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ABSTRACT:  

We present a series of fullerene derivatives and a study on their photoluminescence 

properties, complete with their efficiency as singlet oxygen generation photosensitizers. 

Absorbance and emission spectra as well as the decay lifetimes demonstrate the 
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intramolecular charge transfer between the pyrene donor and the fullerene acceptor.  The 

opposite effect in decay lifetime measurements is observed for the mono and bis adducts of 

C60 and C70 for the first time, which indicates an interplay between the charge separation and 

the locally excited states. A monoexponential decay was observed for the mono adduct of C60 

and the bis adduct of C70, while a biexponential decay was observed for the bis adduct of C60 

and the mono adduct of C70. This trend implies different energy transfers occurring 

depending on the energy levels of the fullerene cage. The quantum yields for the blue 

emission were 1 % and 0.12 % for the mono adducts of C60-and C70 respectively, compared 

to pristine pyrene with a quantum yield of 19%. However, a four-fold increase in the yield of 

the red emission was observed for the mono adduct of C60 and two-fold decrease for the bis 

adduct of C70 compared to their pristine fullerenes. The effect of these molecules as 

sensitizers of the singlet oxygen radical was tested using detailed 3D excitation 

photoluminescence (PL) maps which demonstrated a quenching of the singlet oxygen for the 

C60-mono and C70-bis adducts while a strong photosensitizing effect was observed for the 

C60-bis and C70-mono adducts.  

 

1. Introduction 

 The surface functionalization of fullerenes is a necessary step for their use in a 

series of applications in biomedicine as antiviral agents [1], photosensitizers [2], in 

solar cells as electron acceptor moieties [3] and in quantum computers [4]. The 1,3 

dipolar cycloaddition firstly established by the group of Maurizio Prato [5, 6] is one of 

the most widely used reactions for the formation of a series of fulleropyrollidine 

derivatives with different anchor groups. These derivatives are easy to design and 

process, and have recently proved to be remarkably effective as interlayer buffer 

materials in organic solar cells when placed between the active layer and the cathode 

[7].  

 Fullerenes and their derivatives are known to be exceptional electron acceptors that 

form donor-acceptor complexes [8] and dyads [9] which exhibit photoluminescence 

emission, albeit with weak intensity, and an intersystem crossing (ISC) to a triplet 

state. Donor-acceptor dyads have been studied both experimentally and theoretically 

and include fullerenes linked with porphyrin [9b] or pyrene rings [10]. Detailed DFT 

studies on mono adducts of pyrene derivatives indicated a localization of the HOMO 

levels on the pyrene donor and of the LUMO on the fullerene acceptor [11]. These 

functional groups change the photophysical properties of the system and result in 
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charge separation states, different intersystem crossing lifetimes and singlet-triplet 

populations. This is crucial for a number of applications since the charge separated 

states of donor-acceptor dyads can be used for cell membrane potentials and ion 

transport control [12a]. The ISC renders fullerenes the most efficient known 

photosensitizers for the generation of the excited singlet oxygen state 1O2 [13].  

 This combination of properties offers further potential applications as white light 

emitters [14] and components in quantum information processing devices [15]. 

However, the fluorescence in fullerenes exhibits low quantum yields because the low 

lying electronic transitions are only weakly allowed. Surface functionalization of 

fullerenes has been proven to be an effective way to control the quantum yields of the 

emission by and the optical patterns through lowering the symmetry of the products.  

 In our work we present the shift of the emission maximum and change of decay 

mechanism in mono and bis adducts of the two most widely used fullerenes, C60 and 

C70, along with their NIR photoluminescence and singlet oxygen generation. A single 

pathway decay mechanism was observed in the fluorescence decay of the C60 mono 

and C70 bis adducts, whilst a two pathways mechanism was observed for the C70 mono 

and the C60 bis adducts. This is assigned to the formation of either locally excited or 

charge separated states. A similar effect was observed in the intensity of singlet 

oxygen generation as proven by its 1270 nm emission. Consequently, the materials can 

cover a range of emission wavelengths with photosensitizing effects that can be tuned 

depending on the central cage and the number of functional groups on the surface. 

