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ABSTRACT 

 

Time-resolved Spectroscopy of Charge Transfer at the 
Interface of Nanomaterials and Porphyrins 

Pınar Arpaçay 

 

In order to optimize performance in many light-harvesting systems such as photovoltaics 

and photocatalysis, a fundamental comprehension of interfacial electron transfer at the 

interfaces of donor (D)-acceptor (A) systems is quite important. The relevant parameters 

that are involved in charge transfer, charge separation, charge recombination, intersystem 

crossing, triplet state lifetime at porphyrin-based donor-acceptor interfaces are the main 

focuses in the discussions in this thesis. To investigate the charge transfer processes in 

various donor-acceptor systems, a combination of steady-state, time-resolved transient 

absorption (TA) and photoluminescence spectroscopies were used. 

 

Furthermore, photophysical properties (absorption spectra, fluorescence spectra, singlet 

and triplet state lifetimes) of newly synthesized 5,10-disubstituted push-pull porphyrins (Am1 

5,10-1 and SlpE029) and their 5,15-disubstituted isomers (Am1 5,15-1 and SlpE026) were 

studied in this thesis. While ground-state and excited-state properties are very similar for 

the Am1 5,10-1 and Am1 5,15-1 porphyrins, slight differences exist among the isomers of 

the SlpE029 and SlpE026. Clear correlations were also observed between the steady-state 

measurements and time-resolved spectroscopy results which can be explained by greater 

extent of intramolecular charge transfer between the D and A groups and this case was 

most observed in the SlpE029 porphyrin. Although the singlet state lifetime of all of the 

investigated porphyrins was almost the same, interestingly the longest triplet state lifetime 

was recorded in SlpE026 porphyrin, followed by SlpE029, and then Am1 5,15-1 and Am1 

5,10-1 with the almost same triplet state lifetime. Additionally, the process of photoinduced 

electron transfer was investigated for the first time between methylammonium lead 

triiodide perovskite film and the porphyrin interface with a case study using the SlpE026 

porphyrin. 
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Additionally, the interfacial charge transfer dynamics between two neutral porphyrins (Am1 

5,15-1 and SlpE026) with different polymorph of nanocarbon (neutral fullerene, C60 and 

negatively charged graphene carboxylate, GC) were investigated using steady-state 

measurements and nanosecond (ns) and femtosecond (fs) TA spectroscopies. Static and a 

combination of static and dynamic quenching in the presence of GC and C60, were studied 

through fs and ns-TA as well as being demonstrated by Stern-Volmer plots. Moreover, fs-

TA spectroscopy revealed that both porphyrins presented strong ground state bleach 

corresponding to the depletion of the Soret band and excited state absorption due to 

presence of a long-lived triplet state. Lastly, the spectroscopic results showed that slightly 

changing the structure of the porphyrins from the meso-units does not change much the 

interaction with nanocarbon materials. 

 

Keywords: Photoinduced electron transfer, charge transfer, donor-acceptor systems, 

photophysics, porphyrins,  push-pull porphyrins, methylammonium lead triiodide (MAPbI3) 

perovskite film, graphene carboxylate (GC), fullerene (C60), ultrafast, time-resolved 

spectroscopy, solar energy conversion 

 

 

 

 

 

 

 

 

 

 

 

 



 v 

 

 

 

 

 

 

 

 

DEDICATION 

 
This thesis is dedicated to all who made the world a better place... 

 

And also, to the all who made my world a better place: 

Aynur Arpaçay, Hüseyin Arpaçay,   

Selin Arpaçay Kuduğ, Fıstık 

Öznur Ersever and Radiye Arpaçay…  

 

 

 

 

 

 

 

 

 



 vi 

ACKNOWLEDGEMENTS 

 
Doing a PhD may only be known as a four-year process; however, it is very long and very 

tough. It has been a challenge for me, both in my academic life and personal life. Even if 

the author of this thesis is only one person, it is almost impossible to deny the contribution 

of the people who helped me to come to this stage materially and morally. Although time 

is categorized as past, present and future, I personally believe that everything is related to 

create one overall structure. It is just like the final version of this thesis and the hidden 

people who have made a great effort in each sentence of it. 

 

Prof. Werner J. Blau, when looking back, I am very glad that my first email found you at 

the right place and time as you have become the right supervisor for me. I am very well 

aware that I was able to complete this thesis, because you were the first person who opened 

a door for me with lots of opportunities to move in further as well as your endless trust. 

You have lighted my way with your great science background, support and help in each 

moment during my PhD. While you have been changing the direction of my life in every 

way with your valuable contributions, you have also always been an excellent role model 

for me with your great personality. 

 

Prof. Omar F. Mohammed, I believe that I have learned a tremendous amount from you 

in a short research time period, including how I could complete my PhD studies 

successfully and what steps I need to follow after my PhD. You have always been very 

patient while you are teaching me everything, using your great science knowledge and 

sharing your time generously. As well as being a well-known, successful scientist in your 

research area, you are also very good teacher. That’s why you have become more than a 

supervisor to me. 

 

Dr. Partha Maity, you have always been very helpful, smart and supportive in each step of 

my research journey. I have learned various aspects of science from you. My PhD thesis 

and paper publication process would have been more difficult without your generous effort 

and understanding all the time.  



 vii 

I would like to express my deep thanks to Prof. Mathias Senge for his valuable suggestions 

and his contribution to enrich my project with newly synthesized porphyrins. Many thanks 

also to PhD candidate Alina Meindl for her help. 

 

Warm thanks to Dr. Emre Yengel for his help during my research.  

 

Thanks to Science Foundation Ireland (SFI, 12/IA/1306) and King Abdullah University 

of Science and Technology (KAUST) Visiting Student Research Program (VSRP) for the 

financial supports to complete this study. 

 

Thank you very much Helen O'Halloran for always being helpful and nice with your 

administrative solutions when I need. 

 

Many thanks to my lovely friends Ayse and Afra for your help and the nice memories.  

 

Big thanks to my dear friend Selmin Eren for her valuable support before and during my 

PhD journey.  

 

My deepest and heartfelt thanks are extended to PhD candidate Sevilay Akca as you have 

always been very supportive and empathetic in each moment of both my academic and 

personal life as well as making my time in Dublin and in Trinity College more attractive and 

meaningful since the first day of my PhD until now. This thesis would not have been 

completed without your unconditional contributions which I will always remember. 

 

Words are inadequate to express my special big thanks to my lovely family Aynur Arpaçay, 

Hüseyin Arpaçay, Selin Arpaçay Kuduğ as you have always supported me in every 

endeavour I have chosen and who I can always depend on, whatever the path I choose to 

go down. Thanks for making me what I am today. I would not be here without your endless 

love, sacrifice and motivation all the time. Finally, but not any less important, my grateful 

thanks are also go to my precious family members my second mother Öznur Ersever, 

Radiye Arpaçay with her moral support always, Güner Arpaçay Boran and Nurten Alpaslan 

for their contributions in my academic life and Halil Kuduğ for his support. Without them 



 viii 

and my parents’ untiring efforts, encouragement and love, I would not have reached here 

on my own and this work would have only remained a dream. 

