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Abstract
The present paper aims to study the mixing of reduced graphene oxide (RGO) with meso-tetrakis(4-phenylsulfonic-acid)
porphyrin  [H4TPPS4

2−] via a covalent functionalization, through a facile synthesis process. The intermolecular interaction 
was investigated using scanning electron microscope, Raman scattering, Fourier transform infrared spectroscopy, X-ray 
diffraction. These techniques demonstrated a structural enhancement of the composite, a better conjugation system and the 
presence of component interaction at the molecular level. UV–Visible absorption, Steady state photoluminescence (PL) as 
well as time-resolved PL (TRPL) measurements were carried out to further elucidate the nature of electronic interaction 
between the components. Steady state PL quenching of the porphyrin is in favor of photoinduced electron and/or energy 
transfer to the RGO. The TRPL results exhibit a decrease in the exciton mean lifetime compared to that of porphyrin’s 
confirming the presence of significant interaction between  H4TPPS4

2− and RGO, and corroborating the existence of new 
interbands leading to slower carrier recombination.

1 Introduction

Graphene is a two-dimensional (2-D) nanomaterial consist-
ing of  sp2-hybridized carbon atoms that can be exfoliated 
from bulk graphite, which makes it a great material for many 
potential applications thanks to its unique structural, elec-
tronic and optical properties [1, 2]. However, the insertion 
of graphene in several devices has been hindered by its poor 
processability. Graphene oxide (GO) obtained by the modi-
fied Hummers’ method [3], and chemically reduced GO [4, 
5] have been functionalized with nanostructured porphyrin 
in our previous work [4]. RGO possesses better capability of 
electron and energy transfer owing to the functional groups 
on its surface after chemical reduction [6, 7], hence it is 
being considered for the construction of next-generation 
flexible solar-energy and optoelectronic devices at low-cost, 
with high efficiency, environment friendly, and light weight 
[8–10].

Today, it is accepted that porphyrin derivatives, besides 
their central role in respiration, photosynthesis, and other 
vital functions, have a promising future in several fields such 
as energy harvesting devices, catalysis and electronic materi-
als [11–13]. Knowing that all those applications are strongly 
dependent on the macrocycle structure, there has been a con-
siderable amount of researches directed towards the develop-
ment of synthetic strategies to functionalize readily available 
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porphyrins. These materials exhibit high optical nonlineari-
ties due to the presence of extended π-conjugated systems in 
their structures, in addition to intense optical absorption and 
fluorescence in the visible range and high quantum yield. 
This non-linear optical property makes these materials of 
great interest in the optical switching and limiting devices 
[14–16]. Polymer composites have shown notable efficiency 
in interacting and enhancing many physical and chemical 
properties with carbon allotropes as well as metallic materi-
als [17–19].

The organic dyes contains an enormous variety of 
compounds such as porphyrins, perylenes, phthalocya-
nines, metallophthalocyanine, perylene, fluorene, mero-
cyanine and hemicyanine derivatives [20]. Macrocyclic 
molecules like porphyrins and their derivatives such as 
 H4TPPS4

2− and phthalocyanines provide remarkable exam-
ples of π-conjugated systems that form stable complexes. 
The optical properties of these porphyrin derivatives are 
strongly dependent on their molecular composition making 
them very interesting candidates for their possible appli-
cation in the field of molecular and organic electronics 
[21–23].

The porphyrins present some difficulties for photonic 
applications such as the processing difficulty in liquid form 
as well as the short lifetime endurance when exposed to sun-
light. From this comes the need to look for suitable and solid 
host matrices [24].

Hence the functionalization of RGO with large aromatic 
molecules and polymers is expected to modulate the elec-
tronic and optical properties of the composite after the 
interactions between the two components in the ground and 
excited states [25].

