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Cationic porphyrin-graphene 
oxide hybrid: a donor-acceptor 
composite for efficient 
photoinduced electron transfer  

Daria Larowska[a],  Aleksandra Wojcik[b], Marta 
Mazurkiewicz-Pawlicka[c], Artur Malolepszy[c], 
Leszek Stobiński[c], Bronislaw Marciniak[a]

 and 
Anna Lewandowska-Andralojc[a]* 

Abstract: Non-covalent nanohybrids between cationic 5,10,15,20-
tetra(4-trimethylammoniophenyl)porphyrin tetra(p-toluenesulfonate) 

(TMAP) and the graphene oxide sheets were prepared under two pH 

values (6.2 vs 1.8). The TMAP molecule was positively charged, 

regardless of whether the environment was either almost neutral or 
acidic. However, protonation of the imino nitrogens increased the 

overall charge of the porphyrin molecule from +4 to +6 (TMAP4+ and 

TMAP6+). It was found that at acidic pH, interaction of TMAP6+ with 

GO was largely suppressed. On the other hand, results of FTIR, 
Raman spectroscopy, thermogravimetric analysis, atomic force 

microscopy and elemental analysis confirmed effective non-covalent 

functionalization of graphene oxide with cationic porphyrin at pH 6.2. 

The TMAP4+-GO hybrids exhibited well defined structure with a 
monolayer of TMAP4+ on the GO sheets as confirmed by AFM. 

Formation of the ground-state TMAP4+-GO complex in solution was 

monitored by the red-shift of the porphyrin Soret absorption band. This 

ground state interaction between TMAP4+ and GO was responsible for 
the static quenching of the porphyrin emission. Fluorescence was not 

detected for the nanohybrid which indicated that a very fast 

deactivation process had to take place. Ultrafast time-resolved 

transient absorption spectroscopy clearly demonstrated the 
occurrence of electron transfer from the photoexcited TMAP4+ singlet 

state to GO sheets, as proven by the formation of a porphyrin radical 

cation.  

Introduction 

Graphene owing to its unique properties has attracted remarkable 
attention in the last decade.[1] Its band structure makes graphene 

display amazingly high conductivity and electron mobility. 
Considering the superior conductivity of graphene, using it as an 
electron acceptor and transporter provides an ideal way to design 
new dye-sensitized photocatalysts. However, graphene sheets 
are hydrophobic and tend to aggregate due to π-π interactions, 
that limit its application. On the other hand, graphene oxide (GO) 
sheets are hydrophilic and have tunable properties and can be 
applied in photocatalytic systems.[2] Graphene oxide is typically 
produced by chemical exfoliation of graphite through strong 
oxidization and is widely considered as an individual sheet of 
graphene decorated with various oxygen-containing functional 
groups (such as hydroxyl, epoxy, and carboxyl).[3] As such, GO is 
a promising precursor for the efficient synthesis of graphene-
based nanomaterials. Non-covalent chemical modification of 
graphene oxide with dyes is based on molecular interactions, 
such as electrostatic attraction, π−π stacking and hydrogen 
bonding between graphene and organic molecules. The great 
advantage of the non-covalent functionalization strategy is that it 
can combine the unique properties of the chromophore and 
graphene, without affecting the physical properties of either 
moiety.[4] In addition, the synthesis is facile i.e. it requires only 
mixing of the dye solution with a dispersion of graphene oxide.  

Among a variety of organic dyes, porphyrins are well known for 
their excellent photoactive properties.[5] Efficient charge transfer 
in the porphyrins and fullerenes or carbon nanotubes systems has 
been examined in details.[6]. With the discovery of graphene 
oxide, the functionalization graphene oxide with porphyrin has 
become attractive strategy to enhance efficient charge separation 
and transport in photocatalytic H2 production systems.[7] To date, 
a few graphene-based materials derived from cationic porphyrins 
have been reported.[7a-d, 7g-i, 7m, 8] Wojcik et al. proved that positively 
charged porphyrin (5,10,15,20-tetra(1-methyl-4-pyridino) 
porphyrin tetra(p-toluenesulfonate) (TMPyP) non-covalently 
interacts with reduced graphene oxide by electrostatic and π−π 
stacking interactions. The authors presented results obtained by 
femtosecond transient absorption and photoelectrochemical 
measurements that clearly indicated the occurrence of 
photoinduced electron transfer in TMPyP-RGO nanohybrids.[7c] It 
was demonstrated that the tetrakis(trimethylammoniophenyl) 
porphyrin TMAP-GO composites can facilitate the incorporation 
of iron(III) ions into the porphyrin moieties, and thus they can be 
used as optical probes for the detection of iron (III) ions in 
complicated samples.[8a] Recently Yuan and coworkers 
constructed a noble metal free system for photocatalytic H2 
generation, using non-covalent Zn(II)-5,10,15,20-tetrakis(4-N-
methylpyridyl) porphyrin ZnTMPyP-RGO nanocomposite 
decorated with MoS2 as the co-catalyst.[7i]  

Although worldwide interest in the development of porphyrin and 
graphene based composite materials resulted in numerous 
publications, there are no comprehensive studies that would 
combine detailed steady-state spectroscopic and time-resolved 
measurements with the characterization of the morphology and 
structure of the graphene based hybrid materials. In many reports 
on graphene-based materials, the interaction of graphene with the 
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dyes is marked only by fluorescence quenching of organic 
molecules and/or photocurrent measurements.[7e, 9] Although the 
observed fluorescence quenching indicates efficient interaction 
between porphyrin and graphene, it does not elucidate the 
mechanism of the quenching process: energy versus electron 
transfer. It is worth mentioning that the possibility of static 
quenching as the reason for the observed decrease in the 
fluorescence intensity should be taken into account. In addition 
the quantitative analyses of the emission data of graphene-based 
materials should include correction for the light absorption and 
scattering by the GO. It needs to be also pointed out that, for the  
emission comparative studies, matching absorbance at the 
excitation wavelength is crucial.  
Herein, we describe the preparation of the non-covalent 
nanohybrids between water soluble cationic 5,10,15,20-tetra(4-
trimethylammoniophenyl)porphyrin tetra(p-toluenesulfonate) 
(TMAP) and the graphene oxide sheets under two different pH 
values (6.2 vs 1.8). The TMAP molecule is positively charged, 
regardless of whether the environment is either almost neutral or 
acidic (Figure 1). However, protonation of the imino nitrogens (pKa 
= 2.7) increases the overall charge of the porphyrin molecule from 
+4 to +6.  

