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1. Introduction 

1.1 Energy demands and Solar cells 

The increasing awareness of human induced climate change has increased the demand for 

renewable energy sources [1]. A good alternative are solar cells where sunlight is harnessed and 

transformed into electricity through the photovoltaic effect. Several types of solar cells exist where 

the most abundant type used at present day are the silica-based solar cells. These solar cells show 

relatively high efficiencies, up to about 25%, but remain expensive to manufacture.  

Another type of solar cell, that is much cheaper to manufacture and therefore shows great promise 

for the future, is the dye-sensitized solar cell (DSSC). DSSCs can be explained simplistically as 

consisting of a semiconductor, commonly TiO2, which has dye molecules chemisorbed on the surface. 

When these dye molecules absorb light, of certain energy, a valence electron in the dye is able to be 

injected into the semiconductor. This electron can be passed through an external circuit and 

electricity is gained. Albeit intensive research since its introduction in 1991 by Michael Grätzel and 

Brian O’Regan, the efficiency of these solar cells are still low presently residing around 12%. Through 

the implementation of photon up-conversion through sensitized triplet triplet annihilation, in DSSCs 

well needed efficiency improvement can be realized. 

1.2 Photon Up-Conversion through Sensitized Triplet-Triplet Annihilation (UC-STTA) 

The process of photon up-conversion through sensitized triplet-triplet annihilation involves the use 

of dye molecules for absorption of low energy light which can be converted into light of higher 

energy. Two molecules are needed; a sensitizer (S) that absorbs light and one emitter (E) that 

receives energy from the sensitizer molecule.  

When the sensitizer molecule absorbs light it reaches the first singlet excited state (S1). From here, 

the molecule quickly looses energy and relaxes by intersystem crossing (ISC) into the first triplet 

excited state (T1). When the excited sensitizer molecule encounters an emitter molecule it can 

transfer energy into the first triplet excited state of the emitter in a process called triplet to triplet 

energy transfer (TET). This process repeats itself resulting in a population of emitter molecules in 

their first triplet excited state. If two emitter molecules encounter each other the process of triplet-

triplet annihilation (TTA) can occur. In this process one molecule is excited to either a singlet, triplet 

or quintet excited state while the other relaxes into the ground state configuration non-radiatively, 

i.e., without the release of a photon. Up-conversion is only realized when TTA leads to a singlet 

excited state in one of the emitter molecules. From this point, the excited emitter returns to its 

ground state configuration by releasing a photon a process which is called delayed fluorescence. See  

figure 1 below for a schematic describing a successful up-conversion process.  

 

 
Figure 1. A reaction formula describing a successful up-conversion process 
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This pair is considered a model dye pair for UC-STTA due to its high efficiency, relatively low cost and 

availability. To be able to anchor PtOEP to a semiconductor the sensitizer is modified with the 

addition of several carboxylic acid groups.  

 

1.4 The aggregation of the sensitizer molecule  

The application of the sensitizer molecule onto a surface has, however, generated some problems. 

The sensitizer is a planar molecule and consequently prone to form aggregates, especially when 

brought into close proximity as on a surface or in a film. Aggregates are structures consisting of two, 

or several, individual molecules, called monomers, which bind to each other through intermolecular 

forces. The study of aggregate formation of light-absorbing molecules is interesting since these 

aggregates can have photo-physical properties distinct from that of the monomer. The aggregation 

of PtOEP has been reported by several sources as the appearance of additional emission signals that 

cannot be ascribed to the single PtOEP molecule alone. For example, Dienel et al. [3], has shown that 

an emission signal at 1,60 eV (775 nm) appeared when PtOEP was added on a film consisting of KBr. 

The study also showed that emission at 775 nm increases with increasing film thickness. Similarly, 

Kalinowski et al. [4], have demonstrated that three additional emission peaks appear around 720-800 

nm when PtOEP is made into a neat film. The results from this study would suggest that there are 

several aggregate structures of PtOEP forming on surfaces and in films. 

Similar observations have been made by the the up-conversion research group at Uppsala University 

measuring on a PtOEP adsorbed on zirconium oxide (ZrO2), see figure 4 below.  