In this study, we prepared RGO–H4TPPS4
2− composite 

films, and then characterized their different properties by 
means of scanning electron microscope (SEM), Raman Scat-
tering, Fourier transform infrared (FTIR) and X-ray diffrac-
tion (XRD) in addition to steady state photoluminescence 
(PL), and time resolved PL (TRPL) at room temperature, in 
order to elucidate the molecular structure and the interaction 
nature between these hybrid structures.

2  Experimental details

GO was prepared by a modified Hummers’ method [3], 
which consists of a chemical oxidation–exfoliation of 
graphite solution by means of sulfuric acid and potassium 
permanganate  (H2SO4/KMnO4), then a stirring process via 
ultrasonication leading to an homogenous solution of dis-
persed GO sheets. The obtained GO dispersion has a light 
brown color, and undergoes a reduction of GO with hydra-
zine hydrate after being washed many times with deionised 
water. More details of this preparation method were reported 

in our previous work [4]. 1 ml of meso-tetrakis(4-phenylsul-
fonic-acid) porphyrin solution was added into (3 ml) of RGO 
solution and the mixture was submitted to an ultrasonic 
treatment for 15 min at room temperature to ensure homoge-
neity. Finally, a thin film of the RGO–H2TPPS4

2− composite 
was deposited by drop casting on glass slides, which were 
already submitted to an intensive cleaning step with distilled 
water and acetone, then the films were left to dry at room 
temperature for 24 h.

3  Characterization

SEM images were obtained using a JEOL JSM 7600F, 
Raman spectra were carried out using Jobin Yvon T64000 
Raman spectrometer (gratings with 1800 grooves/mm) at 
excitation wavelength of 514 nm, laser power was adjusted 
to 7 mW. Infrared absorption measurements were performed 
using Fourier transform VERTEX 70 Series FTIR spectrom-
eter with Bruker ROCKSOLID interferometer. XRD scans 
of RGO,  H4TPPS4

2− and the composite were performed with 
Bruker’s D8 advanced X-ray diffractometer using CuKα 
radiation (λ = 1.5418° Ǻ). UV–Vis spectra were recorded 
on a Perkin Elmer LAMBDA 950/1050. Photoluminescence 
measurements in steady-state were carried out at room tem-
perature with a Jobin Yvon Fluorolog-3 spectrometer using a 
Xenon lamp and a CCD detector with excitation wavelength 
of 420  nm. Time-resolved photoluminescence (TRPL) 
experiments were performed with a regenerative amplified 
femtosecond Ti:Sapphire laser system (Spectra Physics Hur-
ricane X). The laser excitation used is λexc = 400 nm. Emis-
sion spectra are temporally resolved with a high dynamic 
range Hamamatsu C7700 streak camera coupled to an imag-
ing spectrograph with a temporal resolution less than 20 ps 
and processed using the HPDTA Hamamatsu software.

4  Results and discussion

4.1  Scanning electron microscopy

Figure 1 shows SEM images of RGO,  H4TPPS4
2−, and 

RGO–H4TPPS4
2− composite films. The RGO image in 

Fig. 1a shows large homogenous laminated surface, which is 
typical for the SEM observation of RGO sheets morphology 
[4]. In Fig. 1b,  H4TPPS4

2− particles exhibit clusters form 
with different size distribution that can be attributed to the 
light sensitivity of these structures, assembled in aggregates, 
which can be originating from the interaction between the 
porphyrin molecules revealed by their self-assembly [14].

In the case of RGO–H4TPPS4
2− composite, Fig. 1c shows 

a distribution of clusters with an enhanced degree of uni-
formity of fairly uniform sizes, which is an evidence of 
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the structural modification of the porphyrin upon inserting 
RGO, thus indicating the role of interactions between RGO 
and  H4TPPS4

2− in the improvement of the final composite 
structure.

4.2  Raman scattering study

Raman spectroscopy is considered an effective tech-
nique for studying various carbon structures including 
graphene. The Raman spectra of RGO,  H4TPPS4

2−, and 
RGO–H4TPPS4

2− composites are shown in Fig.  2. The 
RGO spectrum displays a characteristic G band situated at 
1586 cm−1 corresponding to the ordered  sp2-bonded carbon 
atoms, and a D band at 1350 cm−1, attributed to the disorder 
in RGO [26, 27]. The bands located in the frequency range 
higher than 2700 cm−1 are very important for the characteri-
zation of few-layer graphene samples [28, 29].