GO sheets in an aqueous dispersion at neutral pH are negatively 
charged, thus it is expected that cationic porphyrin derivatives can 
be assembled onto their surfaces through electrostatic attraction 
and π-π stacking interactions. On the contrary, at low pH, the 
carboxyl groups of GO are mostly protonated[10] so that the 
electrostatic interaction with the cationic porphyrin is expected to 
be weaker. Thus it was our interest to compare the strength of the 
interaction of the TMAP with GO at two different pH values. We 
are aware of only one report that dealt with the TMAP interaction 
with GO at varied pH.[8c] The authors of that paper focused on the 
absorption and the emission properties of TMAP6+ and TMAP4+ in 
the presence of GO. However, the data analysis was not 
performed in a satisfactory manner, e.g. there was no information 
about the excitation wavelength used in some of the emission 
measurements. Quantitative analysis of the emission data can 
reliably be performed only when the absorbance at the excitation 
wavelength is kept constant. Furthermore, the shape of the 
emission spectra at pH 7 was not in agreement with that 
previously reported for that porphyrin which was left without any 
explanation. The authors of the paper presented only a short 
comment on the possible difference in the interaction strength of 
TMAP with GO at different pH values. Therefore, it is well justified 
to explore more accurately the pH influence on the TMAP-GO 
interaction.  

In our work we put special emphasis on the methodology of all the 
spectroscopic measurements. One has to be aware that 
quantitative analysis of the data derived from absorption and 
emission measurements of graphene based materials needs to 
be done with great caution. Only then reliable results can be 
obtained allowing direct comparison of the properties of various 
systems. 

Results of FTIR, Raman spectroscopy, thermogravimetric 
analysis (TGA), atomic force microscopy (AFM) and elemental 
analysis confirmed successful non-covalent functionalization of 
graphene oxide sheets with cationic porphyrin at pH 6.2. At acidic 

pH, interaction of TMAP6+ with GO was largely supressed. The 
GO-TMAP hybrids exhibiting well defined structure, i.e. GO 
sheets functionalized with a monolayer of TMAP4+, were further 
subjected to detailed spectroscopic characterization. We applied 
a number of methods to probe the ground state as well as the 
excited state interaction between the components of the new 
material. Investigations, based on steady-state and time-resolved 
spectroscopic measurements, indicated that at pH 6.2 a fast 
photoinduced electron transfer from the singlet excited state of 
the porphyrin to the GO moiety takes place. 
 It was demonstrated that introducing peripheral cationic groups 
allows for close contact between the porphyrin and GO surface 
and for ultrafast photoinduced electron transfer. However, the 
high quantum efficiency of electron transfer competed with 
undesirable charge recombination. Thus it is necessary to tune 
porphyrin properties by introducing other meso functional groups 
or metal atom in the porphyrin macrocycle to maximize the 
efficiency of charge separation. Only those optimized systems will 
constitute a promising system for artificial‐photosynthesis‐based 
device applications. Our  comprehensive spectroscopic studies 
can provide invaluable information that can serve as guidance for 
fabrication other more efficient systems.  

Results and Discussion 

Preparation and Characterization of the TMAP−GO Hybrid 
Nanocomposite 

As described in detail in the Experimental section, the TMAP4+ 
aqueous solution was mixed with a dark brown aqueous 
suspension of GO, yielding a light brown suspension subjected 
further to centrifugation (Scheme 1). Scheme 1. Schematic overview of 

the TMAP─GO nanohybrid formation.  

Figure 2Figure 2A shows the UV-vis spectra of the suspension 
before and after centrifuging. It is clear that ca. 80% of the 
nanohybrid was successfully collected as a precipitate. An 
analogues experiment was performed under acidic conditions (pH 

 Figure 1. Structure of TMAP4+ and TMAP6+.  
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1.8), where a weaker interaction between TMAP6+ and GO sheets 
was expected. The supernatant at pH 1.8 contained most of the 
dye used for the preparation of the nanohybrid, indicating the 
precipitation of GO with only small amount of the porphyrin 
adsorbed on it (Fig. 2B). This indicates that the formation of the 
nanohybrids was largely suppressed under acidic pH. 

Scheme 1. Schematic overview of the TMAP─GO nanohybrid formation.  

Figure 2. Absorption spectra of A) aqueous solutions (pH 6.2) of free TMAP4+ 

(black), TMAP4+ with the addition of GO suspension (red line) and spectrum of 

the supernatant after centrifuging (blue line), B) aqueous solutions (pH 1.8) of 

free TMAP6+ (black), TMAP6+ with the addition of GO suspension (red line) and 

spectrum of the supernatant after centrifuging (blue line). 

The evidence for the successful functionalization of GO with 
porphyrin at pH 6.2 comes also from thermogravimetric analysis. 
Fig. 3 displays the TGA curves of GO, TMAP and TMAP-GO 
which were registered in argon atmosphere from room 
temperature to 900 °C. The mass loss of about 12% from room 
temperature to 115 °C for GO can be ascribed to the desorption 
of physically-adsorbed water on the surface and between the GO 
layers. The relatively large weight loss (approx. 24%) was 
observed around 215 °C, which is attributed to the pyrolysis of 
unstable oxygen containing functional groups. Around 550 °C 
another significant weight loss is observed which can be attributed 
to further decomposition of GO which is completed at the 
temperature of 875 °C.  

In the case of TMAP, the initial weight loss of about 4% observed 
between 42 and 114 °C is attributed to the loss of water. In the 
range of 160-290 °C, up to 7.3% of the mass is lost presumably 
due to the partial removal of the –N(CH3)3

+ groups. The organic 
moiety decomposes continuously with the increasing temperature 
up to 1200 °C with the residue weight of 34.4%. The TGA curve 
of the TMAP-GO shows different behavior than the TGA curves 
of the free components (GO and TMAP) which indicates that the 
nanohybrid is a new material with its unique properties.  

Figure 3. The thermogravimetric analysis (TGA) curves of the GO (blue), TMAP 

(black) and TMAP-GO nanohybrid (red). 

In more detail, the step attributed to the decomposition of the 
oxygenated groups of GO is shifted toward lower temperatures. 
The characteristic peak observed in the TGA of TMAP attributed 
to the decomposition of the cationic moiety, is not observed in the 
TGA of the TMAP-GO. Electrostatic interaction of the negatively 
charged GO surface with the cationic groups of TMAP could 
increase the stability of the latter. Interestingly, the 
thermogravimetric analysis of the complex TMAP-GO shows that 
the nanohybrid is more stable than non-functionalized GO.  