Furthermore, the control of charge separated states in a range of organic and inorganic 

dyads can lead to efficient photocatalysts and light harvesting devices. [12b-12c] 

 

2. Experimental part 

2.1. Reagents: C60: MER corporation, 99% purity, C70: MER corporation, 95% purity, 1-

pyrene carboxaldehyde: Aldrich, 99% purity, sarcosine: Aldrich, 98% purity 

2.2. 1,3 dipolar cycloaddition on C60 and C70: In a typical experiment 1-pyrene 

carboxaldehyde (48.3 mg-0.21 mmol for a C60 reaction and 1.3 mg-0.00565 mmol for C70), 

N-methylglycine (sarcosine, 24.1 mg-0.27 mmol for C60 and 0.9 mg-0.01 mmol for C70) and 

fullerenes (57.3 mg-0.08 mmol for C60 and 2.24 mg-0.00266 mmol for C70) were dissolved in 

90 ml (20 ml for C70) of toluene. The reaction proceeded under nitrogen flow at 110 oC.  

2.3. Purification and isolation of the products: The mono and multi-adducts were isolated 

by HPLC using a BuckyPrepM column. The flow rate was 16 ml/min and toluene was used 
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as the eluent phase. The purification is a multi-step process: First the reaction mixture was 

separated into fractions with broadly similar retention times with the peaks corresponding to 

the 1-pyrene carboxaldehyde and the fullerene discarded at this point. These fractions were 

then further purified by recycling HPLC. Each sample was recycled five times to achieve a 

good resolution between peaks before each distinct product was isolated. 

2.4. Concentrations and quantum yield methodology: The concentration for the PL and 

ultraviolet (UV)-Visible measurements used to estimate the quantum yield (QY) were: 

Pyrene: 10-6g/ml in either toluene or ethanol, pristine C60: 3·10-5 g/ml, pristine C70: 0.67·10-5 

g/ml, C60-mono: 3·10-5 g/ml, C70-mono: 3.17·10-5 g/ml. The quantum yield of C60 and its 

derivatives were recorded against pyrene. Based on the well-known pyrene QY of 0.65 in 

ethanol we calculated the QY in toluene as 0.19 and then based on this value we estimated 

the quantum yields under 335 nm excitation. For fullerenes the quantum yield value of 

2.2·10-4 for C60 and 5.4·10-4 for C70 under 520 nm excitation were taken as references and a 

correction using the refractive index of ethanol and toluene was performed based on 

previously published works [16]. The following spectral ranges were used: Pyrene in toluene: 

325-346 nm, Pyrene in ethanol: 325-346 nm, Pristine C60: 500-650 nm (exc. 520 nm), 

Pristine C70: 421-540 (exc. 520 nm), C60-mono: 325-346 nm (exc. 335 nm), 500-650 (exc. 

520 nm), C70-mono: 325-346 nm (exc. 335 nm), 421-540 (exc. 520 nm) 

 

3. Characterization techniques 

The samples were purified by HPLC chromatography using a Buckyprep M silica 

column, 20 × 250 mm. Toluene was used as the eluent phase and the flow rate was 16 ml/min 

for all experiments. UV-Vis-(NIR) spectra were recorded on a Jasco 570 spectrometer using 

quartz cuvettes. Excitation dependence photoluminescence maps and steady state spectra 

were recorded on a Jasco FP6200 and a ISA Fluoromax-2 Fluorimeter in toluene and 

chloroform solutions. Matrix-assisted laser-desorption ionization time-of-flight mass spectra 

(MALDI-TOF MS-negative ionization) were obtained from a Bruker Ultraflex III MALDI-

TOF spectrometer using trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene] 

malononitrile (DCTB) as a matrix. NMR spectra were recorded on a Bruker 400 MHz with 

CS2/CDCl3 (20:80 v/v).  

