvents
such as N-methylpyrrolidone (NMP), has recently attracted
a great deal of attention as a means to obtain stable
dispersions of single- or few-layered graphene, which can be
further chemically modified.']

So far, only two different approaches regarding graphene,
that is chemically modified with Pcs, have been established.
Firstly, an approach based on the non-covalent functionaliza-
tion, either between rGO and unsubstituted Pcs!'? or between
strongly interacting exfoliated graphene and poly-para-phe-
nylenevinylene oligomers containing lateral Pcs.!"* Secondly,
an approach, in which GO is employed as starting material for
the covalent functionalization with appropriately functional-
ized Pcs.'" However, the covalent linkage of Pcs to non-
modified graphene obtained by liquid-phase exfoliation of
graphite has, to the best of our knowledge, never been
reported. In light of the aforementioned, we describe herein
the first covalent nanoconjugate, graphene—Pc, using liquid-
phase exfoliated graphite. Implicit is that the electronic
properties of the covalent graphene-Pc nanoconjugates are
somewhat modified. Nevertheless, covalent functionalization
of graphene with Pcs offers key advantages such as greater
stability of the hybrid material, control over the degree of
functionalization, and reproducibility. All of the aforemen-
tioned are essential prerequisites for a credible application in
solar energy conversion.

Few-layered graphene dispersion was obtained by mildly
sonicating graphite flakes in NMP."!! Covalent functionaliza-
tion of the above with Pcs was achieved in two steps
(Scheme 1). First, 1,3-dipolar cycloaddition of the exfoliated
graphite in the presence of an excess of N-methylglycine and
4-formylbenzoic acid afforded modified graphene 2, which
bears pyrrolidine rings with pendant phenylcarboxylic acids.
Secondly, the esterification reaction between 2 and the
alcohol-terminated Pc 1! in the presence of EDC/HOBt
yielded graphene-Pc nanoconjugate 3. The novel graphene-
based material 3 and its precursor 2 were thoroughly washed
with different solvents to remove molecular aggregates.
Notably, 3 forms stable suspensions in solvents such as
NMP and DMF (see Figure S1 in the Supporting Informa-
tion).
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Scheme 1. Synthetic route towards the graphene—Pc nanoconjugate 3.
DMF = N,N’-dimethylformamide, EDC = 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide, HOBt = 1-hydroxybenzotriazole, RT =room temper-
ature, THF =tetrahydrofuran.

The resulting nanoconjugates 2 and 3 were characterized
by a number of analytical techniques, such as thermogravi-
metric analysis (TGA), Fourier transform infrared spectros-
copy (FTIR), atomic force microcopy (AFM), transmission
electron microscopy (TEM), Raman, as well as steady-state
and time-resolved spectroscopic techniques.

The first evidence in support of the successful covalent
functionalization of graphene with Pcs is deduced from
thermogravimetric analysis. Figure 1 shows the thermal
behavior of 3 together with that of 2, 1, and pure graphite.
The thermogram of 2 shows a weight loss of around 7% at
700°C, which excludes initial weight losses resulting from
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Figure 1. TGA curves of graphite (grey line), graphene nanoconjugate
2 (black line), graphene nanoconjugate 3 (dashed grey line), and Pc
1 (dashed black line) recorded under inert conditions.

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

adsorbants. For 3, the thermogram shows an additional 4 %
weight loss at this temperature, and is directly related to the
decomposition of the Pc molecules. Considering that the
thermogram of Pc 1 gives rise to an overall decomposition of
ca. 65% at 700°C, the actual weight loss, that is due to
covalently attached Pcs, is around 6.5% in 3. As a matter of
fact, the number of Pcs attached to the basal plane of
graphene is approximately 1 per 1600 carbon atoms. Overall,
the low degree of functionalization is beneficial, since
extended patches of undisturbed graphene with its unique
electronic features are preserved.

In control experiments a mixture of non-functionalized,
exfoliated graphite and Pc 1 were stirred in THF for 4 days,
filtered, and washed with several solvents. The thermogram of
the resulting graphene material shows no significant weight
loss in the 400 to 700°C regime. As a matter of fact, this
finding supports the notion that the weight loss in 3 is
exclusively due to covalently attached groups. Additionally,
we have hydrolyzed the ester linkage by treating 3 with
diluted NaOH in THF under reflux. After 10 h, the absorp-
tion spectrum lacks any of the typical Pc characteristics (i.e.,
Q-band absorption), and the TGA matches that of the
graphene precursor 2 (see Figure S2 in the Supporting
Information).

FTIR results, as gathered in Figure S3 in the Supporting
Information, additionally corroborate the covalent attach-
ment of Pcs to the basal plane of graphene. Notably, the low
degree of functionalization of 2 and 3 leads to rather weak
signatures in the IR spectra. Nevertheless, a shoulder at
around 1710 cm ™' is discernable in the FTIR of the precursor
2, and is assigned to C=O stretch vibrations of the COOH
groups. On the other hand, 3 gives rise to an IR feature at
around 1730 cm™', which is likely to relate to C=O stretch
vibrations of the ester groups. All of the remaining features
are in agreement with those noted for 1.

