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Abstract: The interaction of tetrasulfonated aluminium

phthalocyanine (AlPcS4) and meso-tetraarylporphyrin mono-
substituted with poly-l-lysine (MM-PLL), with graphene

oxide (GO) is studied in aqueous solution using spectroscop-

ic and microscopic techniques. The study is also performed
in the presence of gold nanoparticles (AuNP) grown on the

surface of GO using a sonochemical method. The strong
quenching of the porphyrin luminescence demonstrates the

important interactions between the excited state of the mol-
ecule with GO which are absent in the case of the phthalo-

cyanine. However, in the presence of AuNP@GO hybrid

a concomitant increase of the phthalocyanine fluorescence
intensity takes place together with a decrease of the fluores-

cence lifetimes involving a surface plasmon coupling effect.

The latter is overcome in case of MM-PLL due to stronger in-
teractions with GO, and is corroborated for deposited sam-

ples using fluorescence lifetime imaging microscopy (FLIM).
These new nanostructures are thus expected to have selec-

tive sensing abilities.

Introduction

Due to remarkable electronic and optical properties combined

with outstanding mechanical strength and impressive surface

area, single-layer two-dimensional graphene structure opens
up new opportunities.[1] The design of composite materials

with tailored properties has thus gained considerable attention
for a wide range of applications from energy conversion devi-

ces to sensing.[2]

Pristine graphene sheets are hydrophobic in nature, and as

a result of strong van der Waals forces, graphene sheets tend

to stack thus preventing its processing and purification, impor-
tant requisites for integration into devices. Although covalent
or noncovalent functionalization of graphene has been consid-

ered to be important to graphene solubility and processing,

the possibility to combine graphene superior properties and
those of the functionalizing material has driven special inter-

est.[3] Chemical exfoliation of graphene to produce graphene

oxide (GO) is a convenient route to synthesize large batches of
the single-layer material, which readily suspends in polar sol-

vents. Moreover, oxygen groups introduced along with struc-
tural defects provide a negatively charged surface, where van

der Waals and electrostatic forces can be used to complex op-
positely charged electron donors and/or acceptors.[4]

In this regard, porphyrinoids (e.g. , porphyrins and phthalo-

cyanines) are quite suitable choices. Porphyrinoids are elec-
tronically and steriochemically tunable by chemical modifica-
tion of the central metal ion and of the peripheral groups They
contain an extensively conjugated 2D p-system, are adequate

for synthetic light harvesting and for efficient electron transfer
(ET) and, therefore, their conjugation with graphene has been

explored for photoactive assemblies.[5]

Graphene and derivatives are also effective substrates for
the dispersion of metal nanoparticles (MNPs),[6] and various ap-

proaches for their preparation have been proposed.[7] MNPs
can act as electron donors or acceptors in photocatalysis reac-

tions or they can produce highly localized heat during the
rapid relaxation process that can be used for photothermal

therapies, for example, in treating cancer.[8] MNPs that have

surface plasmon resonance bands (SPRBs) are of particular in-
terest because they can have an antenna effect and increase

the absorption and/or emission of fluorescent molecules by
orders of magnitude. The subjacent phenomenon of fluores-

cence enhancement promoted by a metal surface plasmon in
the near-field (MEF) has found considerable interest in recent
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years due to the opportunity to tune the brightness and pho-
tostability of fluorophores and the applications in materials sci-

ence, electronics, and biomedicine.[9] MEF is characterized by
an increase in the fluorescence intensity and a decrease in

fluorescence lifetime of a fluorophore in the vicinity of the
plasmonic nanostructure. The metal effect is highly dependent

on the chemical nature of the metal, the particle shape and
size,[10] the distance and the orientation of the chromophore
with respect to the particle,[11] their spectral overlap,[12] and the

environment in which the fluorescence process takes place
(e.g. , supported on surfaces, in water).[13]

Although there have been recent studies involving noncova-
lent interactions of porphyrinoids with graphene[14] (or gra-

phene oxide),[15] the combination of these hybrids with metal
nanoparticles is still scarcely explored.[16] The aim of this study

is, therefore, to combine through noncovalent interactions flu-

orescent planar molecules with graphene-based material deco-
rated with metal nanoparticles and investigate the conditions

under which photoinduced electron transfer or MEF are pro-
moted.