 

4. Results and discussion  

4.1. Synthesis and purification 
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  We attached a second photoluminescence moiety, an electron donating pyrene ring, 

through 1,3 dipolar cycloaddition of 1-pyrene carboxaldehyde and sarcosine to the surface of 

fullerenes. We chose two different fullerene cages, C60 and C70, and studied their 

photoluminescence properties under high energy and low energy excitations targeted to the 

pyrene ring and the fullerene cage respectively. We used HPLC to isolate the different 

adducts for both C60 and C70, and identified the structures through mass spectroscopy and 1H 

NMR spectroscopy. Figure 1a shows the full HPLC traces for both fullerenes. For the PL 

study we isolated the C60 and C70 mono adducts (abbreviated as C60-mono and C70-mono) and 

bis adducts of each. Based on the 1H NMR (Figure S11) and the UV-Visible data, the bis 

adduct of C60 is identified as a mixture of the trans-3 and equatorial isomers. This agrees with 

previously published data on different fulleropyrolidines [17], with an up-field chemical shift 

in the pyrolidine protons due to the presence of electron donating pyrene groups. In the case 

of C70, the presence of a doublet at the same chemical shift in both mono and bis adducts, 

combined with their very similar HPLC retention time (Figure 1) indicates the presence of the 

trans-1 isomer [17]. However, the detailed PL spectroscopic analysis revealed no isomeric 

differences. 
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Figure 1. a) HPLC chromatographs of the reaction mixture of C60 and C70. HPLC of 
the purified mono and bis adducts of C60 (b) and C70 (c). d) Mass spectrometer spectra 
for the mono adducts of C60 and C70. The mass spectra of the bis adducts are given in 
the supporting information. 
 

4.2.UV-Visible absorbance 

 The UV-Visible absorbance spectra of the mono and bis-adducts in toluene are 

presented in Figure 2. The pyrene absorbance peaks centered at 396, 375 and 365 nm (see 

Figure 2) for 1-pyrene carboxaldehyde are blue-shifted to between 350 nm and 332 nm for all 

of the C60 and C70 mono and bis adducts. This blue-shift is due to the anchoring of the 

aromatic ring to the fullerene cage and the energy transfer that takes place between them 

under photo-excitation [13]. The absence of the lowest energy 400 nm absorbance peak of the 

pyrene carboxaldehyde in all derivatives [18] proves the absence of any physisorbed 

unreacted dye molecules. The intramolecular interactions between the fullerene and pyrene 

(acceptor and donor) groups will be more clearly demonstrated by the PL data [19]. The 

absorbance pattern in the UV range is similar for all adducts (Figure 2). For C60-mono the 

typical small peak for fulleropyrrolidine derivatives is observed at 430 nm [20]. The C70 

derivatives provide the most obvious blue-shift and quenching of the 472 nm pristine 
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fullerene peak. This peak is quenched to an even greater extent when moving from the mono 

adduct to the bis adducts. These observations in the visible range absorbance imply a 

disruption of the fullerene surface conjugation, as indicated by the blue-shift of the 

absorbance and its decreased intensity. 
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Figure 2. UV-Visible absorbance spectra of the mono and bis-adducts of (a) C60 and (b) C70, 
in toluene solutions. Green: the 1-pyrene carboxaldehyde precursor. The UV-Visible 
absorbance spectra of pristine pyrene in both ethanol and toluene exhibiting two peaks at 323 
and 336 nm and is presented in Figure S3.  
 

4.3.Photoluminescence spectra under high energy (300-450 nm) excitations 

 We now turn our attention to the photoluminescence properties of our samples. The 

optimum solvent with the highest PL intensity for 1-pyrene carboxaldehyde is ethanol and 

exhibits minor solvatochromic effects typical of aromatic dyes and have been reported 

previously for pyrene derivatives in a series of polar and aliphatic solvents [21]. The 

maximum wavelength (λmax) of the peak that we observed in ethanol and toluene is in 

accordance with a previous study by Lianos et al for this chromophore. For clarity we present 

the excitation dependence photoluminescence maps for both pyrene (Fig.3a, λexc=352 nm, 

λem=392 nm) and 1-pyrene carboxaldehyde (Fig.3b, λexc=335 nm, λem=417 nm). Due to the 

absence of a polar group that can further conjugate to the aromatic ring the pattern of the 

pristine pyrene appears significantly simpler with smaller Stokes shifts than the 1-pyrene 

carboxaldehyde and with identical patterns both in ethanol and toluene (see S.I.Fig.S2). 