 

Pınar Arpaçay 

Dublin, July 2018 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ix 

TABLE of CONTENTS 

 
  ABSTRACT............................................................................................................................iii 

  ACKNOWLEDGEMENTS..............................................................................................vi 

  TABLE of CONTENTS....................................................................................................ix 

  LIST of ABBREVIATIONS.............................................................................................xiii 

  LIST of SYMBOLS..............................................................................................................xvi 

  LIST of FIGURES...............................................................................................................xvii 

  LIST of TABLES.................................................................................................................xxi 

  CHAPTER 0........................................................................................................................ 1 

  Objective and Outline of the Thesis ............................................................................. 1 

  0.1 Objective .......................................................................................................................... 1 

  0.2 Outline ............................................................................................................................. 1 

  CHAPTER 1 ........................................................................................................................ 4 

  Introduction to Porphyrins .............................................................................................. 4 

1.1 Porphyrins: An Overview .............................................................................................. 4 

     1.1.1 Natural Occurring Porphyrins  .............................................................................. 4 

     1.1.2 General Structure of Porphyrin ............................................................................. 5 

     1.1.3 Electronic Structure of Porphyrins..........................................................................7 

     1.1.4 Electronic Absorption Spectra of Porphyrins........................................................8 

     1.1.5 Porphyrins as Light Harvesters in the Dye-sensitized Solar Cells......................9 

   1.1.5.1 Dye-sensitized Solar Cells................................................................................9 

   1.1.5.2 Porphyrins as Dyes for DSSCs ...................................................................  11 

            1.1.5.2.1 Push-Pull Porphyrins ........................................................................  12 

  1.1.5.3 Substrates ........................................................................................................  14 

                 1.1.5.3.1 Methylammonium Lead Triiodide Perovskite ................................  14 

                 1.1.5.3.2 Fullerene (C60) .....................................................................................  16 



 x 

                 1.1.5.3.3 Graphene .............................................................................................. . 18 

  CHAPTER 2......................................................................................................................... 22 

  Introduction to Photophysical Processes .....................................................................22 

2.1 Photophysical Processes: An Overview .......................................................................22 

     2.1.1 Absorbance ................................................................................................................23 

     2.1.2 Vibrational Relaxation and Internal Conversion ..................................................26 

     2.1.3 Fluorescence ..............................................................................................................26 

     2.1.4 Phosphorescence and Intersystem Crossing .........................................................27 

     2.1.5 Delayed Fluorescence................................................................................................29 

2.2 Intermolecular Deactivation Process (Quenching) ....................................................30 

     2.2.1 Dynamic Quenching.................................................................................................31 

     2.2.2 Static Quenching .......................................................................................................32 

     2.2.3 Simultaneous Static and Dynamic Quenching ......................................................33 

     2.2.4 Photoinduced Electron Transfer ............................................................................34 

   2.2.4.1 How Is the Electron Transferred from Donor to Acceptor? .................. . 35 

2.3 Fast Processes and Time Scale ......................................................................................37 

     2.3.1 Time-resolved Spectroscopy ...................................................................................38 

   2.3.1.1 Time-resolved Photoluminescence Spectroscopy ..................................... . 39 

   2.3.1.2 Pump-Probe Spectroscopy: Transient Absorption Measurements ......... . 39 

            2.3.1.2.1 Femtosecond and Nanosecond Transient Absorption       
Spectroscopy ................................................................................................................... . 41 

                 2.3.1.2.2 Transient Absorption Spectrum........................................................ . 41 

CHAPTER 3 ...........................................................................................................................45 

  Experimental Section.........................................................................................................45 

3.1 Materials, Methods and Experimental Procedures .....................................................45 

     3.1.1 Porphyrins in the Project .........................................................................................45 

     3.1.2 Materials .....................................................................................................................48 



 xi 

     3.1.3 Methods ..................................................................................................................... 48 

   3.1.3.1 Preparation of MAPbI3 Perovskite Solution ............................................. . 48 

   3.1.3.2 Preparation of MAPbI3 Perovskite Thin Film .......................................... . 48 

3.1.4 Spectroscopic Investigations ........................................................................................ 49 

   3.1.4.1 Steady-state Measurements .......................................................................... . 49 

   3.1.4.2 Time-resolved Transient Absorption Spectroscopy ................................. . 49 

   3.1.4.3 Time-resolved Photoluminescence Spectroscopy Using a Streak Camera 

 ......................................................................................................................................... . 52 

CHAPTER 4 .......................................................................................................................... 53 

  Charge Transfer Process at the Interface of Methylammonium Lead Triiodide 
Perovskite and Push-Pull Porphyrins ............................................................................. 53 

4.1 Introduction .................................................................................................................... 53 

4.2 Results and Discussion .................................................................................................. 55 

     4.2.1 Photophysical Studies of Push-Pull Porphyrins .................................................... 55 

   4.2.1.1 Steady-state Measurements .......................................................................... . 55 

   4.2.1.2 Excited-state Measurements ........................................................................ . 58 

     4.2.2 Charge Transfer Study between MAPbI3 Perovskite and Porphyrin ................ 62 

   4.2.2.1 Steady-state Measurements .......................................................................... . 63 

   4.2.2.2 Excited-state Measurements ........................................................................ . 64 

4.3 Conclusion....................................................................................................................... 69 

CHAPTER 5 .......................................................................................................................... 70 

  Ultrafast Charge Transfer Interaction between Nanocarbon Materials and 
Porphyrins .............................................................................................................................. 70 

5.1 Introduction .................................................................................................................... 70 

5.2 Results and Discussion .................................................................................................. 72 

   5.2.1 Steady-state Measurements ..................................................................................... 72 

   5.2.2 Excited-state Measurements ................................................................................... 76 

5.3 Conclusion....................................................................................................................... 87 



 xii 

CHAPTER 6 ...........................................................................................................................88 

  Summary and Outlook ......................................................................................................88 

6.1 Summary ...........................................................................................................................88 

6.2 Outlook ............................................................................................................................90 

Appendices ..............................................................................................................................92 

List of Presentations and Publications  ..........................................................................99 

References  ..............................................................................................................................100 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xiii 