Towards these goals, we have synthesized hybrid materials
of gold nanoparticles and GO and followed their interaction

with tetrasulfonated aluminium phthalocyanine (AlPcS4) and

a tetraarylporphyrin monosubstituted in one of the phenyl
groups with a poly-l-lysine chain (MM-PLL), Scheme 1. The mo-

tivation for the synthesis of the latter came from the fact that
PLL has a high density of partially protonated primary amines
which contributes to the solubilization in water and potenti-
ates interactions with oxygenated groups in GO. Due to its

flexible backbone, PLL was found suitable to disperse individu-
al SWCNT and MWCNT in aqueous solution.[17] In turn, AlPcS4
has been successfully employed in many donor–acceptor sys-

tems, as previously reported.[18] The fluorescence of AlPcS4 was
shown to be enhanced in the presence of gold nanostructures

and the effect could be tuned by varying metal–molecule dis-
tances.[19] In addition, AlPcS4-gold nanorods conjugates were

reported to exhibit a more effective photodynamic effect as

compared to the phthalocyanine alone.[20] The ground-state in-
teraction as well as the mechanism of excited-state deactiva-

tion of the two porphyrinoids on GO and AuNP@GO hybrid
surfaces were probed. Results obtained for the systems in solu-

tion were compared with those obtained using fluorescence
lifetime imaging microscopy (FLIM)[21] of deposited films.

Results and Discussion

Characterization of GO and AuNP@GO

GO was prepared by a variation of the Hummers method (see
details in Experimental Section). In this method, the strong oxi-

dation process helps to exfoliate the graphite and to avoid the
graphene layers coming together again. The characterization
of the material was made using different spectroscopic tech-

niques: XPS, Raman, UV/Vis (Figures S1 and S2, Supporting In-
formation). The zeta potential (z) of aqueous suspensions of

GO was measured at pH 6.0 confirming the GO substrate pres-
ents a higher density of oxygen functionalities at its surface
(z�¢52 mV).

Microscopic studies were also carried out. The morphology

of GO sample generated from aqueous solution was observed
by transmission electron microscopy (TEM) and atomic force
microscopy (AFM), Figure 1. Large silk-like graphene nano-
sheets were observed with crumpled or wrinkled structures, in-
dicating the presence of few-layer graphene, Figure 1 A.

The lateral dimensions of GO sheets range from submicro-
meter to one micrometer, Figure 1 B. A typical cross-section

picture, Figure 1 C, indicates a narrow height distribution

around 1.2�0.1 nm suggesting the formation of mostly single-
layer GO sheet in agreement with literature data.[22] The intro-

duction of functional groups on both sheet surfaces
leads to a thickness that is greater than the theoreti-

cal value of 0.34 nm. Besides, a thin layer of water
should be present in all AFM experiments conducted

at ambient conditions which can further contribute

to that greater thickness.
In the next stage, we proceeded to attach AuNP to

the surface of the material. The sonolysis method re-
ported in literature by Vinodgopal et al. in 2010[23]

was used with some variations. Sonolysis of dispersed
Ar, N2, or O2 in aqueous solutions result in acoustic

cavitation. The growth and violent collapse of micro-

bubbles during cavitation leads to high temperature
conditions within bubbles able to generate highly re-

active radicals like HC and OHC from water homolysis. These rad-
icals are unlikely to reach the target molecules in solution due

Scheme 1. Molecular structures of MM-PLL (left) and of AlPcS4 (right).

Figure 1. TEM images (A), AFM (B) images, and height analysis (C) of a GO
sample.

http://www.chemnanomat.org


to rapid recombination or reaction within the bubbles. If or-
ganic molecules are present (e.g. , tetraethylene glycol), they

will act as a scavenger for the oxidative radicals generated pro-
viding the reduction of the Au salt.