The spectrum of  H4TPPS4
2− in Fig. 2b shows several 

bands, the most distinct arise at 1386 cm−1 is attributed to 
the asymmetrical stretching of the C–C–NH bond, the band 
at 1366 cm−1 is originating from the  Cβ–Cβ’ bond stretch-
ing, another band at 1556 cm−1 corresponds to C–C stretch-
ing bond, further bands details are cited in our previous 
work [4, 30–33]. In RGO–H4TPPS4

2− composite spectrum, 
the D band appeared at 1355 cm−1, whereas the G band 
was observed at 1600 cm−1 while 2D, D+G and 2G bands 

appeared in the 2500–3250 cm−1 range. It is noted that the 
D and G bands were slightly shifted to higher frequency 
with an overlapping of the porphyrin’s bands. In the pre-
sent study, the intensity ratio  (ID/IG) decreases confirming 
the existence of non-covalent modifications at the RGO 
and  H4TPPS4

2− composite surface that are mainly through 
molecular interactions such as π–π stacking [34] and a res-
toration of  sp2 carbon atoms with regained π conjugated 
network.

4.3  Fourier transform infrared study

FTIR spectroscopy can provide essential and useful infor-
mation about the functionalization of RGO with  H4TPPS4

2. 
Normalized FTIR spectra of RGO,  H4TPPS4

2− and 
RGO–H4TPPS4

2− are presented in Fig. 3. The main char-
acteristic bands of RGO are located at 1396, 1560, and 
1672 cm−1, which are attributed to stretching/deformation 
of C–OH, and aromatic C=C stretching, respectively [35]. 
The absence of the C=O characteristic at 1720 cm−1 indi-
cates a successful reduction of graphene oxide [4, 36]. The 
 H4TPPS4

2− spectrum shows many characteristic bands, we 
note the presence of a band around 1633 cm−1 correspond-
ing to the stretching bond in the phenyl. Moreover, the band 
at 1550 cm−1 is attributed to C–C stretching. A broad band 
at 3400 cm−1 is attributed to the N–H bond stretching [32, 

Fig. 1  SEM images of RGO (a),  H4TPPS4
2− (b) and RGO–H4TPPS4

2− (c)

Fig. 2  Raman spectra of: RGO 
and RGO–H4TPPS4

2− (a), 
 H4TPPS4

2− (b)
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37]. For the RGO–H4TPPS4
2−, we observed the rise of new 

bands situated at 2267, 3079 and 3304 cm−1 attributed to 
the stretching vibration of aromatic C–H bonds, C–H bond 
stretching, and N–H stretching, respectively. These results 
can be explained by an efficient chemical functionalization 
of RGO using residual oxygen groups between RGO and 
 H4TPPS4

2− which presents the advantage of preserving the 
integrity of the graphene surface, and therefore an electron 
transfer between these two components is expected to take 
place. This assumption will be further investigated by PL 
measurements.

4.4  XRD study

The XRD study was carried out to investigate the structure 
of the RGO–H4TPPS4

2−. Figure 4 shows the XRD patterns 
of RGO,  H4TPPS4

2− and RGO–H4TPPS4
2− composite films. 

The characteristic (002) diffraction peak of graphite is exhib-
ited at 2θ = 24° [38], the RGO–H4TPPS4

2− composite pat-
tern shows a peak at 2θ = 22.8° with a d-spacing of 3.88 nm, 
also we note the disappearing of the  H2TPPS4

2− peak located 
at 32° in the composite spectrum, this can be explained by 
the increase in the inter-planar distance (002) due to the 
effect of  H4TPPS4

2− trapped by the RGO functional groups 
on its surface. An important increase is noted in the intensity 
of the  H4TPPS4

2− peaks located in the [40°–60°] range, after 
interaction with RGO, which can be interpreted by the struc-
tural change of the  H4TPPS4

2− due to interaction with RGO.