LIST of ABBREVIATIONS 

 
A Acceptor  
 
α Alpha  
 
β Beta  
 
CR Charge recombination  
 
CS Charge separation 
 
CT Charge transfer  
 
DI Deionized 
 
DMSO Dimethyl sulfoxide 
 
D Donor  
 
DSSCs Dye-sensitized solar cells 
 
ET Electron transfer 
 
EU European Union 
 
ES Excited state 
 
ESA Excited state absorption 
 
fM Femtomolar 
 
fs Femtosecond 
 
S1 First excited singlet state 
 
T1 First excited triplet state 
 
F Fluorophore 
 
C60 Fullerene 
 
FWHM Full width at half-maximum 
 
GC Graphene carboxylate 
 
S0 Ground electronic state 
 
GS Ground state 
 
GSB Ground-state bleach 



 xiv 

HOMO Highest occupied molecular orbital 
 
IC Internal conversion 
 
PbI2 Lead (II) iodide 
 
LUMO Lowest unoccupied molecular orbital  
 
MA Methylammonium 
 
MAPbI3 Methylammonium lead triiodide  
 
µs Microsecond 
 
ns Nanosecond 
 
NIR Near-infrared 
 
DMF N,N-dimethylformamide 
 
NMP N-methyl-2-pyrrolidone 
 
PET Photoinduced electron transfer 
 
PL Photoluminescence 
 
PV Photovoltaics 
 
ps Picosecond 
 
PCE Power-conversion efficiency 
 
Q Quencher 
 
S2 Second excited singlet state 
 
SV Stern-Volmer 
 
SE Stimulated emission 
 
THF Tetrahydrofuran 
 
TRPL Time-resolved photoluminescence 
 
TRS Time-resolved spectroscopy 
 
TiO2 Titanium oxide  
 
TA Transient absorption 
 
UV-Vis Ultraviolet-Visible 
 
H2O Water 



 xv 

ZnTPP Zinc tetraphenyl porphyrin 
 
SlpE029 {5-[Bis(4-tert-butylphenyl)amino]-10-(4-carboxyphenylethynyl      
                                                       )-15,20-bis(2,6-dioctyloxyphenyl)porphyrinato}zinc(II) 
 
SlpE026 {5-[Bis(4-tert-butylphenyl)amino]-15-(4-carboxyphenylethynyl      
                                                       )-10,20-bis(2,6-dioctyloxyphenyl)porphyrinato}zinc(II) 
 
Am1 5,15-1 [10,20-Bis(3,5-di-tert-butylphenyl)-5-(4-carboxyphenylethynyl) 
                                                      -15-(N,N-dimethylanilinyl)porphyrinato]zinc(II) 
 
Am1 5,10-1 [15,20-Bis(3,5-di-tert-butylphenyl)-5-(4-carboxyphenylethynyl)                                                                                              
 -10-(N,N-dimethylanilinyl)-porphyrinato]zinc(II) 
 
                                                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xvi 

LIST of SYMBOLS 

 
A Absorbance  
 
DA Absorbance change 
 
c Concentration 
 
E Energy 
 
𝜈 Frequency  
 
I Intensity  
 
Ø Luminescence quantum yield 
 
e Molar extinction coefficient 
 
VOC Open-circuit voltage 
 
OD Optical density 
 
d Optical path length 
 
ℎ Planck’s constant 
 
Pin Power of the incident light 
 
kQ Quenching rate constant 
 
JSC Short-circuit current density 
 
M Spin multiplicity of an electronic state 
 
KSV Stern-Volmer constant 
 
S Sum of electron spins populating 
 
h Sunlight-to-electric power conversion efficiency  
 
t Time  
 
t Time constant or time delay 
 
l Wavelength 
 
 
 
 
 



 xvii 

LIST of FIGURES 
 
Figure 1.1: The porphine structure. Dark, grey, light, blue, and white colours are used to   
show carbon, nitrogen, and hydrogen atoms, respectively ................................................ 5 
 
Figure 1.2: Nomenclature of macrocycle atomic locations: (a) numerical demonstration, 
and (b) site demonstration ..................................................................................................... 6 

Figure 1.3: The six possible delocalization pathways of porphyrins .............................. 6 

Figure 1.4: (A) The four-orbital model of Gouterman and (B) energy levels illustrating the 
transitions of a porphyrin system. ......................................................................................... 8 
   
Figure 1.5: The typical UV-Vis absorption spectrum of a free-base porphyrin with showing 
an enlargement of Q region ................................................................................................... 9 
 
Figure 1.6: Schematic diagram of a dye-sensitized solar cell ........................................... 11 
 
Figure 1.7: Three varied dipole moment orientations in push-pull porphyrins............... 14 
 
Figure 1.8: The crystal structure of methylammonium lead triiodide perovskite ......... 15 

Figure 1.9: One-step precursor deposition method for perovskite film preparation ... 16 
 
Figure 1.10: The molecular structure of C60 ....................................................................... 17 
 
Figure 1.11: The molecular structure of graphene ............................................................. 19 
 
Figure 2.1: An illustration of Jablonski energy diagram ................................................... 23 
 
Figure 2.2: A schematic representation of light-matter interaction ................................ 24 
 
Figure 2.3: Illustration of absorption, fluorescence, and phosphorescence with relative 
positions ................................................................................................................................... 29 
 
Figure 2.4: An illustration of dynamic quenching in Stern-Volmer plot ....................... 32 
 
Figure 2.5: An illustration of static quenching in Stern-Volmer plot ............................. 32 
 
Figure 2.6: The difference between dynamic and static quenching ................................ 33 
 
Figure 2.7: An illustration of simultaneous static and dynamic quenching in Stern-Volmer 
plot  ........................................................................................................................................... 33 
 
Figure 2.8: Illustration of the PET process at a donor-acceptor system ....................... 34 
 
Figure 2.9: The ground state, excited state, and charge separated state of a donor-acceptor 
system is illustrated with three positions on the potential energy surface ....................... 36 
 



 xviii 

Figure 2.10: Several natural processes with their time period and instruments for tracking 
them ...........................................................................................................................................37 
 
Figure 2.11: Illustration of fundamental pump-probe experimental system ..................40 
 
Figure 2.12: An illustration of the three important processes (GSB, SE, and ESA) in the 
TA spectrum of diketopyrrolopyrrole (DPP) ......................................................................43 
 
Figure 3.1: The chemical structures of the (A) Am1 5,15-1, (B) Am1 5,10-1, (C) SlpE029, 
and (D) SlpE026 porphyrins. Meso-positions are shown in colour for each porphyrin. 45 
 
Figure 3.2: The schematic illustration of the fs laser system setup and broadband TA 
spectroscopy .............................................................................................................................51 
 
Figure 4.1: Normalized steady-state (A) absorption, (C) emission (lEx= 532 nm) spectrums 
of 0.002 mM Am1 5,15-1 (red), Am1 5,10-1 (blue), SlpE029 (green) and SlpE026 (orange) 
porphyrins in THF solution. The Q bands region of each porphyrin in the absorption 
spectrum is enlarged in (B) for clarity purposes. .................................................................57 
 