To confirm the presence of the AuNP on the surface of the
GO we registered the absorption spectrum of the suspension

and used TEM and AFM microscopies. A representative TEM
image is depicted in Figure 2 A, from which it is possible to see

that AuNP distribute all over the surface of GO with no appar-

ent tendency for NP aggregation, corroborated by UV/Vis spec-

tra where no broad redshifted plasmon band was observed.
Importantly, AuNP are formed almost exclusively on the sur-

face of GO (no stand-alone NP were observed outside the
sheet, see also Figure S3, Supporting Information). Nonethe-

less, there seems to be a certain heterogeneity regarding the
NP shape (mostly spheres, rods, and triangles can be ob-

tained). Tapping-mode AFM of the hybrids, Figure 2 B, also con-

firms AuNPs adhered to GO surface. From the height analysis
of these images, we can estimate the dimensions of the NPs.

Average sizes around 10 nm were obtained in good agreement
with TEM results.

These values are within the range of sizes obtained using
other in situ methods with distinct reducing/capping agents,

for example, sodium citrate, were reported to have an average

size of 20 nm,[7a] and those prepared using glycine were signifi-
cantly smaller (ca. 6 nm).[24]

In Figure S4 (Supporting Information), it is shown the ab-
sorption spectra of the samples obtained at different reaction

times which reflect the growth of the surface plasmon reso-
nance band around 545 nm. This band is slightly redshifted

compared to that of individual AuNP free in solution which is

due to the higher dielectric environment of the GO surface.[25]

The z-potential of AuNP@GO aqueous suspension (z�
¢57 mV) is slightly more negative than that of GO.

In an attempt to optimize the synthesis of the hybrid materi-

al and maximize the amount of supported AuNP on GO, we
compared two methods for the same amount of Au salt addi-

tion: Method 1—addition of increasing amounts of Au salt ;
Method 2—addition of a constant amount of Au salt sequen-

tially and sonication after each addition (Figure S5, Supporting
Information). From TEM images and size distribution analysis
(made using ImageJ[26]) it is clear that the two methods lead to
similar hybrids in terms of average size and distribution of

AuNP on GO sheets, Figure 3. Therefore, Method 1 was chosen
since it involved fewer preparation steps.

Interactions between GO and porphyrinoids

Two different porphyrinoids, AlPcS4 and MM-PLL were em-

ployed to interact with GO. AlPcS4 is a widely used phthalo-
cyanine, which does not form aggregates in aqueous solution

up to a concentration of 10¢4 m.[18] Stacking of AlPcS4 mole-
cules is prevented due to the fact that aluminum coordinates

axially with chloride, which slightly distorts the aromatic struc-

ture. The synthesized porphyrin is only sparingly water soluble.
To get a better insight into the aggregation properties of the

synthesized porphyrin, a stock solution of the porphyrin was
prepared in DMSO, and a few microliters were added to the

final aqueous solution which corresponds to less than 1 % of
DMSO. Taking a more detailed look, we see that the electronic

spectrum obtained for the porphyrin in each solvent is differ-

ent, Figure 4 A. The spectrum in DMSO shows the common in-
tense Soret band around 420 nm corresponding to the allowed

S0 to S2 transition; and four less-intense Q-bands at lower ener-
gies with peaks matching those reported for other meso-sub-

stituted porphyrins.[27] The spectral broadening (to the red and
to the blue) and the hypochromicity found in aqueous solution

as compared to DMSO, is indicative of the formation of J- and

Figure 2. TEM images (A), AFM (B) image and height analysis (C) of
AuNP@GO samples.

Figure 3. TEM images and size distribution (insets) of AuNP deposited on
GO obtained using method 1 (left) and method 2 (right) for additions of in-
creasing amount of Au salt (see text for explanation).

Figure 4. (A) Absorption spectra and (B) fluorescence decays of MM-PLL ob-
tained in neat DMSO and in distilled water (DW) with 1 % DMSO (IRF = in-
strument response function).
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H-aggregates as deduced from excitonic theory.[28] Nonspecific
aggregates were promoted in the case of another meta-me-

thoxyl porphyrin functionalized with a dipeptide glycilglycine
in water. The aggregates are stabilized due to hydrophobic in-

teractions and to noncovalent intermolecular H-bonds.[29] The
fact that excitation spectra obtained did not match that of ab-

sorption in water which did not occurred in DMSO further cor-
roborates that aggregates are formed in water. As a conse-
quence, the monoexponential fluorescence decay obtained in

pure DMSO (tf�11 ns, upon excitation at 445 nm and collect-
ed at 650 nm) changes to a very complex decay in water
where good fitting are obtained only by a triexponential func-
tion, Figure 4 B. In the case of the latter, there is only a minor

contribution from a long component (tf�10 ns, 8 %) which
can be assigned to the monomer. The major contribution to

the decay comes from shorter components (tf�0.67 ns, 75 %

and tf�3.0 ns, 17 %), which can be attributed to distinct ag-
gregated species such as dimers or higher order nonspecific

aggregates.[30]