The FTIR spectra of the TMAP, GO and their hybrid are depicted 
in Fig. 4.). The spectrum of GO shows a lot of functional groups 
present in the structure (Fig. 4). The broad peak around 3000 
cm1 can be assigned to the stretching vibrations of the O-H 
bonds. Other notable peaks can be found at: 1719 cm1 
(stretching vibrations of the C=O bonds in carboxylic and carbonyl 
groups), 1590 cm1 (skeletal vibrations of the C=C bonds in 
graphitic structures overlapped with the vibrations of the O-H 
bonds in the water molecules present in the GO sample), 1225 
cm1 (stretching vibrations of the C-O bonds) and 1040 cm1 
(stretching vibrations of the C-O-C bonds in the epoxy groups).  
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The FTIR spectrum of TMAP4+ is in an agreement with its 
chemical structure. The absorption bands at 3410 and 967 cm1 
are attributed to stretching and bending vibrations of N-H and C-
N, respectively, which are the characteristic absorptions of the 
porphyrin free base. Other notable peaks can be found at 846 and 
801 cm1 which are related to out-of-plane deformation of the 
macrocycle ring. The bands at 1010 cm1, 1118 cm1 and 1175 
cm1 can be assigned to C-Hphenyl vibrations. The bands at 3036 
and 1475 cm1 are attributed to stretching and bending vibrations 
of (C-H)methyl, respectively. 

Figure 4. The FTIR spectra of the A) TMAP, B) GO and C) the TMAP-GO 

nanohybrid. 

The FTIR spectrum of the TMAP-GO nanohybrid exhibits signals 
typical for the graphene oxide together with the peaks for the 
fingerprint region of the porphyrin, among others at 800 cm1 and 
840 cm1, which were not observed in the spectrum of the GO 
itself. Other peaks present in the nanohybrid spectrum are slightly 
shifted compared to GO. All these clearly confirm that the 
porphyrin was adsorbed on the GO surface. Adsorption of the 
TMAP4+ molecules to the graphene oxide sheets was further 
confirmed by elemental analysis (Table 1). The sample contains 
low level of sulfur (<0.2%), which is the residue after the Hummers’ 
synthesis. It has been shown in the literature even after extensive 

washing, the GO tends to have detectable amounts of sulfur.[11] 
The increased content of nitrogen in the hybrids compared to GO 
can be attributed to the presence of the porphyrin. Based on the 
increase of the carbon and hydrogen amount in the TMAP-GO, it 
was estimated that the prepared material contains 18% of TMAP.  

Table 1. The elemental analysis results of GO and TMAP-GO. 

Sample C wt.% H wt.% N wt.% S wt.% 

GO 48.43 2.21 0 0.2 

TMAP-GO 54.26 3.04 0.5 0.13 

 

The effective attachment of the porphyrin molecules to the 
graphene oxide sheets at both protonation states of the 
macrocycle was further confirmed by Raman spectroscopy, as 
depicted on Figure 5B. In the Raman spectrum of non-
functionalized graphene oxide two characteristic broad and 
intense peaks of comparable intensity were visible: the D band at 
1348 cm1 (the breathing mode of aromatic rings in the GO sheets 
requiring defects for its activation) and the G band at 1602 cm1 
(bond stretching of the sp2 carbon pairs).[1c, 12] 

In the spectra of the free TMAP6+ and TMAP4+ (Fig. 5A) numerous 
peaks were present characteristic of porphyrin derivatives.[13] The 
protonation state of the macrocycle only very slightly affected the 
peaks’ spectral positions and the intensity ratios between peaks. 
The most intense peaks for the studied dye in both protonation 
states were recorded at ca. 703 cm1 (out-of-plane deformation of 
phenyl rings), 987 cm1 (out of plane deformation of C-H 
bonds/pyrrole breathing vibrations, peak resolvable only for 
TMAP6+), ca. 1011 cm1 (symmetric stretching Cα-Cm/pyrrole 
breathing vibrations), ca. 1099 cm1 (in-plane deformation Cβ-H/ 
in-plane deformation C-H at phenyl rings), 1244 cm1 (in-plane 
deformation Cm-phenyl), 1319 cm1 (symmetric stretching Cα-
N/asymmetric stretching Cα-Cβ and in-plane deformation Cβ-H), 
ca. 1476 cm1 (asymmetric stretching Cα-Cβ/stretching Cβ-Cβ) and 
1546 cm1 (symmetric stretching Cβ-Cβ and Cβ-H/stretching Cβ-Cβ 
and Cα-Cm). Assignment of the Raman bands was carried out 
based on data published for similar systems.[13] The Raman 
spectra of both hybrids (TMAP4+-GO and TMAP6+-GO) confirm 
the attachment of the dye to graphene oxide sheets. For both 
nanocomposites, Raman peaks characteristic of the porphyrin 
macrocycle appear (compare Fig. 5A and Fig. 5B). However, 
signals coming from the attached dye are more pronounced for 
the TMAP4+-GO pointing to a stronger interaction between the dye 
and the GO at neutral pH than at acidic pH. Whereas, for the 
TMAP6+-GO nanocomposite, signals arising from the porphyrin 
molecules attached to the GO are detectable only at 1002 cm1 
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and at 1241 cm1, for the TMAP4+-GO nanocomposite not only are 
those two signals present, but present also are the porphyrin-
related Raman peaks at 1091 cm1 and at 1494 cm1. Relevant 
downshift (10 cm1) or upshift (+16 cm1) of the porphyrin signal 
after dye immobilization on the GO sheets seem to appear only 
for peaks related to stretching vibrations of carbon atoms in the 
porphyrin macrocycle itself. This is likely indicative of the close 
proximity of the porphyrin core to the GO sheets. Except for the 
presence of the peaks characteristic of the dye, in the spectrum 
of the hybrids, the D band typical for the GO appeared at 1353 
cm-1 (TMAP4+-GO) and at 1352 cm-1 (TMAP6+-GO), i.e. shifted 
towards higher wavenumbers as compared to non-functionalized 
GO by ca. 4 cm1. Additionally, the G band was registered at 1597 
cm1 for TMAP4+-GO and at 1602 cm1 for TMAP6+-GO. Only for 
the former, was the 5 cm1 downshift of the G band (as compared 
to the non-modified GO) indicative of effective binding of the 
electron-donor component to graphene oxide.[14] The D to G 
intensity ratio was practically identical as compared to the non-
modified GO. It should also be noticed that the G band in both 
nanocomposites exhibited broadening towards shorter 
wavenumbers (referred to as a “shoulder” in Fig. 5B), arising from 
the overlap of the most intense porphyrin Raman peak at 1546 
cm1 and the G band of GO itself. 