 The photoluminescence of the pyrene fluorophore is a very complicated process that 

depends on the solvent, the functionalization and the dielectric environment. It gives rise to 

vibrational features and to the formation of an excited dimer, the excimer (De) which 

competes with the excited monomeric fluorophore (Dm). The rate constants of the equilibrium 
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between these two states depend on both the radiative (kr) and non-radiative (knr) pathways 

and has been found to be strongly depend on the molecules surrounding the pyrene, for 

example surfactants in micellar aqueous solutions [22]. Usually, this excimer emission 

appears at 460 ([22b] or 500 nm [22a] compared to a monomer peak at 370-400 nm and can 

be seen in the spectrum of 1-pyrene carboxaldehyde in Figure 3b. Furthermore, pyrene shows 

a number of vibronic bands strongly depending on the polarity and the nature of its 

microenvironment and the groups that are anchored to it. [22b-c] In the systems that we study 

the fluorophore is connected with two large graphitic buckyballs with different symmetries 

and vibrational modes hence it is expected that the excited states of pyrene would be strongly 

dependent on the fullerene cage.  

 We subsequently recorded the photoluminescence maps initially in toluene solutions 

for both the C60 and C70 mono and bis-adducts. C60 mono and bis adducts display a double 

peak maximum pattern signaling significant vibronic effects in the spectrum. (Figure 3c-f). 

The pattern appears to be inverted between the two adducts. In the case of C70 the patterns do 

not show the inversion of the fine features as observed in the C60 adducts. Here we note that 

the C70 cage has a lower symmetry than C60 [23] with a significantly more complicated 

Raman spectrum and the adducts during the 1,3 dipolar cycloaddition are preferentially 

substituting the polar region of the ovoid C70 cage [24]. Due to the significant symmetry 

breaking of the cage we observe an intra-level transition for C60-mono with two maxima at 

409 and 432 nm for 377 nm excitation and an inter-level transition for the C60-bis with 

optimum vibrational level for radiative decay to be reached with two different wavelengths. 

We plot these transition alongside a proposed excimer formation scheme for the pristine 

pyrene in Figure 4. Similar inverted patters were observed for the C70 adducts. But in the case 

of C70 they were observed in the red region (em.650-750 nm) under 470-500 nm excitation 

and they will be later discussed. We recorded the same photoluminescence maps in 

chloroform solutions and are presented in the S.I. and will be discussed in Chapter 4.4. 

Under 405 nm laser illumination, the pristine fullerenes and C70-mono do not show 

any visible luminescence. Indeed the quantum yield of the C70-mono is lower than the 

pristine C70 and is not visible with the naked eye. However, the C60-mono and C60-bis adducts 

show a bright blue emission, similar to the PL spectra. Finally the C70-bis adducts show a 

luminescence with a color more difficult to distinguish visibly due to a combination of 

multiple emissions in the visible range. All images are shown in Figure 3c.  
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Figure 3. Photoluminescence excitation dependence spectroscopy maps in toluene (in 
chloroform see Fig.S12) correspond to the high energy S1-S0 for a) Pristine pyrene b) Pristine 
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Figure 4. The excitation and decay pathways for all fullerene adducts and a scheme of the 
excimer formation in pyrene. De: excimer, Dm: monomer, kmr, kmn: radiative and non-radiate 
decay constants. 
 

4.4.Time resolved photoluminescence (λexc=395 nm) 

To further study the nature of these emissions and the intramolecular interactions in the 

pyrene-fullerene molecules we recorded the photoluminescence lifetimes under 395 nm laser 

excitation. The decay plots and the fluorescence lifetimes are presented in Figure 4. In both 

C60 and C70 (Figure 5) the time resolved spectra recorded for higher emission wavelengths 

give rise to longer fluorescence lifetimes and a lower intensity of fluorescence. In C60 the bis 

adducts have a biexponential decay and longer decay lifetimes while the mono adducts to 

have a monoexponential decay and shorter decay lifetimes. The opposite effect is observed in 

the C70 mono and bis adducts with the C70-mono adduct to have a biexponential decay and 

the bis adduct a mono exponential decay. We summarize all the lifetimes in Table 1. The 

biexponential decay indicates two different decay mechanisms and the difference between 

C60 and C70 can be assigned to the different energy levels and symmetry present in the two 

fullerenes. In Figure 6 we present the HOMO LUMO levels of C60, C70 and pristine pyrene 

with the degenerate hu and t1u orbitals. According to previous electrochemical studies the 

HOMO LUMO levels in solution based on the oxidation potentials are 2.32 and 2.22 V for 

C60, C70 respectively.  