Figure 4.2: Time-resolved photoluminescence decay of the (A) Am1 5,15-1), (B) Am1 5-
10-1, (C) SlpE029, and (D) SlpE026 recorded after 532 nm excitation.  The time constants 
extracted at 650 nm for (A) and (B) and at 687 nm for (C) and (D) ................................58 
 
Figure 4.3: Nanosecond transient absorption spectra of the (A) Am1 5,15-1, (B) Am1 5-
10-1 (C) SlpE029, and (D) SlpE026 recorded after 532 nm excitation ............................60 
 
Figure 4.4: Normalized ns-TA kinetics of (A) GSB at 447 nm of the Am1 5,15-1 (red), 
Am1 5,10-1 (blue), SlpE029 (green), and SlpE026 (orange), respectively, and (B) ESA at 
500 nm of the Am1 5,15-1 (red), Am1 5,10-1 (blue), SlpE029 (green), SlpE026 (orange) 
with the average triplet state lifetimes after 532 nm laser excitation. The black solid lines 
show the best fits to the acquired data ..................................................................................62 
 
Figure 4.5: Steady-state absorption (left) and emission spectra (lEx=675 nm) (right) of 
MAPbI3 films recorded at different SlpE026 porphyrin concentrations (in fM) in 
chloroform solution as indicated ...........................................................................................64 
 
Figure 4.6: Time-resolved photoluminescence decay of the (A) MAPbI3 film, and (B) 
MAPbI3/SlpE026 with the average time constants recorded after 650 nm excitation. The 
time constants extracted at 770 nm .......................................................................................66 
 
Figure 4.7: Femtosecond transient absorption spectra recorded after 650 nm pulsed-laser 
120 fs excitation for (A) the MAPbI3 film, and (B) MAPbI3 film with 80 fM the SlpE026 in 
chloroform solution .................................................................................................................67 
 
Figure 4.8: Normalized fs-TA kinetics of (A) bleach recovery at 778 nm of the MAPbI3 
film (red) and MAPbI3/SlpE026 (blue) and (B) stimulated emission at 794 nm of the 
MAPbI3 (red) and MAPbI3/SlpE026 (blue) after 650 nm laser excitation ......................68 
 
Figure 5.1: Steady-state absorption (left) and emission spectra (lEx=625 nm) (right) of (A) 



 xix 

Am1 5,15-1 and (B) SlpE026 recorded at different C60 concentrations (in mg/mL) as 
indicated. The Stern-Volmer plots as a function of the C60 concentration of each porphyrin 
are showed in the insets ......................................................................................................... 74 
 
Figure 5.2: Absorption (left) and fluorescence after excitation at 600 nm (right) of (A) 
Am1 5,15-1 and (B) SlpE026 recorded at different GC concentrations (in mg/mL) as 
indicated. Insets show the respective Stern-Volmer plots ................................................. 75 
 
Figure 5.3: fs-TA spectra recorded after 640 nm optical excitation for (A) Am1 5,15-1, (B) 
Am1 5,15-1/C60, (C) SlpE026, and (D) SlpE026/C60........................................................ 78 
 
Figure 5.4: fs-TA spectra of (A) Am1 5,15-1, (B) Am1 5-15-1/GC, (C) SlpE026, and (D) 
SlpE026/GC recorded after 640 nm optical excitation ..................................................... 79 
 
Figure 5.5: Normalized fs-TA kinetics of (A and C) GSB at 450 nm of the Am1 5,15-1 
and SlpE026, respectively in the absence (black) and presence (blue) of C60, and (B and D) 
ESA at 490 nm of the Am1 5,15-1 and SlpE026, respectively in the absence (black) and 
presence (blue) of C60. The red solid lines show the exponential fit to the acquired 
data...............................................................................................................................................82 
 
Figure 5.6: Normalized fs-TA kinetics of (A and C) GSB at 450 nm of the Am1 5,15-1 
and SlpE026, respectively in the absence (black) and presence (blue) of GC, and (B and D) 
ESA at 490 nm of the Am1 5,15-1 and SlpE026, respectively in the absence (black) and 
presence (blue) of GC. The red solid lines show the exponential fit to the acquired 
data..............................................................................................................................................83 
 
Figure 5.7: Normalized ns-TA kinetics of (A and C) GSB at 450 nm of the Am1 5,15-1 
and SlpE026, respectively in the absence (black) and presence (blue) of C60, and (B and D) 
ESA at 490 nm of the Am1 5,15-1 and SlpE026, respectively in the absence (black) and 
presence (blue) of C60 in NMP after 640 nm laser excitation. Fitted lines are represented in 
red................................................................................................................................................85 
 
Figure 5.8: Normalized ns-TA kinetics of (A and C) GSB at 450 nm of the Am1 5,15-1 
and SlpE026, respectively in the absence (black) and presence (blue) of GC, and (B and D) 
ESA at 490 nm of the Am1 5,15-1 and SlpE026, respectively in the absence (black) and 
presence (blue) of GC in (THF:H2O) [1:1 v/v] after 640 nm laser excitation. Fitted lines 
are represented in 
red................................................................................................................................................86 
 
Figure 6.1: Schematic illustration of electron transfer at the MAPbI3 film-SlpE026 
porphyrin interface...................................................................................................................89 
 
Figure 6.2: A diagram illustrates static and dynamic (diffusion-controlled) mechanisms of 
PET from porphyrin to C60 and static mechanism of PET from porphyrin to 
GC...............................................................................................................................................90 
 
Figure A.1: Normalized steady-state (A) absorption, (C) emission (lEx= 532 nm) 
spectrums of 0.02 mM Am1 5,15-1 (red), Am1 5,10-1 (blue), SlpE029 (green) and SlpE026 
(orange) porphyrins in THF solution. The Q bands region of each porphyrin in the 



 xx 

absorption spectrum is enlarged in 
(B)................................................................................................................................................92 
 
Figure A.2: Normalized time profile of nanosecond transient absorption kinetics of the 
SlpE026 porphyrin in the absent of oxygen. GSB at 448 nm (red) and ESA at 505 nm 
(blue). The solid lines show the exponential fit to the acquired 
data..............................................................................................................................................93 
 
Figure A.3: Femtosecond transient absorption spectra of 80 fM SlpE026 porphyrin in 
chloroform solution onto the glass substrate recorded after 650 nm pulsed-laser 120 fs 
excitation.....................................................................................................................................93 
 
Figure A.4: Absorption spectrum of 0.346 mg/mL C60 in NMP and 0.750 mg/mL GC in 
THF:H2O mixture [1:1 v/v] ...................................................................................................94 
 