Steady state absorption 

. The UV-vis spectrum of TMAP4+ at pH 6.2 exhibited a strong 
Soret band centered at ca. 411 nm (ε411=3.7 × 105 M1 cm1) and 
four less intense Q-bands at ca. 513, 550, 587 and 633 nm. In 
Figure 6A are displayed the optical absorption spectra of a series 
TMAP4+-GO nanohybrid suspensions, in which TMAP4+ has a 
constant concentration of 1.1 µM and the concentration of GO is 
gradually increased. During the titration process, the intensity of 
the original Soret band at 411 nm decreased gradually and a new 
Soret band at 421 nm appeared and intensified with an isosbestic 
point at 416 nm. In addition, Q-band peaks shifted from 513, 550, 
587, and 633 nm to 519, 554, 585 and 640 nm, respectively. By 

subtracting the spectrum of GO (obtained at the end of parallel 
titration of the blank sample (water)) from that of the TMAP4+-GO 
at the end of the titration of the porphyrin solution, a spectrum of 
the porphyrin adsorbed on the GO surface was obtained (Fig. S1). 
It can be noticed that the Soret band of the TMAP4+ adsorbed on 
the GO exhibits a red-shift (10 nm) and an extinction coefficient 
almost twice lower compared to free TMAP4+ molecules. Only a 
slight broadening of the Soret band was observed for the 
adsorbed porphyrin. These spectral results clearly show that 
TMAP4+ interacts strongly with the GO in the ground state and that 
the hybrids can be easily obtained by simply mixing the solutions 
of both components. On the basis of the spectral results described 
above, it is reasonable to conclude that adsorption of the TMAP4+ 
on the GO sheet causes significant changes in the electronic 
structure of the porphyrin. The  plausible explanation for the 
observed red shift of the Soret band in the TMAP4+-GO is the 
flattening of the porphyrin structure upon adsorption on the GO 
sheet. Such a mechanism was proposed previously in the case of 
TMPyP and reduced graphene oxide (RGO) or chemically 
converted graphene (CCG).[7c, 7d] It is well known that the phenyl 
ring in the meso-substituted porphyrins adopts an orientation 
nearly perpendicular to the porphyrin plane.[15] Theoretical 
calculations show that only 30° twists from vertical direction can 
cause red-shifts of Soret bands approximately as large as 30 
nm.[16] 

 

 Figure 5. Raman spectra of A) the TMAP6+ and TMAP4+ as well as B) the GO, TMAP6+-GO and the TMAP4+-GO hybrids excited at 532 nm. Asterisk denotes 

signals coming from the substrate (Si peak at 519 cm1). Presented spectra are baseline-corrected. 
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The AFM images also provided solid evidence for the molecular 
assembly of cationic porphyrin on GO sheets. As shown in Fig. 
7A, for non-functionalized GO in neutral aqueous suspension 
individual sheets of 0.2-3 µm lateral sizes were detected.  

The GO existed as a single sheet with the apparent thickness of 
ca. 0.9 nm. This is in agreement with previous reports.[17] In 
comparison, the average thickness of a TMAP4+-GO complex 
sheet (Fig. 7B) was determined to be about 1.33 nm, i.e. with 0.43 
nm increment as compared with that of a pure GO sheet. It 
indicates successful decoration of the GO sheet with the 
porphyrin molecules. Considering that the thickness of one 
porphyrin molecule is about 0.5 nm,[18] we concluded that TMAP4+ 
molecules were adsorbed on GO sheets as a monolayer, not 
aggregates.  

Taking into account the two types of possible interactions in the 
nanohybrids: electrostatic attraction and π-π stacking, it is 
interesting to elucidate whether both of them are required for 
efficient adsorption of porphyrin onto GO. The role of the 
electrostatic interaction was studied by replacing cationic TMAP4+ 
by neutral meso-tetra(4-pyridyl)porphyrin (TPP). The TPP 
structure is similar to the structure of TMAP4+ but bears no 
positively charged anchoring groups on phenyl substituents. Due 
to lack of the solubility of the TPP in water, the measurements 
were carried out in methanol.  No appreciable spectral changes 
upon titration of TPP solution with the GO suspension was 
observed (Fig. S2 A ), although the highest GO concentration 
used was almost 12 times higher than the one used during 
titration of TMAP4+ in aqueous solution.  

Moreover, the fluorescence spectra of TPP (Fig. S3) 
demonstrated no decrease in the intensity upon GO addition. 
Based on these observations it can be stated that neutral 
porphyrin TPP does not interact with the GO in the ground and 

the excited state or that the interaction is very weak. This 
observation supports the hypothesis that a positive charge on the 
porphyrin is required to form efficiently nanoassemblies with GO 
by simply mixing the solutions of both components. To verify that 
the observed effect is not caused by the change of solvent from 
water to methanol, titration for the TMAP was also repeated in 

methanol (Fig. S2 B). Addition of GO resulted in a decrease of the 
Soret band intensity along with development of a new red-shifted 
Soret band at 420 nm with a similar extinction coefficient and 
changes of the positions of the Q-bands. The spectral changes 
occurring upon addition of GO were less pronounced than in 
water. The red shift in the position of the Soret band was only 7 
nm compared to 10 nm measured in aqueous solution. In addition, 
a 10 times higher concentration of GO was required to achieve 
detectable spectral changes. Therefore, it can be concluded that 
the interaction between TMAP and GO in methanol is weaker than 
that in water but still formation of the supramolecular assembly 
takes place. As demonstrated by Pendolino et al., the solvent 

 Figure 6. Absorption spectra recorded during the process of titration of 3 ml of A) 1.1 µM aqueous solution of TMAP4+ (pH 6.2) with 0.4 mg ml1 of GO dispersion 

(0-2.6 × 103 mg ml1). B) 1.1 µM aqueous solution of TMAP6+(pH 1.8) with 0.4 mg ml1 of GO dispersion (0-2.6 × 103 mg ml1). 

 

 Figure 7. AFM image of A) graphene oxide, B) TMAP4+-GO captured on mica 

substrate together with depth profile. 
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affects the GO structure. The authors showed that the solvent 
does not only act as a medium for solubilizing the GO flakes but 
also an active interaction occurs between the graphene oxide and 
the molecules of the solvent.[19] Based on detailed UV-vis and 
FTIR analyses the authors concluded that the aromatic systems 
contribute more significantly to the GO structure dispersed in 
water than in methanol. Modification of the functional groups 
manifested by the further decrease of the aromatic character of 
the GO in methanol might be responsible for the weakening of the 
interaction with the porphyrin.  

On the basis of the spectral results for TPP and TMAP described 
above, it is reasonable to conclude that the main driving force for 
the assembly of cationic porphyrin molecules on graphene sheets 
is electrostatic attraction, which is additionally facilitated by the π-
π stacking cooperative interaction. 