 
Figure 4. Emission spectra of PtOEP physisorbed onto ZrO2 surface. Original data belongs to Jonas Sandby Lissau at 

Uppsala University.  

Figure 3. The sensitizer molecule Platinum (II) octaethyl porphyrin (PtOEP) and emitter molecule 9,10-

Diphenylanthracene (DPA).  
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Figure 4 clearly shows the presence of a species emitting at about 770 nm which also seems to 

increase with the thickness of the film. Furthermore, they observed a small peak at 586 nm in an 

excitation spectrum that was present when collecting emission at 768 nm but not for the 

phosphorescence signal of the monomer at 645 nm, see figure 5. 

 

Figure 5. Excitation spectra of PtOEP derivative (modified with carboxylic anchor groups) anchored onto ZrO2 measured 

at different emission wavelengths. Original data belongs to Jonas Sandby Lissau at Uppsala university. 

The signal at 586 nm had previously been assigned a singlet to triplet transition of the monomer 

PtOEP by Bansal et al. [5]. In addition, the research group had also observed that the emission at 

about 770 nm, tentatively assigned to aggregation, increased in the presence of DPA. These 

observations indicated that aggregation of PtOEP increased when DPA was introduced into the 

system.  

The fact that additional signals arise when PtOEP is brought into close proximity, as on a surface, is 

not surprising when considering the tendencies of this molecule to form aggregates. However, it 

becomes important to understand the nature of these aggregate structures since they can lead to 

decreased efficiencies of up-conversion. The signals at around 770nm, tentatively assigned to 

aggregation, are of lower energy than the phosphorescence of the PtOEP monomer. This suggests 

that these aggregates are emitting from a lower energy state. Consequently, these aggregates are 

able to quench the excited states of the sensitizer and possibly even the emitter molecule leading to 

losses in up-conversion efficiency.  
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1.5 The aim of the project  

For this project, the original aim was to provide and evaluate a new sensitizer/emitter dye pair, 

suitable for up-conversion, which could be chemisorbed onto a ZrO2 surface. However, finding dye 

pairs that were commercially available, had an anchoring group, and at the same time, met all of the 

energy state requirements turned out to be difficult and was therefore abandoned as an idea for this 

project. 

Instead the focus was placed upon investigating the model dye pair (PtOEP/DPA) of UC-STTA in terms 

of aggregate formation of the sensitizer. Aggregates can function as energy-traps effectively 

decreasing the efficiency of up-conversion. In order to increase the efficiency of up-conversion any 

mechanisms that result in energy losses must be well understood. Furthermore, previous 

observations have indicated that these signals, tentatively assigned as aggregates, increased in the 

presence of the emitter. The indication was therefore that the emitter molecule, somehow, facilitate 

the formation of these aggregates.  

The aim of this project was to investigate the presence and formation of these aggregates, as well as, 

investigate the effect that DPA had on the formation of what had tentatively been assigned as 

aggregates.  
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2. Experimental 

2.1 Sample preparation 

Three different batches of PtOEP were available during this study: one old batch bought before 2011, 

one bought at 2011 and a fresh batch bought in 2014. The DPA was bought in 2011. Butyronitrile was 

bought in 2011. All chemicals used were obtained from Sigma-Aldrich. 

Most measurements were made on samples close to the saturation concentration for PtOEP in 

Butyronitrile which is around 0.2 mM. All samples were measured in a 2mm cuvette. Prior to 

emission, excitation and kinetics measurements the samples were de-aerated using nitrogen gas that 

was left bubbling for 5-10 minutes.  

2.2 Steady-state absorption 

The spectrophotometer used for all absorption measurements was Cary 5000 from Varian. The scan 

rate was set to 600nm/min.  

2.3 Steady-state emission, excitation and kinetics 

For all emission and kinetics measurements Fluorolog-3 Horiba Jobin Yvon was used. The detector 

was the photomultiplier Hamamatsu R2658P. The excitation source was a 450W Xenon lamp. All 

samples were measured in front-face mode with an angle of 30 degrees with respect to the 

excitation source. For measurements where filters were applied a UV filter was placed before the 

sample and an orange filter, with absorption below 585 nm, was placed after the sample. 