Figure A.5: Differential fs-TA spectra recorded after 640 nm optical excitation for (A) 
Am1 5,15-1, (B) Am1 5,15-1/C60, (C) SlpE026, and (D) SlpE026/C60 ...........................95 
 
Figure A.6: Differential fs-TA spectra of (A) Am1 5,15-1, (B) Am1 5-15-1/GC, (C) 
SlpE026, and (D) SlpE026/GC recorded after 640 nm optical excitation ......................96 
 
Figure A.7: Normalized fs-TA kinetics of (A) GSB at 450 nm of the Am1 5,15-1 in NMP, 
SlpE026 in NMP, Am1 5,15-1 in THF:H2O and SlpE026 in THF:H2O and (B) ESA at 490 
nm of the Am1 5,15-1 in NMP, ESA at 490 nm the SlpE026 in NMP, ESA at 510 nm of 
the Am1 5,15-1 in THF:H2O and ESA at 510 nm of the SlpE026 in 
THF:H2O....................................................................................................................................97 
 
Figure A.8: ns-TA spectra recorded after 640 nm optical excitation for (A) Am1 5,15-1, 
(B) Am1 5,15-1/C60, (C) SlpE026, and (D) SlpE026/C60 ..................................................98 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xxi 

LIST of TABLES 

Table 3.1: Systematic name and name of chemical groups on the each meso-position of 
Am1 5,15-1 and Am1 5,10-1, SlpE029, and SlpE026 porphyrins, respectively ............. 47 

Table 4.1: Steady-state absorption and emission data of 0.002 mM Am1 5,15-1, Am1 5,10-
1, SlpE029, and SlpE026 in THF solution .......................................................................... 57 

Table 5.1: Ultrafast time constants of the exponential fitting of the experimental data. The 
parenthesis indicates percentage of amplitude .................................................................... 81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 



 xxii 

 

 

 

 

 

 

 

 

 

 

More than just a PhD, less than a life… 

Pınar Arpaçay 

 



 1 

CHAPTER 0 

 

CHAPTER 0: Objective and Outline of the Thesis 

 
0.1 Objective 
Understanding the charge transfer (CT) dynamics at donor (D)-acceptor (A) interfaces is 

important to enhancing the device performance since an efficient photovoltaics (PV) device 

requires fast CT and a long-lived charge separation (CS) state. Herein, ultrafast broadband 

time-resolved spectroscopy, which is a useful technique that provides direct information 

on the fundamental photovoltaic studies (charge carrier dynamics) at D-A interfaces, 

enabling monitoring of the evolution of CS states in D-A systems, was employed. More 

specifically, this work is aimed to investigate charge transfer interaction between newly 

synthesized push-pull porphyrins with different nanomaterials, such as nanocarbons 

(fullerene, C60 and graphene carboxylate, GC) and organic-inorganic hybrid halide 

perovskite such as methylammonium lead triiodide (CH3NH3PbI3 or MAPbI3) using 

steady-state measurements, time-resolved transient absorption and photoluminescence 

spectroscopies. In addition, this works explores the ultrafast photophysics including 

intersystem crossing of newly synthesized 5,10-disubstituted and 5,15-disubtituted push-pull 

porphyrins using the same spectroscopic techniques. 

 

0.2 Outline 
CT is an important process in PV devices. New nanomaterials allow flexible, easily 

processed devices with potentially high efficiencies, e.g. perovskites. Spectroscopy is a 

general technique to understand and optimise devices. It is important to cover a very wide 

time range to observe and quantify CT processes. With any new material system, this is 

necessary and my thesis provides a blueprint for what is required to test future new 

materials. 

 

A detailed introduction will be given for porphyrins and photophysical processes in chapter 

1 and 2, respectively in this thesis. After describing experimental details in chapter 3, a 

comprehensive introduction will be also given at the beginning of chapter 4 and chapter 5 

to comprehend the background, perspective and aim of the studies reported, which are  
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photophysical characterization of newly synthesized push-pull porphyrins using 

spectroscopic techniques and a detailed research of photoinduced electron transfer in 

different D-A systems using the same spectroscopic techniques. 

 

In chapter 1, an introduction into porphyrins and the materials used in the studies of this 

work are presented. 

 

In chapter 2, the basis for ultrafast spectroscopies is discussed outlining and introducing 

the basic photophysical processes involved. 

 

In chapter 3, materials, methods and experimental procedures for the all studies in this 

thesis are described in detail. 

 

In chapter 4, photophysical characterization of newly synthesized unsymmetrically 5,15-

disubstituted Am1 5,15-1 and SlpE026 push-pull porphyrins and their 5,10-disubstituted 

counterparts Am1 5,10-1 and SlpE029 push-pull porphyrins are explored using steady-state 

absorption and emission, time-resolved transient absorption and photoluminescence 

spectroscopies. Steady-state measurements and nanosecond (ns) transient absorption (TA) 

spectroscopy results indicate that the origin of the broadened and red-shifted spectral 

features, which are mostly observed in the SlpE029 and SlpE026 porphyrins, is likely due 

to the greater extent of intramolecular charge transfer between the D and A groups. 

Nanosecond time-resolved TA and time-resolved photoluminescence (TRPL) using a 

streak camera experiments indicate that the singlet state lifetime of the porphyrins is almost 

the same, but interestingly, the longest triplet state population is recorded in SlpE026 

porphyrin, followed by SlpE029, and then Am1 5,15-1 and Am1 5,10-1 with almost the 

same triplet state lifetime. Moreover, to show the capability of these push-pull porphyrins to 

accept electron from MAPbI3 perovskite in film phase, a case study is presented for the 

first time to demonstrate the process of charge transfer between the perovskite film and 

the porphyrin interface using steady-state emission, time-resolved transient absorption and 

photoluminescence spectroscopy. 
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In chapter 5, interfacial charge transfer between 5,15-donor-acceptor-subsituted newly 

synthesized porphyrin (Am1 5,15-1 and SlpE026) and nanocarbon in the form of fullerene, 

C60 and graphene carboxylate, GC is investigated using state-of-the-art femto second (fs) 

and ns laser spectroscopy with broadband capabilities. Steady-state photoluminescence 

(PL) quenching of the porphyrin indicates electron and/or energy transfer from 

photoexcited porphyrin to the nanocarbon. More interestingly, the Stern-Volmer plot of 

the PL quenching shows linear and non-linear patterns upon increasing concentration of 

GC and C60 into porphyrin, which clearly indicates static and a combination of static and 

dynamic quenching, respectively. Furthermore, fs-TA study reveals that the both 

porphyrins show strong ground state bleach (GSB) corresponding to the depletion of the 

Soret band and excited state absorption (ESA) due to presence of long-lived triplet state. 