Previous works on donor-acceptor systems indicated that the presence of a biexponential 

decay is due to the formation of a charge separated state with a longer lifetime. This is in 

addition to a locally excited state with a shorter lifetime [9]. In the case that the charge 
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separated state lies higher in energy than the locally excited state, the charge separated state 

will not be populated and only a mono exponential decay is observed. Due to different 

symmetry and energy levels of the C60 and C70 cages this charge separation state is favorable 

with a different number of pyrene groups in each system. Locally excited states have been 

also observed in small molecular chromophores and have been described as a low energy 

excitation of bond-pairing degrees of freedom closer to the ground state state. [25] In various 

fluorophores, the charge transfer processes and charge separated state are dependent on the 

dielectric environment, in our case the solvent molecules. [26] To that end we recorded the 

excitation dependent photoluminescence maps in chloroform which has a significantly higher 

dielectric constant (4.8) compared to toluene (2.2) and is also a very good solvent for our 

system. Indeed the C60-mono and C70-bis adducts gave identical (C60) or nearly identical 

spectra with the same Stokes shifts, in contrast the C60-bis and C70-mono demonstrated some 

differences in the photoluminescence maps. We present all the excitation and emission 

mapping spectra in Fig.S12. More specifically, the C60-bis adduct is demonstrating a loss of 

the vibronic in nature fine spectral features, while the C70-mono is exhibiting a red shift of the 

excitation spectrum by 17 nm and of the emission spectrum by 7 nm with a significant 

expansion of the spectrum tail towards higher wavelengths. 

As a comparison, we recorded the time resolved fluorescence of the parent molecule, the 

precursor 1-pyrene carboxaldehyde. The 1-pyrenecarboxaldehyde exhibits two fluorescence 

maxima with a weak fluorescence at 552 nm which has a lifetime of 14 ns (Figure 5c, red 

trace). This long lived emission is not present in our fullerene adducts, indicating an 

intramolecular charge transfer from the pyrene donor to the fullerene acceptor takes place 

instead of the pyrene intersystem crossing. Due to the sensitivity limits of our detector, we 

were not able to record the photoluminescence lifetimes at wavelengths longer than 600 nm. 
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Figure 5. Photoluminescence lifetime measurements under 395 nm laser excitation for 
a) C60-mono, b) C60-bis, c) C70-mono and bis and d) 1-Pyrenecarboxaldehyde. The 
artefact in at 2.2 ns (black line) is due to electrical reflection. The instrument response 
function (120 ps is given in S.I. for clarity). The emission maximum is indicated in the 
graph legend for the fullerene adducts and the pyrene precursor. [30] In C60-bis and 
C70-mono adduct two different lifetimes were deduced from their biexponential decay 
mechanism. For the C60-mono and C70-bis a monoexponential decay was observed. 
Each data set was fitted with the equation y = A1*exp(-x/t1) for the monoexponential 
systems and y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0 for the biexponential systems. 
The fitted curves are shown as green lines. The residual fitting data are given in S.I., 
Fig.S13. 
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Table 1. 

Sample t1 (ns) t2 (ns) Sample t1 (ns) t2 (ns) 

C60 mono 430 nm 1.43 N/A C70 mono 452 

nm 

0.27 1.71 

C60 mono 459 nm 1.50 N/A C70 bis 430 nm 1.44 N/A 

C60 mono 500 nm 1.68 N/A C70 bis 460 nm 1.47 N/A 

C60 bis 462 nm 0.54 2.54 C70 bis 490 nm 1.62 N/A 

C60 bis 502 nm 0.63 2.89 C60 bis 550 nm 0.64 3 

Figure 6. A schematic representation of the locally excited and charge separated states 

and the energy levels, singlet and triplet state lifetimes of C60, C70 and pristine pyrene. 