For emission measurements exciting at 586 nm the slit sizes were 6 nm for both excitation and 

emission. The integration time was from 0.5 – 1 second per point. The emission measurements which 

excited at 534 nm the slit sizes were 1.5 nm for both excitation and emission. The integration was 

0.1-0.2 seconds per point. 

Excitation spectra were collected at both 757 nm and 645 nm. The slit size at both excitation and 

emission was set to 6 nm for 757 nm and 3 nm for 645 nm. 

For the kinetics experiment the sample was excited at 586 nm and collected at both 757 nm. The slit 

sizes were 6 nm for both excitation and emission. The integration time was 1 s and the time 

increment was 1. The total time was 600 s.  

2.4 Heating and sonication of samples 

For the experiments that involved heating and sonification only the old batch was used. The heating 

experiment used a nearly saturated solution of PtOEP that was transferred to a vial and placed in a 

water-bath. The water-bath was heated to boiling left for 30 minutes, the solution was measured 

directly afterwards. For the sonication experiment a saturated solution of PtOEP was used and 

transferred into a vial that was placed in a sonicator for 45 minutes. 
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3. Results and Discussion 

3.1 Analysis of absorption and emission spectra   

Absorbance measurements made on the three different batches showed a peak at 586 nm for the 

oldest batch of PtOEP while nothing was observed for the other batches, see figure 6. 

 

 

Figure 6. Normalized absorption spectra of three different batches of PtOEP. The inset shows a close-up of the 

absorption peak present for the old batch at 586 nm. 

This band, at 586 nm, corresponded well with what had been previously observed by the up-

conversion research group at Uppsala University, see figure 5. Bansal et al [5] had also reported a 

small signal at this wavelength and assigned the absorption peak as a singlet to triplet transition of 

the monomer. Such a transition is forbidden, according to the selection rules of spectroscopy, which 

would explain the low absorption. However, according to this premise, all batches should show equal 

absorption at this point, which clearly is not true. This suggested that there was something present, 

in the oldest batch, which could not be attributed to PtOEP alone. Furthermore, the similar 

observation made by Bansal et al. made it improbable to be a simple contamination in the oldest 

batch. More probable could the absorption band be ascribed to some degradation product, or 

aggregate, that forms slowly over time. The structure of the species absorbing at 586 nm was 

unknown and was therefore referred to as the unknown compound.  

To investigate this absorption band further all three batches were excited at 586 nm and an emission 

spectrum was collected, see figure 7. 
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Figure 7. Normalized emission spectrum of three different batches of PtOEP. Excitation wavelength was 586 nm. 

The emission spectrum clearly showed two peaks for all batches of PtOEP; one with maxima at 645 

nm and the other at 757 nm. The peak at 645 nm corresponds to phosphorescence of the monomer, 

see figure A1 in appendix. This indicated that the second peak, at 757 nm, originates from the species 

absorbing at 586 nm, earlier referred to as the unknown compound. Furthermore, the emission at 

757 nm matched well with what Dienel et al. and Kalinowski et al. have previously assigned as 

emission from the aggregate in films [3,4]. These combined results would imply that the unknown 

compound, absorbing at 586 nm, is an aggregate structure. However, the amount of aggregate in 

solution should mostly depend on the concentration of PtOEP. Since the concentration of all 

solutions is near saturation, the absorbance at 586 nm should be observable for all batches of PtOEP. 

Similarly, the emission intensity should also be similar since it relates to the amount of emitting 

species in solution. However, the latter argument is less reliable since the amount of dissolved 

oxygen, in solution, will have an effect on the ratio of the emission peaks in figure 7.  

3.2 The DPA effect 

To investigate the effect of DPA together with the sensitizer, different concentrations of DPA in 

solutions of PtOEP was measured, see figure 8. 
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Figure 8. Emission spectra of solutions containing the old batch together with different concentrations of DPA. The inset 

shows the absorbance spectrum at around 586 nm.  