Thus, it is expected that these differences in the two por-

phyrinoids will contribute to a different combination of interac-
tions with GO: p–p interactions will be present in both cases,

but electrostatic repulsions between AlPcS4 and GO will take

place in opposition to attractive electrostatic interactions for
MM-PLL with GO.

Upon addition of increasing amounts of dispersed GO, there
are subtle changes in the UV/Vis absorption of the porphyrin,

Figure 5 A: a 2 nm redshift from 418 to 420 nm and broaden-
ing of the Soret band. Using the spectrum of free MM-PLL

(with the same concentration) as a reference, a trough appears

at 419 nm which becomes deeper as the concentration of GO
is increased, meaning that less and less free porphyrin is avail-

able; together with the growth of a new redshifted absorption

peak at 435 nm (inset Figure 5 A). These findings are in agree-
ment with p–p interactions between the porphyrin and GO.[31]

Due to the strong absorption of the PLL chains attached to
the porphyrins, which superimposes that of the GO (character-

istic peak at 231 nm in water), we may not infer whether there
were any changes in the electronic structure of GO upon inter-

action with MM-PLL. In the case of the phthalocyanine, there
are no significant changes on the UV/Vis spectra obtained at

increasing amounts of GO, Figure 5 B. Again, by using the spec-

trum of the free phthalocyanine in water we see that, in this
case, no additional peaks are observed and the difference

matches quite well the spectrum of GO alone (inset Figure 5 B),
thus suggesting that no changes in the electronic structure of

GO took place. In this case, electrostatic repulsions may pre-
vent GO and AlPcS4 to attain a suitable distance for p–p inter-
actions to occur. The interaction of other negatively charged

p-systems was reported with chemically reduced GO. This was
suggested to be possible due to a relative electrically neutral

interior of the reduced graphene sheets, different from GO,
with negatively charged carboxylic groups present only on the

edges of the sheets.[32]

The fluorescence of both porphyrinoids in water is different-

ly affected by the addition of GO. These measurements were

performed with matching absorbances of the porphyrinoid at
the excitation wavelength. The typical band at 682 nm of

AlPcS4 is almost unaltered up to an addition of 0.014 mg mL¢1

of GO, Figure 5 D. By contrast, in the case of MM-PLL the inten-

sity of the two typical emission bands (Q(0,0) at 653 nm and
Q(0,1) at 719 nm) is greatly diminished upon addition of in-

creasing amounts of GO, Figure 5 C. No new bands are detect-

ed pointing out that any possible complex or aggregate
formed is nonfluorescent or has a much lower fluorescence

quantum yield than that of the dye. This fluorescence quench-
ing can be assigned to electron

or energy transfer. GO itself has
been reported to show emission

whose intensity depended on

the solution pH and ionic
strength,[33] and its fluorescence

has been used for cellular imag-
ing and drug delivery.[34] Earlier
studies suggested that the GO
photoluminescence originates

from the radiative recombination
of electron-hole pairs generated
in sp2 clusters with time con-

stants ranging from femto- to pi-
coseconds.[35] In view of atomic

structure, the GO emission is
predominantly from the electron

transitions between the less oxi-

dized region (¢C=C¢) and the
boundary of oxidized region (C¢
O, C=O and O=C¢OH).[36]

We have confirmed that due

to its expected low intensity at
neutral pH, the intrinsic fluores-

Figure 5. UV/Vis absorption (A and B) and fluorescence (C and D) spectra of MM-PLL/GO (blue color) and of
AlPcS4/GO (green color) aqueous suspensions. Insets (A, B): see text for explanation. Inset (D) Stern–Volmer plot
of intensity quenching (blue dots: MM-PLL; green triangles: AlPcS4). [Porphyrinoid] = 5 mm ; lexc = 405 nm.
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cence of GO does not interfere
with the emission of the por-

phyrinoids under the conditions
used.