[27] In Table 1 we present the lifetime values of the different derivatives as estimated 

by the time resolved fluorescence spectroscopy. The shorter lifetime corresponds to 

the locally excited state [9c] 
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4.5.Photoluminescence under low energy (450-530 nm) nm excitations 

 When the fullerene cages are illuminated by light at 488 nm, where the excitation 

targets the carbon cage, emissions are seen in the far red/NIR regions of the spectrum (Figure 

7). In general the photophysics of the fullerenes are governed by slow radiative transitions 

and an intersystem crossing to the triplet state, resulting in low quantum yields and weak 

emissions in the far red region [28]. However, the addition of groups to the surface changes 

these properties. The blank toluene spectra displays the inelastic scattering, resulting in an 

excitation dependent wavelength which sometimes is erroneously attributed to radiative 

decay. These peaks, with constant spacing of 3000 cm-1 are shown in Figures S4-5. As such 

the data sets presented here are the radiative decays resulting in fluorescence.  

We recorded the detailed excitation dependence photoluminescence maps for the 

pristine fullerene, the mono and the bis adducts (Figure 7). The typical excitation independent 

broad and low intensity emission with λmax centered at 715 nm (1.734 eV) was observed for 

the pristine C60 and corresponds to the S1S0 transition with an optimum excitation 

wavelength λex=495 nm (2.5 eV) [29-30]. This emission was slightly shifted and became 

narrower for the mono and bis C60 adducts with λmax at 711 (1.740 eV) and 719 nm (1.724 

eV) respectively. Furthermore, the optimum λex was now shifted to higher energy levels at 

470 (2.637 eV) and 467 nm (2.655 eV) respectively, signaling an effect in the energy levels 

due to the pyrene anchor groups. Similar small shifts in this S1S0 transition have been 

previously reported on other substituted C60 adducts which do not contain a fluorescent 

pyrene ring [31]. This work assigned the increase in fluorescence upon addition of a 

functional group to a decrease in the rate of intersystem crossing. This decrease is due to the 

change of symmetry from Ih (C60) to C2v (monoadducts) or C1, C2 or Cs symmetries for the 

different bisadducts [30]. Previously, the addition of six pyrolidine rings led to an increase in 

the emission intensity [29]. This was attributed to a reduction of conjugation within the 

fullerene core, leading to higher excitation energies and larger single-triplet gaps. It was also 

claimed that a blue-shift in the spectrum and a reduction of the excited-state S1T1 

intersystem crossing are a result of the energy level and symmetry change [13], with a 

photoinduced intramolecular energy transfer between the donor and the acceptors taking 

place in such dyads [32]. This energy transfer has been shown to proceed from the first 

excited singlet state of the pyrene donor to the S1 state of the fullerene acceptor in fullerene-

pyrene mono-adducts [33].  
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Figure 7. Photoluminescence excitation spectroscopy maps corresponding in the S1-S0 
fullerene cage transition for a) C60 b) C70 derivatives in toluene solutions. 
 

The mono and bis adducts of C70 exhibit a similar behavior to C60 (Figure 7b) as low-

lying electronic states are also present in C70. C70 therefore exhibits singlet and triplet 

properties very similar to those of C60. When moving to mono and bis functionalized 

molecules the S1S0 transition is red shifted to 707 nm (1.753 eV) for the mono adduct 

compared to the pristine C70 peak at 667 nm (1.859 eV). Similarly with C60, the optimum λex 
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was now located in lower wavelengths, i.e. higher energy. This emission appears at lower 

wavelengths than in the C60 analogues due to the lower symmetry and reduced electron 

delocalization of the C70 cage. A four-fold increase in the quantum yield of the C60-mono 

(9·10-4) compared to C60 was observed. However, the opposite effect was observed in C70-

mono, with an approximately two-fold decrease compared to pristine C70. All functionalized 

fullerene systems displayed a large reduction in quantum yield compared to the 1-pyrene 

carboxaldehyde at the pyrene excitation wavelength. We summarize these findings in Table 

2. 

 

Reference Quantum yield Sample (excitation) Quantum yield 

Pyrene in ethanol 

(335 nm) 

0.65 (65 %) C60-mono (335 nm) 0.01 (1%) 

Pyrene in toluene 

(335 nm) 

0.19 (19 %) C70-mono (335 nm) 0.0012 (0.12%) 

C60 (520 nm) 2.2·10-4 (0.022 %) C60-mono (520 nm) 9·10-4 (0.09 %) 

C70 (520 nm) 5.4·10-4 (0.054 %) C70-mono (520 nm) 3·10-4 (0.03 %) 

Table 2. A summary of the quantum yields for two different excitation wavelengths (335 

targeting the pyrene and 520 nm targeting the cage). 