UV-vis spectra of TMAP6+ exhibited a strong Soret Band at 431 
nm (ε431=3.8 × 105 M1 cm1) with two Q-bands at 588 nm and 640 
nm (Fig. 6B) The absorption spectra of TMAP6+  was recorded 
with the addition of GO suspension (0 to 0.015 mg ml1) at pH 1.8 
(Fig. 6B). In the presence of GO no appreciable changes in the 
UV-vis spectra of TMAP6+ were registered, even though a 6 times 
higher concentration of GO was added as for the TMAP4+ titration 
(Fig 6B). This indicates that the interaction between TMAP6+ and 
GO is largely suppressed. At first a stronger interaction of TMAP6+ 
with the GO compared to the TMAP4+ might be expected due to 
the increase of the positive charge on the porphyrin molecules. 
On the other hand the pKa of the COOH groups in GO was 
reported to be ~ 4.0, which indicates that GO sheets exist at an 
acidic pH mostly in the protonated form.[10] The plausible 
explanation for the weakening of the interaction between 
protonated porphyrin TMAP6+ and GO can be related to the 
weakening of the Columbic interaction due to protonation of the 
oxygen containing groups in GO at low pH. In addition the change 
of geometry and electron density of the porphyrin after double 
protonation might also play a role. Theoretical calculations for 
various meso-substituted porphyrins revealed that while the 
porphine plane is flat in a neutral system, it is twisted to a saddle 
shape after double protonation, principally due to repulsive 
interactions between the H atoms bonded to the core N atoms.[15b, 

20] It was reported that doubly protonated porphyrins (tetraphenyl 
porphyrin, tetra(4-carboxyphenyl) porphyrin, tetra(3,5 di-tert-
butylphenyl) porphyrin, tetra(pentafluorophenyl) porphyrin) on the 
porphine center yielded no complexes with the fullerenes.[20] The 
authors discussed several factors that could hinder formation of 
the complex between protonated porphyrins and fullerene. First 
of all, it could be attributed to the worse contact with the fullerene 
surface due to distortion of the porphine ring from planarity. The 
saddle structure of the porphine disrupts the planar π-electron 
conjugation, thereby weakening the π-π interaction between 
porphyrin and fullerene, and the distorted meso substituents 
sterically hinder the binding of the fullerene to the porphine 
plane.[20] In addition, in the case of doubly protonated porphyrin, 
the HOMO-LUMO interaction between fullerene and porphyrin 
hardly stabilizes the complex because the porphyrin LUMO lies 

significantly lower in energy than the fullerene HOMO. The same 
factors might be responsible for the weak interaction between 
TMAP6+ and GO.  

In contrast to TMAP4+-GO, the average thickness of a TMAP6+-
GO sheet based on AFM varied between the sheets and 
fluctuated around 10 nm (Fig S4). The aggregation of the TMAP6+ 
is highly unlikely due to strong electrostatic repulsion among 
positively charged porphyrin molecules. In the case of aqueous 
GO solutions, the colloidal stability has been attributed to the 
electrostatic repulsions between ionized carboxyl groups. 
However, at low pH, the carboxyl groups are protonated such that 
the GO sheets become less hydrophilic and form suspended GO 
aggregates.[21] Large-scale aggregation of GO sheets at pH 1 was 
detected by the dynamic light scattering technique.[21] MD 
simulations confirmed that at pH 1 the aggregates have 
GO/water/GO sandwich like structures. Aggregations of the GO 
sheets at acidic pH reduce the GO surface available for the 
interaction with TMAP6+. Indeed, at much higher GO 
concentration we observed spectral changes upon addition of GO 
to TMAP6+ solution (Fig S5). During titration of low concentration 
TMAP6+ solutions with graphene oxide up to 1.2 × 102 mg ml1, 
red shifts of the Soret band from 431 nm to 436 nm were observed 
(Fig. S5) with an isosbestic point at 438 nm. In addition, the two 
Q-band peaks shifted from 588 and 640 nm to 593 and 645 nm. 
This observation is in agreement with the data reported by Wan 
et al..[8c] In summary, weaker interaction between TMAP6+ and GO 
can be rationalized in terms of: a) a distortion of the planarity of 
the porphyrin macrocycle upon protonation, b) decrease of the 
Columbic interaction due to protonation of the carboxylic groups 
in GO, c) aggregation of the GO under acidic conditions that 
reduces the accessibility of the GO to form assemblies with 
cationic porphyrin. 

Further comparison of the interaction of porphyrin with GO at 
different pH was followed using GO films cast on glass slides. A 
GO coated glass slide (0.02 mg cm2) was immersed into 
aqueous solutions containing TMAP (28 µM) at pH 6.2 or 1.8 for 
20 min and rinsed with the solvent. After drying the films in the air, 
the absorption spectrum was measured. An increase in the 
absorption with a maximum around 427 nm and 440 nm at pH 6.2 
and pH 1.8 respectively was observed (Fig. 8) thereby confirming 
the porphyrin binding to GO film. It is noted that the Soret band of 
the nanohybrids was shifted by 6 nm and 4 nm for TMAP4+ and 
TMAP6+ respectively, in comparison to the experiments performed 
in solution.[8c] It is also apparent that more porphyrin molecules 
are loaded onto GO film from the solutions that contained TMAP4+ 
(pH 6.2). These results again confirm that interaction of TMAP6+ 

with GO sheet is weaker in acidic environment.  
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Figure 8. Adsorption of TMAP on GO film monitored by UV-vis spectroscopy. 

Absorption spectra of the glass slide coated with GO (black line), immersed in 

aqueous solutions of TMAP4+ (pH 6.2) (blue line) and TMAP6+ (pH 1.8) (red line) 

(spectra not corrected for absorption of the GO film itself). 

 

Steady state and time-resolved emission 

Photoluminescence spectroscopy was applied as a useful tool for 
investigation of the electronic interactions of TMAP4+ with the GO 
sheets in the excited state. It should be clearly noted that 
quantitative analyses of the emission data of graphene-based 
materials are not trivial. First of all, light absorption and scattering 
by the GO sheets should be taken into account. Correction for the 
GO absorption can be done by applying the equation for inner 
filter 

effects (Eq. S1).[22] In our study the correction factor for the GO 
absorption at the excitation wavelength was less than 0.5%, which 
is related to very low concentration of GO (3.6 × 104 mg ml1) 
sufficient to quench the emission efficiently. For comparative 
emission studies, matching absorbance at the excitation 
wavelength should be used. As it was shown in the section related 
to absorption measurements, the absorption spectra of TMAP4+ 
changes upon addition of GO. In order to keep the same 
absorbance at the excitation wavelength during the emission 
measurements, the solutions of TMAP4+ and TMAP4+-GO were 
excited at the isosbestic point i.e. 416 nm. As far as we know in 
none of the previous work on the interaction between TMAP and 
GO were the emission studies performed with excitation at the 
isosbestic point.[7a, 8a, 8c] A sharp decrease in the TMAP4+ 
fluorescence intensity is observed with increasing GO 
concentration (Fig 9A).  