Stern–Volmer plots represent-
ing the dependence of the fluo-

rescence intensities ratio (ac-
counted by the area under each

fluorescence spectrum) in the

absence (I0) and in the presence
(I) of GO on the concentration of
the latter, show a linear depend-
ence in the case of MM-PLL,
inset Figure 5 D. Steady-state
fluorescence contains the contri-

bution of both static and dy-

namic quenching mechanisms.
The determination of fluores-

cence lifetimes of the fluoro-
phore is the most definitive

method for distinguishing be-
tween the two types of quench-

ing. In the case of the dynamic

quenching, the fluorophore life-
time decreases with the increase

of the quencher concentration. In the present study, the fluo-
rescence lifetime of AlPcS4 remains monoexponential and un-

changed (tf = 4.90 ns), as expected. In the case of MM-PLL, the
complex three-exponential decay is not significantly altered

upon addition of GO (data not shown). Therefore, the contri-

bution of dynamic quenching is not significant. The major con-
tribution for the quenching process must then come from

static effects. Their origin is related to the formation of a non-
fluorescent complex/aggregate considering the changes ob-

served in the absorption spectra. Under such conditions, the
fluorescence lifetime is not expected to change since the fluo-

rophore (which is not complexed/aggregated) is able to emit

in its normal way. However, a decrease in the fluorescence in-
tensity of the sample is expected to occur upon each increase

of the quencher concentration since there will be less and less
free fluorophore to emit due to complexation. A similar behav-
ior had already been reported for the interaction of the cation-
ic rhodamine 101 with GO in aqueous solution.[37]

It is clear that the quenching is only effective for the porphy-
rin since a flat line is obtained in the case of AlPcS4 denoting
the absence of quenching by GO. This behavior reflects the im-

portance of favorable electrostatic attractions in promoting
porphyrinoid/GO interactions: unfavorable electrostatic repul-

sions existent in AlPcS4/GO system weakens such interactions.

Interactions between AuNP@GO and porphyrinoids

In the next stage, gold nanoparticles were grown on the sur-

face of GO and the interactions of these hybrids with porphyri-
noids in water were followed. Absorption spectra obtained at

increasing concentrations of the AuNP/GO hybrid show a con-
comitant increase of the signal in the region corresponding to

the SPRB of AuNP, but no other significant changes were de-
tected for either porphyrinoids, Figure 6 A and 6 B. Regarding

the spectrum of AuNP@GO, a comparison with that obtained
by difference of porphyrinoid with and without AuNP@GO

shows that there is broadening and redshift (�20 nm) of the

SPRB of AuNP, which can be due to interparticle interactions
induced by the porphyrinoids. On the other hand, the fluores-

cence spectra showed distinct behavior for the two molecules.
In the case of the porphyrin, Figure 6 C, a strong increase of

the intensity upon addition of the hybrid takes place followed
by a decrease as further amount is added; whereas in the case

of the phthalocyanine a steady increase of the signal follows

the addition of AuNP@GO, Figure 6 D. A maximum of 30 % in-
crease was obtained for each porphyrinoid (inset Figure 6 D).

To clarify if a similar effect can be obtained just in presence
of AuNP without GO, we added increasing amounts of pre-

formed AuNP (TEM image of these AuNP can be found in Fig-
ure S6, Supporting Information) and followed the porphyrinoid

fluorescence, Figure 7. Although in both cases it was possible

to detect an increase of the fluorescence signal—about 5 % in
the case of MM-PLL and 11 % in the case of AlPcS4—this was

clearly less effective than in presence of the hybrid.
An intrinsic low emission with maximum at 617 nm was re-

ported for AuNP (and some nanoclusters) with diameters of
approximately 15 nm synthetized using the standard citrate re-

duction method.[38] However, in our case a test to the hybrid

with and without the porphyrinoid made under the same ex-
perimental conditions did not show any contamination from

the hybrid photoluminescence. Such a result is somehow ex-
pected taking into account that AuNP are essentially located

on the GO surface and that the latter can effectively quench
Au photoluminescence.[39] Therefore, the fluorescence detected

Figure 6. UV/Vis absorption (A and B) and photoluminescence (C and D) spectra of MM-PLL/AuNP@GO (blue
color) and of AlPcS4/AuNP@GO (green color) hybrid aqueous suspensions. Inset (D) Stern–Volmer plot of intensity
quenching (blue dots: MM-PLL; green triangles: AlPcS4). [Porphyrinoid] = 5 mm ; lexc = 405 nm.
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comes solely from the respective porphyrinoid and in both

cases there is an enhancement dependent on the amount of
added hybrid.