Ultrafast electron transfer from singlet-excited porphyrin to the nanocarbon is identified 

by the fast bleach recovery. Rising of the excited state decay kinetics of porphyrins in the 

presence of GC attributes the formation time of porphyrin cation radical. Moreover, 

nanosecond transient absorption results illustrate, in presence of C60 fast recovery and decay 

of GSB and ESA, respectively of the porphyrins, which attributed long distance diffusion-

controlled quenching process. However, no clear change for porphyrin/GC hybrids is 

monitored in ns-TA spectroscopy which confirms that the electron transfer here is only 

static nature. The results also showed that slightly changing the structure of the porphyrins 

from the meso-units does not change much the interaction with nanocarbon materials. 
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CHAPTER 1: Introduction to Porphyrins  

 
1.1 Porphyrins: An Overview 
The origin of the word porphyrin is derived from the Greek word porphura, which means 

purple colour. Porphyrins are the class of deeply coloured red or purple pigments whose 

molecules include a substituted aromatic macrocyclic ring comprising of four pyrole rings 

which is linked by four unsaturated methine groups (=CH-), and sometimes with a central 

metal atom.[1, 2]  

 

Kuster first proposed the porphyrin macrocyclic structure over a century ago[3] and study 

in the area has risen dramatically since that time. The current series of the “Handbook of 

Porphyrin Science” introduced in 2010 contains 44 volumes including a total of 214 

chapters[4] now and this can be shown as an indication of continuing to expand of the 

research in the field at a rapid pace. The award of several Nobel prizes for porphyrin-related 

research during the years[5], and much of the recent increase has been driven by the 

potential for applications in materials science & engineering[6, 7] are also the evidences to 

demonstrate purely scientific significance. 

 

1.1.1 Natural Occurring Porphyrins 
Porphyrins are an essential type of naturally occurring macrocyclic compounds found in 

biological materials, which are of vital importance for our green Earth and our red blood. 

They are a class of pigments and included in the earliest metabolic phenomena in the world. 

Porphyrins are made up of a macrocyclic ring of carbon and nitrogen atoms; one of the 

well-known examples is iron-containing porphyrins found as heme which is most 

prevalently known as components of haemoglobin, the red pigment in the blood. The other 

well-recognized example is the magnesium-containing reduced porphyrin (or chlorine) 

found in chlorophyll, the green pigment in plants. This biological substance absorbs 

sunlight and uses its energy to synthesize carbohydrates from carbon dioxide and water. 

This process is known as photosynthesis. In the light of this information, life would be 

impossible without porphyrins and their relative compounds and the knowledge about  
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these systems and their excited states is important in comprehending different kinds of 

biological process such as oxygen binding, catalysis, and electron transfer.[8]  

 

1.1.2 General Structure of Porphyrin 
Porphine (C20H14N4), which forms a stable solid at room temperature, is the structure of 

the porphyrin parent compound as represented in Figure 1.1. According to the 

nomenclature suggested by IUPAC, Figure 1.2 indicates the several carbon and nitrogen 

positions.[9] In Figure 1.2a, the carbons of the macrocycle numerated from 1 to 20, and 

the four interior nitrogens are at locations 21-24. The nitrogen at locations 21 and 23 are 

linked to hydrogen, which project toward the interior of the macrocycle. As shown in 

Figure 1.2b, plenty sidearm substituents are feasible at the β and meso sites, however these 

substituents are missing in the basic porphine structure.[10] 
 

 
Figure 1.1: The porphine structure.[11, 12] Dark grey, light blue, and white colours are 

used to show carbon, nitrogen, and hydrogen atoms, respectively. 
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Figure 1.2: Nomenclature of macrocycle atomic locations[9]: (a) numerical demonstration, 

and (b) site demonstration.  

 

The macrocyclic structure of porphyrins was first proposed by Küster in 1912, and later X-

ray crystallography confirmed that porphyrins were essentially flat molecules. The 

porphyrin macrocycle, the chemical formula C20H14N4, obeys Huckel’s (4n+2) electrons 

rule (where n is a non-negative integer) and is thus an aromatic compound. The macrocycle 

contains 22 π electrons, but only 18 of them are included in any delocalization pathway. 

The six possible delocalization pathways (18 π electrons) are illustrated in bold in Figure 

1.3. The other 4 non-delocalized electrons are placed on the two double bonds which are 

shown inside the circles at the C4H4NH rings (see Fig. 1.3). These two double bonds are 

easily oxidized or reduced utilizing several reactions because of the isolation of them from 

the delocalization pathway.[13] 

 

 
Figure 1.3: The six possible delocalization pathways of porphyrins.[14]  
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Porphyrins possess excellent chemical and thermal stability. Architectural flexibility is 

offered by their macrocyclic structure and chemical reactivity, and this makes for easy 

tailoring of chemical, physical and optoelectronic parameters.[15] They are versatile organic 

nanomaterials with a rich photochemistry and the excited state features of porphyrins can 

be arranged without difficulty via conformational design, molecular symmetry, metal 

complexation, orientation and strength of the molecular dipole moment, size and degree 

of conjugation of the π-systems, and suitable donor–acceptor substituents.[16-18] 

 

1.1.3 Electronic Structure of Porphyrins 
To answer the questions such as “Why is grass green and blood red”, we need to know 

something about the chemical and physical features of porphyrins. We will require a 

knowledge of porphyrin electronic structure to comprehend those features. The electronic 

structure of porphyrins is based upon a skeleton of twenty carbon atoms surrounding a 

central core of four nitrogen atoms. A highly stable configuration of single and double 

bonds, named an aromatic π-system is supported by this atomic arrangement.[1]  

 

Several types of models such as free electron theory (FET) and the cyclic polyene theory 

(CPT) were used to explain the electronic structures of porphyrins. However, in the 1960s, 

Martin Gouterman developed the four-orbital (two highest occupied π orbitals and two 

lowest unoccupied π * orbitals) model that still serves as the best introduction to explain the 

electronic and spectroscopic properties of porphyrins.[19, 20] According to the model, the 

absorption bands in porphyrin macrocycles result from transitions between the two highest 

occupied molecular orbitals (HOMO-1, HOMO) and the two lowest unoccupied molecular 

orbitals (LUMO, LUMO+1). As shown in Fig. 1.4, the HOMOs are labelled as a1u and a2u 

orbitals, whereas the LUMOs are labelled as a set of degenerate eg orbitals. Two excited 

states, both of 1Eu character, occur due to the transitions from the HOMO to the LUMO. 