 

The experiment clearly showed what had previously been noted [7]. The intensity of the emission 

band at 640 nm, which corresponds to the monomer, decreased and the emission band which 

represents the unknown compound at 757 nm increased with increasing concentration of DPA. These 

results were also confirmed with a steady-state kinetics experiment, see figure A3 in appendix. The 

first observation was expected since DPA quenches PtOEP monomer through triplet to triplet energy 

transfer [6]. The second observation, tentatively explained as the formation of aggregates aided by 

DPA, is more likely explained by the removal of molecular oxygen from the system. When the 

amount of oxygen decreases the emission intensity of both peaks increases, as shown by previous 

experiments, see figure A2 in appendix. The reason for this is that oxygen quenches the emission 

from these states. However, the emission from the monomer is not noticeably affected by the 

decrease in oxygen concentration since there is already an excess of DPA, which quenches the 

monomer, compared to the amount of dissolved oxygen that is present in solution. A possible 

mechanism (see figure 9 below) that would explain the removal of oxygen from the system could be 

that the sensitizer is excited by the excitation light and subsequently quenched by triplet-state 

oxygen through triplet to triplet energy transfer. The result is singlet oxygen that is capable of 

forming an endoperoxide product with DPA, which has been shown with other anthracene 

derivatives by Bouas-Laurent et al [5]. These data also indicated that the unknown compound is not 

quenched by DPA which places the energy of its emissive state below that of DPA.  

 
Figure 9. A schematic diagram over a possible mechanism behind the formation of an endoperoxide product formed 

from singlet oxygen and DPA. 

To validate this mechanism, measurements using filters were made that tested if excited DPA was 

required in order to observe the increase in emission at 757 nm, see figure A4 in appendix. The 
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results clearly show that no visible difference is observed regardless of whether DPA is excited or not, 

which increased the support for the mechanism previously stated. 

 

3.3 Evaluation of the unknown compound 

The nature, and characteristics, of the species absorbing at 586 nm, referred to as the unknown 

compound, were evaluated by measuring the absorbance and emission of different concentrations of 

the old batch of PtOEP, see figure 10. 

 

 

Figure 10. A normalized absorption spectrum of different concentrations of PtOEP. The inset is a normalized emission 

spectrum of the same samples. A lower number indicates a higher concentration where 1 is at the saturation 

concentration.   

The measurement began with a solution at near saturation and continued the measurements by 

gradually diluting the sample. The results showed that the relative intensity of absorption at 586 nm 

was not affected by the change in concentration. In addition, the relative ratio of the emission peaks 

remained constant for all concentrations of PtOEP. This proved that the unknown compounds are 

present even in a non-saturated environment. These observations suggested that these compounds 

are not formed in solution but rather constantly present in the powder. These results provide further 

evidence against the notion that the emission signal at 760 nm is due to an aggregate structure. An 

aggregate would only be present in solution in high concentrations and, if formed in the powder, 

would disband when introduced into a solvent. 

To investigate the reversibility of these unknown compounds, experiments with heat and sonication 

were made, see figure 11.  
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Figure 11. Absorption spectra showing heating and sonication experiments based on four different samples made from 

the old batch of PtOEP. 

 

The results showed that the absorption band at 586 nm increased with both sonication and heating 

although the largest increase was observed with heating.  

These results further challenged the hypothesis that these compounds are an aggregate structure 

held only by inter-molecular forces since heating would most likely break these bonds, effectively 

disbanding the aggregates into its individual subunits. Another hypothesis, made from these results, 

was that these compounds are a product of a chemical reaction where a new covalent bond between 

two, or more, PtOEP molecules has formed. However, this idea does not match previous 

observations which have stated that the emission at 757 nm becomes observable when PtOEP is 

applied on a surface. It is very unlikely that a covalent bond would form simply because the sensitizer 

is brought into contact with each other on a surface. The nature of the bonding between the 

subunits of these compounds is difficult to establish from these data alone and more studies are 

required in order to provide a convincing explanation.  

In order to evaluate any structural differences, based on the photo-physical properties, between the 

unknown compound and the monomer, an excitation spectra was measured on solutions containing 

PtOEP both with and without DPA at 645 and 757, see figure 12. 