Very often quenching of the emission intensity in the presence of 
the graphene type materials is considered as evidence of electron 
or energy transfer.[7e, 9b, 9c, 23] However, as it is discussed below, 
alternative mechanism of the observed decrease of the 
fluorescence intensity upon GO addition can operate . During the 
experiment two species, namely free TMAP4+ and nanohybrid 
TMAP4+-GO, are present in the solution. In general both of them 
could be responsible for the observed fluorescence (Scheme 2). 
TMAP4+-GO has a different electronic structure as indicated by 
the change in its UV-vis absorption spectra in comparison to the 
absorption spectrum of unbound TMAP4+. Thus it is expected that 
the emission of the complex would also be red shifted. However, 
no noticeable change in the shape/position of the peaks in the 
emission spectra was detected (Fig. S6). Moreover, as depicted 
in Fig. S7, the fluorescence excitation spectrum measured for the 
TMAP4+ in the presence of GO, matches the absorption spectrum  

 Figure 9. A) Quenching of the fluorescence of 0.3 µM TMAP4+ in H2O at pH 6.2 recorded during addition of an aqueous suspension of 0.08 mg ml1 GO (0-3.6 × 

104 mg ml1), λexc = 416 nm, B) Quenching of the fluorescence of 0.08 µM TMAP6+ in H2O at pH 1.8 recorded during addition of an aqueous suspension of 0.22 

mg ml1 GO (0-1.3 × 103 mg ml1), λexc = 438 nm. 
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of free TMAP4+. All of this data indicate that TMAP4+ is the only 
emissive species present in the solution and that TMAP4+-GO is 
not an emissive complex. Lack of detectable emission originating 
from TMAP4+-GO suggests that the excited state of TMAP4+-GO 
is deactivated very quickly. Possible explanation for the observed 
quenching of the fluorescence could be the interaction of the 
excited singlet state of the unbound TMAP4+ with the GO i.e. 
dynamic quenching (Scheme 2). This possibility was examined by 

monitoring the emission decay profiles of TMAP4+ in the presence 
of different GO concentrations. The fluorescence lifetime 
calculated from the emission decay in the absence of GO was 
equal to 9.8 ns.  With increasing concentration of GO, no change 
in the decay kinetics of the excited state was observed (Fig. S8). 
In Fig. 10 comparison of the data obtained from the steady state 
and time resolved emission measurements is displayed. Lack of 
observable change in the singlet excited state lifetime of free 

TMAP4+ excludes dynamic quenching by GO. Taking into account 
all these results it can be stated that the observed decrease of the 
fluorescence intensity can be attributed to static quenching.[24] An 
equilibrium between two species: fluorescent free TMAP4+ and 
non-emissive complex TAMP4+-GO exists in the solution. With the 
increasing concentration of GO the equilibrium is shifted toward 
the non-emissive complex, and the concentration of the unbound 
TMAP4+ decreases, which is manifested by decreased 
fluorescence intensity. It is worth emphasizing here, that for the 
studied system the decrease of the fluorescence intensity cannot 
be interpreted directly as an evidence of the electron or energy 
transfer. However, lack of the detectable emission of the complex 
TMAP4+-GO points to the possibility of a very rapid deactivation 
process of the excited state such as electron or energy transfer. 

Upon excitation at 438 nm in the absence of GO, TMAP6+ (pH 1.8) 
exhibited a broad fluorescence band over the range of 625–800 
nm, with a maximum at 665 nm. As shown in Fig. 9B we found 
that the successive addition of GO up to 1.3 × 103 mg ml1 into 
the TMAP6+ solution had minor effect on the emission spectra. It 
further confirms that the interaction between TMAP6+ and GO is 
limited.  

Femtosecond and Nanosecond Transient 
Absorption Spectroscopy 

To get experimental insight into the excited state dynamics 
between TMAP4+ and GO, ultrafast spectroscopy experiments 
were carried out on both unbound TMAP4+ and nanohybrid 
TMAP4+-GO. These measurements were performed to probe 
whether electron transfer processes between the photoexcited 

 Scheme 2. Possible deactivation paths of the excited states of free TMAP and nanohybrid TMAP-GO discussed in text (Fl– fluorescence, ET - electron transfer).
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TMAP4+ and graphene oxide sheets occur. The free energy of the 
electron transfer from the singlet excited state of TMAP4+ to GO 
can be estimated by means of a Rehm–Weller type calculation.[25] 
The excited state energy of the porphyrin TMAP4+ was calculated 
from the wavelength at the intersection point of the mutual 
normalized absorption/emission spectra (E0-0 = 2.1 eV). The 
oxidation potential of the TMAP4+ was taken from the literature 
(Eox = 1.15 V vs. NHE).[26] Based on these data the oxidation 
potential of the singlet excited state of TMAP4+ was calculated (Eox 
*(TMAP4+)1 = –0.95 V vs NHE). Interestingly the conduction band 
edge of GO was found to be independent of the oxidation level 
and is equal to -0.55 V vs. NHE.[27] Using these values the free 
energy of the electron transfer from the singlet excited state of 
TMAP4+ and GO was estimated to be –0.4 eV. This negative value 
of the free energy indicates that photoinduced electron transfer is 
thermodynamically allowed. Based on negligible spectral overlap 
between the emission of TMAP4+ and the absorption of GO, 
energy transfer between the donor–acceptor components of the 
hybrid is highly unlikely (Fig. S9). 