The phenomenon of fluorescence enhancement promoted
by a metal surface (MEF) has been known for some time and

will affect both radiative and nonradiative decay rates. To that

matter, fluorescence decays were obtained in solution and
showed a notorious decrease of average lifetimes of both fluo-

rophores in the presence of the AuNP@GO (Table S1, Support-
ing Information). For MEF to occur, the fluorophore needs to

be close enough to the plasmonic nanostructure, since the
field enhancement decays nearly exponentially with distance

from the metallic surface. If the fluorophore is closer than

5 nm to the surface, its fluorescence will be quenched signifi-
cantly due to the nonradiative decay through energy and/or

charge transfer to the metal.[40] The strong interactions MM-
PLL/GO are due to promote a closer contact with the hybrid

and therefore, at higher amounts of the latter the average dis-
tances porphyrinoid–hybrid are shorter so that fluorescence

quenching surpasses the enhancement. As for AlPcS4 there is

not a significant interaction with GO and the distances Pc–
hybrid remain larger thus allowing the enhancement by AuNP
to prevail. A study involving thin films of a porphyrin and
AuNP showed that the latter quenched the porphyrin’s fluores-

cence very effectively mainly via an energy-transfer process
with an estimated critical distance of 6.4 nm.[41] It is important

to point out that in the case of a self-assembled system in
which both NP and porphyrinoid entities do not have a rigid
location, NP distribution is expected to affect their interaction

and thus, the porphyrinoid fluorescence intensity. Nonetheless,
a good reproducibility of the SV plots was always obtained. To

this contributes the high density of oxygen-containing groups
on GO surface and the confirmation that this in-situ method

leads to AuNP location solely on GO sheets.

In the next stage, we studied and compared fluorescence
signals from deposited samples containing porphyrinoids

alone, in presence of GO and of AuNP@GO, using FLIM.

FLIM images of deposited samples

We started by testing GO and AuNP@GO for a possible inter-
ference in the background signal of the samples with porphyri-

noids. None of the materials had a detectable signal under the
experimental conditions, which is adequate to follow the por-

phyrinoids’ fluorescence.
The deposition of the porphyrinoids showed a heterogene-

ous image in the case of MM-PLL, Figure 8 A, which is consis-

tent with some aggregation of the porphyrin upon deposition
on glass, similar to what already happened in aqueous solu-

tion. As expected, the average lifetimes are shorter than the

typical values obtained for monomeric porphyrins in solvents.
In the presence of GO, Figure 8 B, it is possible to distinguish

flake-like regions in agreement to those already visualized by
TEM, which correspond to GO sheets covered with porphyrin.

The fluorescence lifetimes associated to the images display
a broader distribution due to some competition between por-

phyrin-GO interactions and p–p stacking of porphyrins on the

surface of the carbon material, Figure 8 C. Due to the heteroge-
neity of the deposited system it is not possible to make a quan-

titative study of the fluorescence signal dependence on the
concentration of GO. Nonetheless, there is a clear decrease of

the fluorescence intensity with the increase of [GO] (Figure S7,
Supporting Information).

Figure 7. Fluorescence spectra of AlPcS4 (inset: MM-PLL) in the presence of
increasing amounts of preformed AuNP in aqueous solution.

Figure 8. FLIM images (A, A’, B, B’) and average fluorescence lifetime distri-
bution (C, C’) obtained from decay analysis of about 20 point measurements
of MM-PLL (top) and AlPcS4 (bottom) free and associated to GO.
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In the case of AlPcS4 alone, we obtained a nearly uniform
image with a fluorescence lifetime similar to that of the phtha-

locyanine in aqueous solution. However, in the presence of GO
some heterogeneity is depicted: GO flakes with dimensions of

a few to tens of microns stand out from the noninterfering
background. Thus, AlPcS4 is also covering GO flakes and

a slight shortening of lifetimes is thus obtained. However, no
dependence on [GO] can be detected in this case.