Additional insights into the structural features of 3 were
gathered from AFM and TEM measurements. AFM images,
as illustrated in Figure 2, reveal the presence of few-layer
graphene flakes with an average height of approximately
4 nm. AFM thicknesses of our pyrrolidine-modified graphene
layers are in line with previous reports (i.e., around 1.5 nm)
and clearly evidences the strongly exfoliated character of both
2 and 3.

Figure 3, and Figures S4 and S5 in the Supporting
Information show several TEM and HRTEM images of
DMF dispersed 2 and 3, drop casted onto a lacey carbon grid.
The images confirm the coexistence of a partly turbostratic
(moiré patterns are visible, Figure S5) and regularly stacked
flakes.'"! These are likely to evolve from re-aggregation and
concomitant folding of few-layer graphene flakes. Most of the
flake sizes range from 1 to 2 um? with some of them exceeding
5 um?. It has to be noted here that the surfaces of the flakes
(Figure 3 and S9), irrespective of 2 or 3, carry an amorphous
coating, which cannot exclusively be explained by the
functionalization. Next to functional groups, solvent residues
cannot be entirely ruled out despite the thorough and
multistep cleaning procedure.

Additional information about structural and electronic
features were derived from Raman experiments with drop

Angew. Chem. Int. Ed. 2012, 51, 64216425


http://www.angewandte.org

Angewandte

imemationalediion . CEIMIE

a) casted DMF dispersions of 2 and 3 (see Figure S6 in the
Supporting Information and Figure 4, respectively). Silicon
wafers used were covered with a 300 nm thick oxide layer.
Excitation of 3 at A =532 nm gives rise to the typical Raman
peaks of exfoliated graphite, namely the D-band at 1351 cm ™,
the G-band at 1589 cm ™!, and a single maximum for the 2D-
band at 2722 cm™'. Upon exfoliation and functionalization,
the D-band intensity increases (Figure S6). For both 2 and
graphite dispersed in NMP, the Raman spectra show a sym-
metric 2D-band with full width at half maximum (FWHM)
values of 86 cm™' but a very small 2D/G ratio of 0.4, thus
indicating the exfoliated nature of the materials with an
0.0 0.5 1.0 increased turbostratic structure. Interestingly, the Raman
fast [um) spectrum of 3 shows a strong D-band. Responsible for this
b) Height trend is, on one hand, the functionalization of the basal plane
(hm) of graphene to form sp® domains and, on the other hand,
6 : a decreased flake size with stronger edge contribution to the
. i WWMW'WWWW double resonant Raman processes. The 2D-band is highly
2 // \ symmetric and is fitted by a single Lorentzian with a FWHM
: ‘ j j ‘ : of 57 cm ™' and exhibits a 2D/G ratio of 0.9. The latter attests
0.0 0.2 0.4 0.6 0.8 1.0 12 to the presence of graphite, which has been strongly
Offset (micrometer) exfoliated into few-layer graphene. Evidence for the elec-
Figure 2. a) Tapping mode AFM image of 3 on a mica surface. b) The tronic communication in graphene-Pc derives from reso-
corresponding height profile taken along the grey line shown in (a). nantly exciting 3 at A=633nm (Figure S7). Notably, the
The sample was prepared by drop-casting a dilute dispersion of 3 in detection of any appreciable Raman spectrum is only possible
ethanol. because of the completely quenched Pc fluorescence (see
below). A series of new Raman peaks arise in addition to the
characteristic graphene peaks (see above) and the most
dominant peaks are seen at 1562, 1497, 1409, 1314, and
1187 cm™'. Correlating the Raman peaks with those known
for 1 corroborates the successful functionalization of gra-
phene with Pcs (Figure S8). It is reassuring that in reference
experiments, in which 2 was excited at 4 = 633 nm, none of the
aforementioned Raman peaks were observed (Figure S7).
The ground-state features of Pcs in graphene-Pc 3 were
probed by steady-state absorption experiments with freshly
prepared dispersions in DMF by ultrasonication, not in excess
of five minutes. In 3, the typical Pc signatures appear as
maxima at A =673 nm and at around A =733 nm.['" Only the
former correlates, however, with the Q-band absorption seen
Figure 3. Bright-field TEM (a) and HRTEM (b) images of 3 drop in 1 (Figure 5). The Soret-band transitions in the range
casted from a DMF dispersion onto a lacey carbon grid. between 4 =300 and 500 nm are superimposed, in the case of
3, onto features which correspond to graphene absorptions
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Figure 4. Raman spectrum of 3 drop casted from a DMF dispersion g
onto silicon oxide wafer and excited at A =532 nm. Figure 5. Absorption spectra of 1 (grey) and 3 (black) in DMF.
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and light scattering. Importantly, the features (i.e., Q-and
Soret-bands) appear strongly broadened and, most notably,
are bathochromically shifted with respect to 1. As a matter of
fact, we take this as additional evidence in favor of strong
electronic interactions between Pcs and the basal plane of
graphene.™® Solution behavior rather than light scattering
was confirmed by performing a series of dilution experiments.
In this context, linear relationships between the uniform
dilution steps and the resulting decrease in optical density are
in perfect agreement with the Lambert-Beer law. The
absorption spectrum of 2 is, however, featureless and is best
described as a monotonically decreasing absorption.