The spectra recorded immediately after 420 nm laser pulse 
excitation of TMAP4+ at pH 6.2 show the formation of the 
characteristic spectrum of the singlet excited state of the 
porphyrin (Fig. 11A).[7a, 7c] The singlet excited state difference 
absorption spectra of the unbound TMAP4+ are characterized by 
a broad and strong absorption around 450–500 nm and a Q-band 
bleach that is in agreement with the Q band position observed in 
the UV-vis absorption spectra. The spectra remain practically 
constant, undergoing only a small decay, over the whole time-
window of the experiment (3 ns), in agreement with the singlet 
excited state lifetime measured by the TCSPC technique (9.8 ns) 
(Fig S10). Upon additions of GO to the TMAP4+ solution transient 
absorption (TA) shows new spectral features (Fig. 11B). The 
lower signal to noise ratio for the TA of the nanohybrid can be 
related to the  

Figure 12. Transient absorption decays at 755 nm in water (pH 6.2) registered 

for the TMAP4+ (black curve) and TMAP4+-GO (red curve) following the 420 nm 

laser excitation.  

presence of scattered light by GO. The TA taken immediately after 
the excitation differs from the TA of the singlet excited state of 
TMAP4+. As shown in Fig. 11B, new bands in the range of 650- 
800 nm were observed. We assign them to the porphyrin cation 
radical based on a similarity to the reported spectra for TMPyP 
and TMAP radical cation.[7a, 7c] The detection of the radical cation 
provides unambiguous proof for photoinduced electron transfer 
from porphyrin to GO. 

Kinetic traces collected for TMAP4+ in the absence and presence 
of GO are given in Fig. 12. The decay of the transient absorption 
was registered at 755 nm, i.e. at wavelength where maximum 
absorbance of the porphyrin radical cation was observed for the 

Figure 11. Transient absorption spectra registered at various time delays for A) TMAP4+ (2.7 µM) and B) TMAP4+-GO (TMAP4+ concentration 0.3 µM) in water (pH 

6.2) following the 420 nm laser excitation. 

 

Figure 11. Transient absorption spectra registered at various time delays for A) TMAP4+ (2.7 µM) and B) TMAP4+-GO (TMAP4+ concentration 0.3 µM) in water (pH 

6.2) following the 420 nm laser excitation. 
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TMAP4+-GO complex. Within the same time observation window, 
a significant difference can be noticed between the two 
investigated samples.The kinetic profile measured for the 
nanohybrid shows very fast decay dynamics (double exponential 
decay) compared with no decay of the excited state of free 
porphyrin on the same time scale of 100 ps. The time constants 
extracted from the decay of the TMAP4+ radical cation are 0.4 ps 
and 12 ps. It is worth pointing out that the radical cation of TMAP4+ 
was detected within the temporal resolution of the instrument (80 
fs), indicating that the ET from the cationic porphyrin to GO is 
ultrafast. Such fast ET can be possible only when TMAP4+and GO 
are in very close contact. Decay of the signal of the TMAP4+ 
radical cation can be attributed to efficient back electron transfer 
and recovery of the ground state complex. Masih et al. reported 
that the ZnTMPyP radical ion and graphene carboxylate pairs 
recombined back to the initial state with a time constant of 20.18 
ps, which is similar to the value measured in this study.[7g] Aly et 
al. also observed two time constants of a few to tens of 
picosecond for the decay of the TMAP4+ radical cation formed in 
the presence of GC.[7a] The authors explained this observation by 
the occurrence of two types of donor-acceptor ion-pairs, with 
different degrees of the porphyrin flattening.[7a] No kinetics decays 
or growth were observed for the time window above 100 ps. The 
residual absorbance of about 10% appeared in all the recorded 
traces, and it is attributed to the absorption of the singlet excited 
state of free TMAP4+ that was not absorbed onto the GO surface. 

To complement our studies nanosecond transient absorption 
measurements were conducted in order to reveal whether the 
interaction between TMAP4+ and GO is also effective in the triplet 
state. Fig. 13 shows nanosecond transient absorption spectra 
registered for TMAP4+ in the absence and presence of GO upon 
laser excitation at 532 nm. It should be pointed out that using 532 

nm laser excitation resulted in excitation of TMAP4+ rather than 
GO, due to the negligible absorbance of the latter at that particular 
wavelength. Upon laser excitation at 532 nm, TMAP4+ exhibited a 
strong bleaching of the ground sate at 410 nm and the triplet state 
absorption with the maximum at 450 nm. The transient spectra 
exhibited no evolution during the decay of the triplet, i.e. for 
TMAP4+, the triplet excited state band decayed simultaneously 
with the ground state bleach recovery, without any built up of new 
bands, indicating that the excited state of TMAP4+ returned to its 
ground state (Fig. 13). Triplet lifetime was obtained from 
monoexponential fits of the transient decay at 450 nm and the 
bleach recovery at 410 nm. Both kinetic traces were characterized 
by the same time constant of 1.6 µs. The intensity of the transient 
absorption spectra decreased significantly upon addition of GO, 
but no spectral changes were detected (Fig. 13). No transient 
absorption was detected above 600 nm that would be the 
indication of the formation of porphyrin radical cation. At higher 
GO concentration the formation of the triplet state of TMAP4+ was 
fully diminished. That can be explained by very fast electron 
transfer process from the singlet excited state which prevents 
intersystem crossing and as consequence suppresses the triplet 
state population. No change in the lifetime of the triplet state was 
observed upon addition of GO (Fig. 13, inset). Therefore, it can 
be concluded that the triplet state of the TMAP4+ does not interact 
with the GO.  

In summary, it was shown that there is no dynamic quenching of 
the singlet as well as triplet excited state of TMAP4+ by GO 
(Scheme 2). The non-emissive TMAP4+-GO complex is efficiently 
formed in the ground state. After excitation of the porphyrin 
present in the nanohybrid very fast electron transfer to GO takes 
place.  

Conclusions 

In conclusion, three points should be emphasized. First, we have 
demonstrated the proper methodology of conducting meaningful 
emission experiments in the presence of graphene type materials 
including the choice of excitation wavelength and correction for 
GO absorption. We also pointed out that it is possible to over-
interpret the emission data with regard to intensity decrease being 
a proof of the electron transfer process between a dye and 
graphene. Secondly, we have proven that cationic porphyrin 
molecules can be efficiently assembled onto the surfaces of 
graphene oxide sheets forming stable complexes. During the 
process of assembly, it is the electrostatic attraction that plays an 
essential role and π-π stacking cooperative interaction can only 
further promote the adsorption process of porphyrin. It is shown 
that stronger interaction with GO occurs for TMAP4+ than for 
TMAP6+ where it is largely suppressed. This can be rationalized 
in terms of: a) a distortion of the planarity of the porphyrin 
macrocycle upon protonation, b) decrease of the Columbic 
interaction due to protonation of the carboxylic groups in GO, c) 
aggregation of the GO under acidic conditions. Thirdly, we have 
evidenced that the ground state interaction between TMAP4+ and 

 Figure 13. Transient absorption spectra obtained during laser flash photolysis 

(with excitation at 532 nm) of deoxygenated solutions of TMAP4+ (black) and 

TMAP4+ in the presence of GO (3× 104  mg ml1) (red); time delay after flash: 