Orbital mixing splits these two excited states in energy giving rise to the two bands: Soret 

(B) band, and Q band. Soret band is a higher energy 1Eu state with greater oscillator 

strength, while Q bands are a lower energy 1Eu state with less oscillator strength.[8] 
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Figure 1.4: (A) The four-orbital model of Gouterman and (B) energy levels illustrating the 

transitions of a porphyrin system.[21] 

 

1.1.4 Electronic Absorption Spectra of Porphyrins 
It is known that porphyrins possess striking colours and strong absorption in the near 

ultraviolet and visible region due to the existence of highly conjugated p-electron systems 

in their structure.[22] An intense absorption band, called the B band or Soret band, exists 

in the wavelength range of 390-425 nm (depending on whether the porphyrin is β (beta)- 

or meso-substituted) and consists of the transition from the ground state to the second 

excited state (S0→S2). In the wavelength range of 480-700 nm, there is a weak transition to 

the first excited state (S0→S1), and the corresponding bonds are known as Q bands, which 

have between two and four weaker bands. The Soret band (B band) and Q bands both arise 

from π→π* transitions. Figure 1.5 shows the typical Ultraviolet-Visible (UV-Vis) 

absorption spectrum of a porphyrin.[8] The number and intensity of these bands have a 

crucial importance in order to interpret the  UV-vis spectra. By this means, it could be easy 

to understand the substitution pattern of the porphyrin and whether it has a metal in its 

centre or not.[1] Metal-free (free-base) porphyrins have four Q bands, while 

metalloporphyrins  have two Q bands in the UV-Vis spectrum. 
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Figure 1.5: The typical UV-Vis absorption spectrum of a free-base porphyrin with showing 

an enlargement of Q region (modified from reference [8]). 

 

Compared to free-base porphyrins, metalloporphyrins are more symmetrical macrocycles 

and there are only two bands in their Q bands spectra. These bands are known as α (alpha)- 

and β bands, the α band at a longer wavelength range than the β band. The relative 

intensities of these two bands give an idea about the stability of the metalloporphyrin.[1]  

 

1.1.5 Porphyrins as Light Harvesters in the Dye-sensitized Solar Cell 

1.1.5.1 Dye-sensitized Solar Cells 

Fossil fuel depletion has been accelerated owing to the ever-increasing demand in energy 

supply. It is anticipated that the reserves of fossil fuels in the world can only last 40 years 

for oil, 60 years for natural gas and 200 years for coal.[23] The advancement of renewable 

energy technologies has been spurred because of the imminent depletion. For instance, a 

target has been agreed by the European Union (EU) that until 2030 renewable energy 

should account for at least 27% of EU's final energy consumption.[24] Accordingly, more 

than $90 billion has been invested by United State in clean energy development through 

the Recovery Act.[25] Photovoltaic (PV) technology is especially attractive for direct 

conversion of sunlight into high-quality electricity energy among all renewable energy 

technology. However, because of the reasons of high production and environmental costs, 

the existing silicon-based solar cells are restricted to the terrestrial PV market. 
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Dye-sensitized solar cells (DSSCs) are well known as a cost-effective photovoltaic device 

owing to affordable materials and easy fabrication process in comparison with high-cost 

conventional silicon solar cells. They are made up of titanium oxide (TiO2) semiconductors 

which are generally utilized as a paint base in the pigment industry, and dye sensitizer that 

could be extracted from various resources with minimal expenditure. Additionally, instead 

of using platinum catalyst, carbonaceous materials can be preferred, by this way the material 

cost could be further decreased. As such, due to the fact that DSSCs are not sensitive to 

environment contaminants and processable at ambient temperature, they are easy to 

fabricate. In roll-to-roll process which is a continuous, low-cost manufacturing method to 

print dye-sensitized solar cells on flexible substrates, these unique properties are favoured. 

Moreover, the performance of DSSCs is better even during darker conditions e.g. in the 

dawn and dusk or in cloudy weather. DSSCs are a great choice for indoor applications such 

as windows and sunroof thanks to the capability of efficiently utilizing diffused light.[26] 

 

O’Regan and Gratzel[27] initiated the seminal work on DSSCs in 1991, then the study has 

improved at a rapid pace and a significant number of researches have been made to increase 

the device efficiency from 7.1% in 1991 to 13% in 2014, a level considered as essential for 

commercial utilization.[28] 

 

As can be seen in Figure 1.6, four main processes are normally taken into account in a 

DSSC: (i) a photon form sunlight is absorbed by the dye (sensitizer) and the sensitizer (S) 

is excited to an excited state. The HOMO-LUMO transition determines this process; (ii) 

an electron into the conduction band of the semiconductor electrode (i.e., TiO2) is injected 

by excited state dye; (iii) an electron from a reducing agent present in the electrolyte 

(generally iodide (I) ions) is accepted by resulting oxidized dye and resulting oxidized dye 

goes back to the ground state; (iv) photogenerated electrons at the semiconductor anode 

flow via an external circuit and reach at the Pt counter electrode (cathode), and at the 

cathode, the oxidized redox mediator (I3-/I-) is regenerated. The efficiencies of these four 

processes are quite critical in terms of the overall efficiency of a solar cell.[29] Based upon 

sunlight-to-electric power conversion efficiency (h) , the overall performance of the DSSC 

can be evaluated.  



 11 

 CHAPTER 1: Introduction to Porphyrins 

 

h = (VOC JSC FF/Pin) x 100% 

 

Where VOC is the open-circuit voltage (V), JSC is the short-circuit current density (mA cm-

2), FF is the fill factor, and Pin is the power of the incident light.[26] 

 
Figure 1.6: Schematic diagram of a dye-sensitized solar cell.[29] 

 

1.1.5.2 Porphyrins as Dyes for DSSCs 

The electron transfer reactions occurring at the photosynthetic reaction center of several 

bacteria and plants has a remarkable similarity to the electron transfer reactions occurring 

inside a DSSC device.[30, 31] When solar energy is captured by plants and bacteria, they 

can convert the solar energy efficiently into chemical energy by chromophores based upon 

porphyrins. Porphyrins are attractive candidates as light harvesters on a semiconductor, due 

to the primary role of them in photosynthesis.[32] Thanks to characteristic structural and 

photophysical features of porphyrins, they are well suited for adaptation into artificial 

designs, not only for solar energy conversion but also for applications in photodynamic 

therapy[33-38], enzyme mimics[39-41], catalysis[42-46], and molecular electronics 

devices[47, 48]. To develop highly efficient light harvesters, porphyrins have a great 

potential owing to their number of properties such as unusual high molar extinction 

coefficients (e, ~ 4x105), and multiple absorptions (Soret and Q bands) in the range of 400- 

(1.1) 
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800 nm (the attractiveness of porphyrins in solar conversion schemes becomes obvious, 

because these bands result in the absorption of visible photons), as well as high 

thermostability that distinguish them from other organic/inorganic sensitizers.[49-51]  

 

Moreover, the emission wavelengths of a given porphyrin may align with its Q-band 

absorption, by this way the spectral overlap which is needed for efficient energy migration 

is provided.[51] 

 

Porphyrins have been used as sensitizers for DSSCs since 1993.[52] In spite of positive 

characteristics of porphyrins, the overall performance of ruthenium polypyridyl dyes had 

been much better than the overall performance of porphyrins (h<7.2%) until very recently. 