4.5  UV–Visible absorption study

UV–Vis absorption spectra of the different samples are 
shown in Fig. 5. The optical absorption spectrum of RGO 
exhibits a peak centered at 240 nm, indicating that the 
electronic conjugation within the reduced graphene sheets 
was restored upon GO reduction. Moreover, the rise of the 
band at 278 nm can be explained by a decrease in oxygen 
functional groups and an increase in aromatic rings, which 
leads to an easier excitation of electrons at lower energy. The 
UV–Vis absorption spectrum of the  H4TPPS4

2− consists of 
two distinct regions. The intense absorption peak known 
as the Soret or B band is observed at 437 nm, along with 
two weak absorption features at 565 and 647 nm which are 
attributed to the Q(0.0) and Q(1.0) bands respectively [23, 
24, 39]. The lower energy band, Q(0,0), is ascribed to excita-
tion to the first excited state. The higher energy band, Q(1,0), 
is a result of vibrational transitions interacting with the elec-
tronic transitions of the porphyrin, and has been referred 
to as a vibronic overtone of the Q(0,0) band. The Q bands 
position in the porphyrin and in many of its derivatives such 
as  H4TPPS4

2− and phtalocyanines is strongly dependent on 

Fig. 3  Infrared spectra of RGO,  H4TPPS4
2−, and RGO–H4TPPS4

2−

Fig. 4  XRD patterns of RGO,  H4TPPS4
2−, and RGO–H4TPPS4

2−
Fig. 5  UV–Visible absorption spectra of RGO,  H4TPPS4

2−, and 
RGO–H4TPPS4

2−
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the molecular structure, metal complexity and peripheral 
substituents [23].

In the composite spectrum, we observe both the RGO 
and porphyrin bands. According to the exciton theory when 
molecules are arranged in J-aggregates, the allowed state 
is lower in energy and therefore leading to a red-shift to 
the monomer. The B-band in our spectra  is slightly up-
shifted confirming the interaction of the porphyrin with the 
functional groups in the RGO [24]. These results prove the 
existence of a modification in the electronic structure of the 
 H4TPPS4

2− ions leading to their disaggregation after partial 
π–π interaction with the RGO sheets owing to the electro-
static repulsion between the components. Our previous study 
showed a photoluminescence quenching and disaggregation 
of the nanostructured  H4TPPS4

2−_SnTPyP2+ after its inter-
action with the GO and RGO acting as an electron accep-
tor. The present results elucidate clearly the presence of an 
interaction with the negatively charged porphyrin.

4.6  Steady state photoluminescence study

The RGO–H4TPPS4
2− composites and their electronic 

behavior was further investigated by steady state PL. The 
PL is a powerful tool to probe the electronic interactions 
between these two components, with a focus on the PL 
behavior of the porphyrin. The PL intensities are known to be 
extremely sensitive to the nature of the interaction between 
photoluminescent materials such as  H4TPPS4

2− with a low 
gap material like RGO. The enhancement of the electronic 
conjugation length may result in altering the electronic 
structure of the final composite [24].

An intramolecular donor–acceptor structure often grants 
charge transfer interactions [40]. From the photoluminescence 
spectra of RGO,  H4TPPS4

2− and RGO–  H4TPPS4
2− shown 

in Fig. 6 upon excitation with a wavelength at 420 nm, the 
emission spectrum of  H4TPPS4

2− shows emission features 
originating from two vibrational emissive states at 609 
and 664 nm [41, 42]. The two bands observed in porphy-
rin examined here are typically originating from J (and 
H) porphyrin aggregates [42, 43]. The emission peak at 
715 nm corresponds to the  S1–S0 transition [44, 45]. For the 
RGO–H4TPPS4

2− composite the emission peaks observed 
at 710 nm can also be attributed to the luminescence of 
the  H4TPPS4

2−. In addition, we observed a decrease in the 
emission intensity of  H4TPPS4

2− with the addition of RGO, 
which indicates that RGO quenches the emission intensity 
of  H4TPPS4

2−.
The interaction between RGO and  H4TPPS4

2− is con-
firmed by a remarkable decrease of porphyrin bands inten-
sities and their shift. This quenching is even clearer in the 
TRPL false color map shown in Fig. 7.