 

4.6. Singlet oxygen generation (1270 nm) and NIR (850-1000 nm) 

photoluminescence 

 Reactive oxygen species like the singlet oxygen (1Δg), have been proposed as 

excellent candidates for photodynamic therapy, which is an efficient way to treat cancer cells 

due to the high reactivity of the excited oxygen molecules. Due to their intersystem crossing, 

fullerenes are considered among the most efficient photosensitizers [34]. Other 

photosensitizing systems include macrocycles like porphyrin and pthalocyanin molecules 

[35] and lately, ultra-small carbon dots [36]. The mechanism is well studied and includes the 

formation of an intermediate complex between the photensitizer and oxygen, which is 

subsequently deactivated. This explains the experimental observation of photo sensitized 

phosphorescence at 1270 nm (0.97 eV).  

To study this effect, we initially recorded the photoluminescence excitation 

spectroscopy maps for pristine C60 (Figure 8) and C70 (Figure 9) in two different 

concentrations, 0.03 and 0.3 mg/ml, both measured in CS2. In order to study the photocycle 
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process we recorded the NIR emission carbon disulfide solution, since toluene is quenching 

the singlet oxygen generation due to formation of toluene radicals. We present the 

measurements in toluene solutions in Figure S10 (S.I). In general singlet oxygen interacts 

strongly with C-H and O-H bonds. [37] In the CS2 solutions of the pristine fullerenes, only 

the singlet oxygen emission is observed with substantial intensity in both cases, without any 

other NIR radiative decays. By considering the maximum intensity of the 1270 nm peak, it 

appears that the C70 is a more efficient photosensitizer than C60 at these two concentrations 

with CS2 as the solvent. As we have already presented in Figure 6 the triplet state of the C70 

has a significantly longer lifetime TT=130 μs with a quantum yield of фT=0.9 while for the 

C60 the respective values are TT=40 μs and фT=0.96. We note that two different excitation 

maxima are observed for C60 which are concentration independent, in contrast only one 

maxima is observed for C70. 
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Figure 8. Photoluminescence excitation spectroscopy maps in the region 850-1600 cm-1 (left) 
and a magnification focusing on the 1250-1300 cm-1 region of the singlet oxygen 
phosphorescence (right) for pristine C60 dissolved in carbon disulfide. Concentration 0.03 
mg/ml (a) and 0.3 mg/ml (b). 
 

 



18 
 

 

 

1000 1250 1500

500

600

700

800

a) C70-
0.03 mg/ml

Emission (nm)

Ex
ci

ta
tio

n 
(n

m
)

-0.01660
-0.006775
0.003050
0.01288
0.02270
0.03252
0.04235
0.05217
0.06200

1250 1275 1300

500

600

700

800

a) C70-
0.03 mg/ml

Emission (nm)

Ex
ci

ta
tio

n 
(n

m
)

9.000E-04
0.006545
0.01219
0.01784
0.02348
0.02913
0.03477
0.04042
0.04606
0.05171
0.05735
0.06300

 

1000 1250 1500

500

600

700

800

b) C70-
0.3 mg/ml

Wavelength (nm)

E
m

is
si

on
 (n

m
)

-0.01400
-0.006150
0.001700
0.009550
0.01740
0.02525
0.03310
0.04095
0.04880

1250 1275 1300

500

600

700

800

b) C70-
0.3 mg/ml

Wavelength (nm)

E
m

is
si

on
 (n

m
)

0.005000
0.008982
0.01296
0.01695
0.02093
0.02491
0.02889
0.03287
0.03685
0.04084
0.04482
0.04880

 

Figure 9. Photoluminescence excitation spectroscopy maps in the range of 850-1600 cm-1 
(left) and a magnification focusing on the 1250-1300 cm-1 region (right) for pristine C70 
dissolved in carbon disulfide. Concentration 0.03 mg/ml (a) and 0.3 mg/ml (b). 
 