 

Figure 12. Normalized excitation spectra showing the contribution of emission at both 645 and 757 nm from different 

excitation wavelengths. 
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 The excitation spectra showed a peak at 586 nm for emission at 757 nm while nothing was visible for 

emission collected at 645 nm. This confirmed that the absorption at 586 nm corresponds to the 

emission at 757 nm. Surprisingly, the relative emission intensity at 586 nm was higher in solutions 

without DPA, compared to solutions that contained DPA, which disagreed with previous 

observations. This observation was not understood and requires repeat measurements and further 

research. The emission collected at 757 nm, in the excitation spectrum, originates from both the 

monomer and the unknown compound since the monomer emits, albeit weakly, at this wavelength. 

However, in the presence of DPA, as previously stated, the emission from the monomer is quenched 

due to triplet to triplet energy transfer. Consequently, the emission at 757 nm in the excitation 

spectrum that measured on a solution that contained DPA could mostly be attributed to the 

unknown compound. This is interesting, since there was a sharp rise in the peak of higher energy 

compared to the ones from the other spectra. Meanwhile, the second peak located at lower energy 

has a similar shape to the shape of the monomer. These results might provide information about 

structural differences between the unknown compound and the monomer. However, nothing 

conclusive can be stated, from these results alone, and further measurements are needed in order to 

provide a convincing hypothesis regarding the structure of these compounds.  
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4. Conclusion and outlook 

This project set out to investigate the presence and formation of aggregate structures of the 

sensitizer molecule PtOEP in solution. In addition, this project studied the effect that the emitter 

molecule DPA had on the emission at 760 nm tentatively assigned to aggregates. 

The results of this project have shown the existence of an additional species, not attributed to PtOEP 

alone, present in solution for three different batches of PtOEP, that absorbs at 586 nm and emits at 

760 nm. However, the results of this project do not support the previous assignment that the 

emission at around 760 are due to aggregates structures between sensitizer molecules. Several 

observations contradict this notion: these compounds are independent of the concentration of 

PtOEP, they increase with heating and the amount of compound present in solution differs between 

batches. These observations imply that these signals originate from some form of degradation, or 

photochemical, product present in all batches of PtOEP, which is formed slowly over time or during 

synthesis. Important to note, however, is that this study has not proven any correlation to what has 

been previously shown on films, and therefore cannot disprove the presence of aggregates emitting 

at 760 nm when PtOEP is applied on films and surfaces.  

Regardless of whether the results from this study correspond to the previously assigned aggregates 

or not, these compounds are important to consider since they quench the excited state of both the 

sensitizer and emitter molecule. Therefore, the presence of these compounds must be minimized 

when implementing up-conversion in useful systems, such as, DSSCs.   

This project has provided an explanation to the observed increase in emission at 760 nm, initially 

ascribed to a transition within aggregates, when DPA was introduced into a solution with PtOEP. The 

hypothesis is that DPA reacts with singlet oxygen forming an endoperoxide product which decreases 

the amount of oxygen in the system. These results are important to the UC-STTA community since it 

provides a beneficial pathway capable of boosting the efficiency of up-conversion in oxygen-sensitive 

systems, such as, DSSCs. Furthermore, DPA can provide information about the level of oxygen 

content in these systems, effectively functioning as an oxygen sensor. 

The continuation of this project should include a structural characterization, of the unknown 

compound, using HPLC/MS which would give valuable insight into the composition. Also, it is 

important to correlate what previously has been reported as aggregates on films to what has been 

observed in this project.  
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7. Appendix 

 

 

Figure A1. Normalized emission spectra of two batches of PtOEP. The excitation wavelength was 534 nm corresponding 

to peak absorbance of PtOEP. 

 

 

 

Figure A2. Emission spectra of the same sample of PtOEP using the old batch with and without de-aeration with N2-gas. 
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Figure A3. Steady-state kinetics spectra showing the effect of illumination of PtOEP with and without DPA. The excitation 

wavelength is 586 nm and emission wavelength is 757 nm. 

 

 

 

Figure A4. Normalized spectra showing the result of measuring emission with and without filters. Excitation wavelength 

is 586 nm.  

 