Moreover,  H4TPPS4
2− presumably acts as an electron 

transporting channel when covalently linked to RGO, while 

the RGO acts as an electron acceptor unit, leading to the 
observed PL quenching and energy release which confirms 
their strong interaction [46]. These results suggest that the 
singlet-excited state of  H4TPPS4

2− interacts with RGO 
through electron transfer in RGO–H4TPPS4

2− composite 
which indicates that this hybrid structure has the potential 
to be used as an active material for various optoelectronic 
applications.

4.7  Dynamics excitation measurements

In order to further elucidate the electronic interaction 
between the two components and to determine the mech-
anism of the PL quenching by RGO, the photolumines-
cence decay kinetics of RGO and  H4TPPS4

2− was meas-
ured by TRPL excited at 400 nm and collected at a probe 
wavelength of 620 nm. Essentially, the lifetime represents 
the recombination rate of electron–hole pairs and is deter-
mined by their overlapping wave-function. As shown in 
Fig. 8, the photogenerated excitons lifetime evolution of 
RGO–H4TPPS4

2− can be fitted by a bi-exponential function 
[47, 48], which justifies the two decay components model.

Commonly, in the RGO sample there is a fast decay time 
similar to the pristine graphene because the photoinduced 
bleaching only occurs in  sp2-hybridized domains, and also in 
the functional groups located at the edges. For  H4TPPS4

2−, 
two components of the exciton lifetime were obtained after 
fitting: τ1 = 39 ps and τ2 = 354 ps leading to a mean lifetime 
τmean = 347 ps. For RGO–  H4TPPS4

2−, the major changes 
in the carrier dynamics of  H4TPPS4

2− after its interaction 
with RGO, shown in Table 1, are confirmed by the decrease 
in the mean lifetime of photogenerated excitons. The two 
components of exciton lifetime show different behaviors; 
with a fast relaxation lifetime τ1 = 30 ps and a slower one 
τ2 = 351 ps which can be explained by the different energy 

Fig. 6  PL spectra of RGO,  H4TPPS4
2−, and RGO–H4TPPS4

2−
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levels created in the gap while inserting the RGO [49]. The 
above mentioned results suggest the presence of an interac-
tion between  H4TPPS4

2− and RGO and corroborate the exist-
ence of new interband transitions leading to faster carrier 
recombination and therefore to an electron transfer between 
RGO and  H4TPPS4

2− [50].

5  Conclusion

In conclusion, we have presented in this work the syn-
thesis of RGO–H4TPPS4

2− composite and investigated its 
structural, and electronic properties as well as the mutual 
interaction of its components. Raman scattering confirms 
the existence of intermolecular interactions between the 
two components through π–π stacking as well as a res-
toration of  sp2 carbon atoms with regained π conjugated 
network. FTIR provided complementary information about 
the efficiency of chemical functionalization of RGO. XRD 
results highlighted the enhancement of the structural order 
in the composite and confirmed the interaction of RGO via 
π–π stacking. UV–Vis absorption results showed enhanced 
absorption along with some bands shifting which meant 
that the electronic structure of the  H4TPPS4

2− was altered 
due to a partial π–π interaction with the RGO. The 
 H4TPPS4

2− ion harvests the irradiation light leading to 
the creation of excitons and the RGO acts as an electrons 
acceptor, which leads to an efficient PL quenching. The 
TRPL measurements demonstrated that the mean lifetime 
of the photogenerated excitons becomes faster in the com-
posite leading to a faster recombination of photogenerated 
excitons.
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