We followed the porphyrinoids’ fluorescence upon interac-

tion with the hybrid Au@GO in deposited samples. FLIM
images obtained for the porphyrin show distinct regions, Fig-

ure 9 A: short-lived round entities spread through, and some

long-lived micrometric regions. Accordingly, the histogram
shows a broader distribution of average fluorescence lifetimes

as compared to that for the porphyrin alone which is shifted
to shorter values in presence of the hybrid. This behavior

points in one hand to some de-aggregation of the porphyrin
due to interactions with the hybrid, therefore there is a slight

increase from the contribution of longer lifetimes. On the

other hand, the strong interaction of porphyrin monomers
with GO and with the hybrid will lead to fluorescence quench-

ing which increases the contribution from short lifetimes, Fig-
ure 9 C.

In the case of the AlPcS4, we also have a distinct behavior
relative to water. The narrow average lifetime distribution ob-

tained for the phthalocyanine alone changes to a broad distri-

bution associated to a more heterogeneous image, Figure 9 D.
It is possible to distinguish round spots with sizes within the

diffraction-limit resolution (ca. 350 nm), Figure 9 B, with short
lifetimes and with a higher intensity than its surroundings,

inset Figure 9 B, pointing out the enhancing effect of
AuNP@GO.

The heterogeneity depicted in the image points to some
roughness of the deposited sample, which can lead to differen-

ces in fluorophore–hybrid interdistances and relative orienta-
tions. The latter will thus contribute to the broadening of the

lifetime distribution, Figure 9 D.
This data reinforces the role of porphyrinoid–GO interactions

in controlling the fluorescence sensitivity of the dye to the
metal vicinity: the preponderance of porphyrin-GO interactions

lead to fluorescence quenching whereas MEF prevails for the

noninteracting AlPcS4. Further studies are still required to fully
understand the underlying mechanism of the fluorescence

quenching phenomena.

Conclusions

We have prepared and characterized a hybrid material consti-
tuted of graphene oxide and gold nanoparticles and studied

its interaction with different porphyrinoids. Based on optical

absorption and fluorescence results there is no evidence for
ground-state nor singlet excited-state interactions between the

negatively charged AlPcS4 and GO in solution. In the case of
MM-PLL, the long amino-rich polylysine chain promotes the in-

teraction with the oxygen groups of GO in detriment of por-
phyrin aggregation detected for the free molecule in water.
The efficient quenching of the porphyrin characteristic emis-

sion in the composite suggests that electrons are transported
from the excited MM-PLL to GO sheets.

By contrast, in presence of the AuNP@GO hybrid there is an
enhancement of the dyes’ fluorescence in solution. In the case
of AlPcS4 there is a concomitant increase of the fluorescence
intensity with the addition of the hybrid whereas in the case

of MM-PLL there is an optimal amount of hybrid above which
the signal reverses and a quenching effect prevails. The fluo-
rescence intensity of the dyes could also be detected in films
by FLIM. The enhancement in intensity was followed by
a strong decrease in the average fluorescence lifetime of both

porphyrinoids. A broad lifetime distribution was obtained
which could be explained in terms of a distribution of plasmon

resonance effects due to distinct porphyrinoid- AuNP distances
promoted by the heterogeneity of the deposited sample. Our
findings are expected to be useful as a general methodology

for constructing multicomponent graphene-based nanohybrids
with potential applications in energy conversion and sensing.

Experimental Section

Synthesis of GO

In order to obtain graphene oxide, we used a variation of the
Hummers method.[42] Briefly, 1 g of graphite powder (synthetic,
conducting grade, ¢325 mesh, 99.9995 % metals basis, Alfa Aesar)
was suspended in 23 mL of H2SO4 concentrated and stirred for
12 h. The suspension was brought to 0 8C and 3 g of KMnO4 was
gradually added. After the addition, sonication for 6 h was per-
formed and afterwards 46 mL of H2O was slowly added and left to
boil for 30 min. To terminate the reaction, a solution of H2O2 30 %
in water was added. The final product was separated by centrifu-
gation and washed with 5 % HCl and water.