 

In Figure 10 we present the photoluminescence excitation spectroscopy maps for all 

of the pyrene functionalized samples in the NIR region where singlet oxygen 

phosphorescence is observed (range: 850-1350 cm-1). This emission in our samples follows a 

similar trend to the decay lifetimes, with the C60-mono and C70-bis displaying similar 

behavior to each other, while the opposite behavior seen in C60-bis and C70-mono (for the 

time resolved spectroscopy see Figure 5 and 6). In this measurement, the singlet oxygen 

signal appears with significant intensity in the C60-bis and the C70-mono adducts and is 

suppressed in the C60-mono and C70-bis adducts.  

The presence of charge separation states in fullerene donor-acceptor systems can lead 

to a charge recombination and overpopulation in the triplet state [38]. Since the 

photosensitization of the oxygen originates from an energy transfer through the triplet state, 

we assign the particularly strong intensity of the singlet oxygen to the presence of a long 

lived, charge separated state. Conversely, when the singlet oxygen is suppressed for C60-
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mono and C70-bis adducts, the intersystem crossing transition is forbidden, resulting in the 

increased quantum yield of the S1S0 transition. 

The excitation wavelength corresponding to the maximum singlet oxygen generation 

is 470 nm for all samples with the exception of C70-mono, which is located at 554 nm, 

meaning a different excitation is leading to the photocycle process. It is also notable that there 

is a low energy transition in the 800-1000 nm region of the C70 samples, indicating a different 

population and density of states compared to the C60 [39]. These are the well-known 

phosphorescence peaks of C70 arising from a decay through the lowest triplet state. [40] They 

appear much weaker in the pristine C70 as can be seen in Figure 9b compared to the two 

adducts. They also have an opposite counterbalancing trend with the 1270 nm 

phosphorescence in the pristine, mono and bis adducts samples.  

Based on these observations, it will therefore be of interest to further expand this 

concept in larger fullerene cages like empty cage C84 and endohedral metallofullerenes 

(EMFs). In these systems is it expected that different interactions between the pyrene ring 

and the fullerene cage will take place. The EMFs can hold up to 6 electrons as donated from 

the encapsulated metals, allowing for new emission, photocycle and photosensitizing patterns 

to be observed according to the change in the HOMO LUMO levels and the electron 

accepting ability. 
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Figure 10. Photoluminescence excitation spectroscopy maps. The right map in each case is 
the magnification of the 1250-1300 cm-1 region where the singlet oxygen emission takes 
place, with color corresponding to different relative heights. a.I-II) C60-mono adduct in two 
different concentrations, with the sample used in (a-I) twice as concentrated as the sample in 
(a-II). Maximum intensity of the singlet oxygen emission: 474 nm b) C60-bis, maximum 470 
nm c) C70-mono, maximum 556 nm and d) C70-bis, maximum 470 nm e) The transitions 
resulting in the NIR and singlet oxygen emission for the C70 derivatives. 
 

 

5. Conclusions 

The optical and photosensitizing properties of donor-acceptor pyrene-fullerene dyads were 

found to be influenced not only by the number of pyrene rings attached to the surface, but 



22 
 

 

also by the size and shape of the fullerene cage, observed with C60 and C70. Charge transfer 

from the pyrene to the electron accepting fullerene was demonstrated by observing the 

quenching of the fullerene PL emission. When a second pyrene unit was attached there was a 

substantial change in the fluorescence lifetimes associated with both the pyrene and the 

fullerene. Opposite trends were observed in the decay mechanism, the quantum yields, and 

the photosensitizing properties of C60-mono and C70-bis compared to C60-bis and C70-mono. 

This signals an influence from the fullerene cage on the intramolecular electron transfer and 

on the formation of locally excited against charge separation states, with different numbers of 

pyrene containing units required to observe the same effect. This competition between locally 

excited and charge separated states was further confirmed by employing a solvent with higher 

dielectric constant through small shifts and minor loss of fine features. NIR 3D mapping also 

showed the same trend: C60-mono and C70-bis both displayed a quenching of the singlet 

oxygen signal, while C60-bis and C70-both acted as strong photosensitizers for singlet oxygen. 

These adducts are therefore among the best choices for photogeneration of the excited singlet 

oxygen state 1O2. 
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