100 ns. Inset: Normalized recovery profiles of the bleach monitored at 410 nm 

for TMAP4+ (black) and TMAP4+ in the presence of GO (3× 104  mg ml1) (red).
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GO causes static quenching of the porphyrin emission. 
Surprisingly, fluorescence is not detected for the nanohybrid 
which indicates that a very fast deactivation process must take 
place. Ultrafast time-resolved transient absorption spectroscopy 
clearly demonstrates the occurrence of electron transfer from the 
photoexcited TMAP4+ singlet state to GO sheets, as proven by the 
formation of a porphyrin radical cation. However, the high 
quantum efficiency of electron transfer competed with undesirable 
charge recombination. Further studies are necessary in order to 
maximize the efficiency of charge separation. It can be achieved 
e.g. by introducing other meso functional groups or metal atom in 
the porphyrin macrocycle. The comprehensive wore presented 
here will help advance the understanding of GO interaction with 
porphyrin and can provide invaluable information that can serve 
as guidance for fabrication other more efficient systems. 

Experimental Section 

Materials  

5,10,15,20-Tetra(4-trimethylammoniophenyl)porphyrin tetra(p-
toluenesulfonate) (TMAP) and 5,10,15,20-tetra(4-pyridyl)-21H,23H-
porphine (TPP) were purchased from Sigma Aldrich, graphite powder from 
Acros Organics. Methanol (HPLC grade) was bought from J.T. Baker. In 
all experiments millipore distilled water (18 MΩ cm) was used. 

Preparation of the GO 

Graphene oxide was prepared by oxidizing graphite powder using a 
modified Hummers’ method.[28] Briefly, 10 g of graphite powder were mixed 
with 230 ml of concentrated (98 wt%) sulfuric acid at the temperature 
below 10 °C. Subsequently, 4.7 g of sodium nitrate and 30 g of potassium 
permanganate were carefully added to the mixture while the temperature 
was kept below 10 °C. Then the mixture was carefully heated to 30 °C and 
stirred for two hours. The next step involved adding 100 ml of deionized 
water. The slurry temperature was raised up to 100 °C. In the final step 10 
ml of hydrogen peroxide were added to the mixture. The obtained dark 
yellow suspension was thoroughly washed and filtrated with deionized 
water until the pH of the filtrate reached 6.5.  

Preparation of the TMAP-GO hybrid 

3 ml of TMAP4+ (1.1 µM) aqueous solution (pH 6.2) was mixed with 10 µl 
aqueous GO suspension (3 mg ml1 GO) resulting in a light brown 
suspension. The mixture was centrifuged at 12000 rpm (14986 rcf) for 2 
hours. The obtained supernatant was light yellow and precipitate dark 
brown TMAP4+-GO powder was obtained by drying the wet precipitate in 
an oven for 14 h at 80 °C. 

Apparatus 

UV-vis absorption spectra were recorded using a two-beam spectrometer 
Cary 100 UV-Vis scanning from 200 to 800 nm with 1 nm increments. 
Quartz cells with 10 mm optical lengths were used. Fluorescence spectra 
were taken on a LS 50B spectrofluorometer (Perkin Elmer) with excitation 
and emission slits of 10 nm. Emission spectra were measured with 
absorbances at the excitation wavelength not higher than 0.1. Emission 
was scanned between 500 and 800 nm for all samples. Emission lifetimes 
were measured using FluoTime300 spectrometer (PicoQuant) operating 

in time-correlated single photon counting mode (TCSPC). A light-
scattering Ludox solution (colloidal silica) was used to obtain the 
instrument response function (prompt). Quartz cells with 10 mm optical 
lengths were used for all measurements. 

Femtosecond transient absorption measurements were conducted using 
the Solstice Ti:sapphire regenerative amplifier from Spectra Physics and 
an optical detection system provided by Ultrafast Systems (Helios). The 
source for the pump and probe pulses was the fundamental emission at 
800 nm. The fundamental output was split into two beams: a pump (95%) 
and a probe (5%). The pump beam was directed through the TOPAS-
Prime automated optical parametric amplifier from the Spectra Physics to 
obtain the desired excitation wavelength in the range 290-2600 nm. The 
probe beam was directed to the Helios: a CCD-based pump-probe TA 
spectrometer from the Ultrafast Systems LLC with an optical delay line 
allowing delays between the pump and probe up to 3.2 ns. For the 
detection of the transients, a white light continuum was used, which was 
generated from the 5% of the fundamental beam by passing it through the 
sapphire or calcium fluoride crystal.  

The setup for the nanosecond laser flash photolysis (LFP) experiments 
and the data acquisition system have been previously described in 
detail.[29] LFP experiments employed a Nd:YAG laser (532 nm, 5 mJ, 7–9 
ns) for excitation. Transient decays were recorded at individual 
wavelengths by the step-scan method with a step distance of 10 nm in the 
range of 300 to 800 nm as the mean of 10 pulses. Samples for LFP were 
deoxygenated with high-purity argon for 15 min prior to the measurements. 
Experiments were performed in rectangular quartz cells (1 cm × 1 cm). All 
experiments were performed with freshly prepared solutions at room 
temperature.  

Atomic force microscopy images were recorded on an AFM Agilent 5500. 
The samples for the AFM measurements were prepared by dropping 
diluted aqueous suspensions onto a mica surface and drying in air.  

Thermal properties of the samples were characterized by a 
thermogravimetric analyser (Mettler Toledo TGA/DSC3+). The samples’ 
measurements were carried out under an argon atmosphere from room 
temperature to 900 °C at 10 °C/min. ATR-FTIR spectra were collected on  
a FTIR Spectrometer Nicolet iS10 (Thermo Scientific) on solid powder  in 
the range 400-4000 cm1. Elemental analysis measurements were 
obtained by using a Thermo Scientific Flash 2000 CHNS/O analyzer.  

Raman spectra of the samples were recorded on a LabRamHR Evolution 
spectrometer from Horiba Scientific coupled to a BXFM microscope 
(Olympus) with x100_Vis_LWD objective, using a Nd:YAG laser with a 
wavelength of 532 nm. Samples for Raman measurements were prepared 
by drop-casting a solution of TMAP4+ or TMAP6+ (6 × 105 M) and a 
suspension of GO (3 mg ml1) onto silicon wafers and drying in air. The 
nanohybrid samples for analogous measurements were prepared by drop-
casting the GO suspension (3 mg ml1) on the silicon wafer, drying it in air 
and then immersing it in the porphyrin solution (6 × 105 M) for 24 h, 
followed by rinsing with water and drying in air. 
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