Figure 9. (A,B) FLIM images and (C,D) normalized lifetime histograms of por-
phyrinoids (MM-PLL, top; AlPcS4, bottom) free and interacting with the
hybrid AuNP@GO deposited on a glass surface. Inset of B: emission intensity
image.
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Synthesis of AuNP@GO

AuNP@GO was prepared using a method developed by Kamat
et al.[23] with some variations. NaAuCl4·2 H2O (99 %, Sigma–Aldrich)
�1 mm, was dissolved in 2 % TEG (Fluka) solutions and added to
2 mg of the GO prepared before. The suspension was submitted to
sonication for 4 h. The possible AuNP left in solution were re-
moved by centrifugation cycles at 3000 rpm for 20 min.

Sample preparation

Aqueous dispersions of exfoliated GO were obtained by ultrasoni-
cation during 1 h. Porphyrinoid–GO complexes were prepared for
absorption and fluorescence measurements by mixing a minute
amount (less than 25 mL) of a DMSO stock solution in the case of
the MM-PLL (synthesized by us, see Supporting Information for de-
tails) and of an aqueous stock solution in the case of AlPcS4 (99 %,
Porphyrin Products) with different amounts of GO aqueous stock
solution. The solution in each flask was then diluted to 5 mL by bi-
distilled water (final porphyrinoid concentration 5 mm). Immobilized
samples for FLIM were prepared on previously cleaned and hydro-
philized glass slides (30 min in freshly prepared piranha solution,
H2O2 :H2SO4 = 1:3) by drop-casting.

Characterization

The experimental zeta potential values (z) of GO aqueous suspen-
sions were determined in a Doppler electrophoretic light scattering
analyzer, Zetasizer Nano ZS from Malvern Instruments Ltd. A Perki-
nElmer spectrophotometer Lambda 35 was employed in UV/Vis ex-
tinction measurements. Steady-state fluorescence spectra were ob-
tained with a SPEXÒ Fluorolog spectrofluorimeter (HORIBA Jobin
Yvon) in a FL3–11 configuration. The instrumental response was
corrected by means of a correction function provided by the man-
ufacturer. Fluorescence lifetimes were obtained with a time-corre-
lated single-photon counting (TC-SPC) technique using commercial
equipment Microtime 200 (PicoQuant, Berlin, Germany). Excitation
was achieved using pulsed laser diode heads (405 nm; 638 nm),
with varied repetition rate (10, 20 or 40 MHz). Appropriate band-
pass filters (600–800 nm transmission band for the blue-diode laser
and the 695AF55 filter for the red-diode laser) were used to elimi-
nate backscattered light in the photomultiplier tube from Pico-
Quant (model PMA-182). Data analysis was performed by a decon-
volution method using a nonlinear least-squares fitting program,
based on the Marquardt algorithm. The goodness of the fit was
evaluated by the usual statistical criteria and by visual inspection
of the weighted residuals distribution and the autocorrelation
function. FLIM was performed in the same set-up and a more de-
tailed description can be found elsewhere.[43] Briefly, the 638 nm
pulsed diode laser was focused by a water immersion objective
(60x; 1.2 NA) into the sample. Fluorescence was collected by the
same microscope objective, passed through the dichroic mirror
and suitable band pass filter, focused through a pinhole (30 mm),
to reject out-of-focus light, onto a single-photon counting avalan-
che photodiode (PerkinElmer) whose signal was processed by
a TimeHarp 200 TC-SPC PC-board (PicoQuant) working in the spe-
cial Time-Tagged Time-Resolved mode which stores all relevant in-
formation for every detected photon. The average photon count
rate was 0.5–1 Õ 104 count s¢1.

TEM images were obtained with a Hitachi H-8100 electron micro-
scope operated at 200 kV. A drop of sample solution was deposit-
ed and air dried in a carbon/Formvar-coated copper grid. Tapping
mode AFM was performed on a Multimode AFM instrument with
Nanoscope IIIa controller from Digital Instruments. Si cantilevers

with a spring constant of 42 N m¢1 and a resonance frequency of
�300 kHz were employed for imaging. Mica substrates purchased
from Veeco were cleaved immediately before sample deposition.
To remove excess solution from the substrate surface after a specif-
ic time (20 min), a N2 flux was used.
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