In complementary fluorescence assays, emphasis was
placed on the fluorescent nature of Pc 1, having a fluorescence
maximum at 4 =681 nm, fluorescence quantum yields of 0.2,
and fluorescence lifetimes of 4.6 ns (67 %; see Figure S9 in the
Supporting Information). As a consequence of covalently
linking 1 to the basal plane of graphene, no appreciable Pc
fluorescence was noted for 3 in neither steady-state nor time-
resolved experiments.

To gain insights into the product of fluorescence quench-
ing, we employed femtosecond transient absorption measure-
ments following excitation of dispersions of 1,2 and 3 at 1 =
387 nm in either NMP or DMF. In reference experiments with
1, the instantaneous formation of the Pc singlet excited state is
discernable throughout the visible and near-infrared section
of the solar spectrum (see Figure S10 in the Supporting
Information). Spectral attributes of the Pc singlet excited
transient are minima around A =610 and 675 nm, which are
good reflections of the ground-state bleaching, and maxima at
A =475, 815, and 1025 nm. These features are metastable and
decay rather slowly via intersystem crossing [i.e., (2.3+
0.5) ns] to the energetically lower lying triplet excited state.
Most notable is a maximum for the latter at A =500 nm. A
quantum yield of approximately 70 % has been derived for
the triplet formation. The latter is oxygen sensitive and forms
singlet oxygen with nearly diffusion controlled rate constants.
In the absence of molecular oxygen the lifetime of the Pc
triplet excited state is approximately 100 ps.

In complementary reference experiments with 2 in NMP,
we note that upon excitation at A =387 nm, there is instanta-
neous bleaching [i.e., (0.5+0.1) ps] of graphene-centered
transitions in the range from A=900 to 1200 nm (see Fig-
ure S11 in the Supporting Information). For the major decay
component of this bleaching, we determined a lifetime of
(1.9+£0.5) ps corresponding to the reinstatement of the
graphene ground state. Finally, turning to 3, the rapid
formation and deactivation of the singlet excited state
characteristics of Pcs is discernable within a time window of
5ps (Figure 6 and Figure S12). In particular, the spectral
range for the Pc-centered bleaching extends from A =500 to
800 nm with distinct features at A =650, 735, and 770 nm
which resemble those of the ground state. Simultaneously
with the Pc singlet excited state decay, the formation of a new
transient species evolves with maxima at A =515 and 850 nm
which relate to the one-electron oxidized Pc. Similarly, the
range beyond 4 =1000 nm (i.e., A =1000-1400 nm) is impor-
tant, and is dominated by a broad bleaching immediately after
the photoexcitation. Here, new features were noted during
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Figure 6. a) Differential absorption spectra (visible) of 3 in DMF,
obtained upon femtosecond pump probe experiments (A =387 nm)
with several time delays, between 1.9 and 5.0 ps (see legend), at room
temperature. b) Differential absorption spectra (near-infrared) of 3 in
DMF, obtained upon femtosecond pump probe experiments

(A =1387 nm) with several time delays, between 1.9 and 5.0 ps at room
temperature. c) Time absorption profiles of the spectra at 1=515
(grey) and 810 nm (black) showing the charge separation and charge
recombination dynamics.

the transient decay with a broad maximum at A =1100 nm.
Implicit are new conduction band electrons in graphene—
injected from the photoexcited Pc. A multiwavelength
analysis affords a short-lived and a long-lived component
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with lifetimes of (3.3 £0.5) and (270 & 10) ps, respectively, in
DMEF. Slightly longer is the lifetime in NMP at (340 & 10) ps.
In line with the aforementioned features we rationalize the
kinetics in terms of charge separation and charge recombi-
nation.

To sum up, we present herein the first comprehensive
investigation regarding the covalent attachment of a light
harvester/electron donor, that is, a phthalocyanine, to the
basal plane of few-layer graphene, on one hand, and its full-
fledged physicochemical characterization, on the other hand.
Most importantly, the latter includes the unambiguous
corroboration by means of several steady-state and time-
resolved assays of an ultrafast charge separation followed by
a slower charge recombination.
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