A solar to electricity conversion efficiency of 11% was demonstrated for a porphyrin 

possessing donor-acceptor properties installed at the porphyrin meso-positions via an 

ethynyl bridge in 2010.[53] Since that day, numerous DSSCs based upon push-pull  

porphyrins have been reported and a record high efficiency (h= ~13%) has been succeeded 

with push-pull porphyrins.[28] 

 

1.1.5.2.1 Push-Pull Porphyrins 

Push-pull chromophores having both an electron-donating group(s) (push) and an electron-

withdrawing group(s) (pull) on their periphery have been the subject of intensive study for 

decades due to their feasible applications in organic electronics, opto-electronics and 

photonics.[50, 54-61] They are made up of an electron donor(s), an electron acceptor(s), 

and a conjugated bridge linking the donor(s) (D) and acceptor(s) (A) (D-π-A). Each 

component in D-π-A system is quite critical in tuning the HOMO-LUMO gap of the 

compounds, modulating their inter- and intra-molecular charge transfer (CT) and charge 

recombination (CR) features, as well as their nonlinear optical characteristics. To construct 

D-π-A systems, porphyrins have been broadly utilized as π-conjugated bridges. The first 

push-pull porphyrins were reported in 1992[62] by Suslick, Meredith and coworkers, and 

since that time a lot of effort has been made to design, synthesize and study them. For 

further functional group modification, porphyrins have four meso-positions and eight β-

positions available. The functionalization of push-pull porphyrins is mostly done at the meso- 
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positions.[50, 54, 56, 57, 61] Due to the lack of suitable functionalization methods, 

functionalization at β-positions is harder. Until 2016, only three push-pull porphyrins 

carrying both a D and A group(s) at the porphyrin β-positions had been reported.[63-65] 

Several studies have also been made about the mix-functionalized push-pull porphyrins at 

both the meso- and β-positions.[66-68]  

 

A significantly different effect on the electronic and optical characteristics of the porphyrins 

can be expected with substitution at different positions of the porphyrin and their 

substitution pattern owing to the different electron density and geometry at different 

positions.[29]  

 

Several synthetic strategies are feasible; the classic being mixed condensations, which can 

result in different isomers.[69] Total synthesis[70-72], organolithium reactions or transition-

metal-catalyzed coupling reactions are the other strategic methods.[73-76] By using these 

methods, stepwise functionalization of the porphyrin is enabled and nearly any meso-

substitued porphyrin can be formed for studies on push-pull porphyrins.[77]  Meso-substitued 

porphyrins possess the advantage of easy preparation and in light of the continuing 

improvement in synthetic porphyrin chemistry, they offer a suitable entry into industrially 

utilizable materials.[15] Strong intramolecular dipole moment is present in meso-substitued 

push-pull porphyrins, because electrons are transferred from an electron-donating group 

through a π-spacer to and electron-withdrawing group and different dipole moment 

orientations in them are exhibited in Figure 1.7. In this thesis, a dipole running along the 

meso-meso axis and β-β axis will be studied. 
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Figure 1.7: Three varied dipole moment orientations in push-pull porphyrins.[77]  

 

1.1.5.3 Substrates 

1.1.5.3.1 Methylammonium Lead Triiodide Perovskite  

The emergence of solar cells based upon hybrid organic-inorganic perovskite materials is 

the most remarkable scientific milestone in photovoltaics in the last several years. Hybrid 

perovskite solar cells have already achieved a certified 22.1% power-conversion efficiency 

(PCE)[78, 79], matching conventional solar cell technologies in only a couple of years since 

their first device architecture was tested, as conventional silicon and thin-film solar cells 

have seen steady progresses in their PCEs spanning a few decades.[80] Winning the 

combination of characteristics of hybrid perovskite materials, by this way they can be able 

to set the stage for a disruptive technology in the area of photovoltaics: (i) high absorption 

coefficient and a tunable energy band gap in wavelengths ideal for solar cells, (ii) long 

diffusion lengths and lifetimes for photogenerated charge carriers, which readily separate 

into efficiently collected electrons and holes, (iii) Earth-abundant elemental composition, 
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and (iv) their compatibility with low-cost and low-temperature fabrication methods.[81-84] 

 

Methylammonium lead triiodide perovskite materials have the general formula of ABX3, 

where A: Methylammonium (MA) cation, B: lead (Pb) di-cation, and X: iodide (I); this is 

named as MA lead triiodide perovskite (see Figure 1.8). The band structure of these 

materials is made up of a conduction band consists of lead p orbitals, while the valence 

band dominated by ioide p orbitals, the optical transitions being from p-to-p orbitals.[85] 

 

 
Figure 1.8: The crystal structure of methylammonium lead triiodide perovskite.[86] 

 

A panchromatic absorption down to ca. 800 nm, direct bandgap of 1.57 eV, large 

absorption coefficient of 1.5 x 104 cm-1 at 550 nm[87], low exciton binding energy (<10 

meV)[88], very high charge-carrier mobility (66 cm2/Vs)[88], ambipolar charge 

transport[82], large electron and hole diffusion lengths (over 1 µm and potentially over 100 

µm)[89], and low nonradiative recombination rates are the properties of MA lead triiodide 

(CH3NH3PbI3) perovskite material.[90] 

 

One-step solution coating[91, 92], sequential deposition[93], vapour phase deposition or 

any combination thereof[94] are the several techniques which have been developed for 

preparing methylammonium lead triiodide perovskite (MAPbI3) perovskite thin films so 

far. Among these, as one-step solution relies on affordable deposition equipment and is 

versatile on controlling the deposition conditions and the composition of perovskite 

materials[95, 96], one-step solution coating (see Fig. 1.9) is relatively favourable. In this  
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thesis, to prepare the MAPbI3 films, one-step precursor deposition will be used. 

 

 
Figure 1.9: One-step precursor deposition method for perovskite film preparation.[97] 

 

1.1.5.3.2 Fullerene (C60) 

One of the most exciting nanocarbon materials is fullerene. Due to interesting physical, 

chemical and optoelectronic characteristics of fullerene, it has been extensively studied and 

has been used in several areas including device fabrication and drug delivery[98-100]. Before 

the discovery of fullerene, graphite and diamond occurring of extended networks of sp3- 

and sp2-hybridized carbon atoms, respectively presented the only know allotropes of 

carbon for a long time. The scenario was changed by Kroto et al.[101] with the discovery 

of functional molecule fullerene C60 in 1985, and it was marked the beginning of new period  

of synthetic carbon allotropes. The improvement of synthetic carbons then was in progress  

until 1991[102] with successful production of carbon nanotubes and rediscovery of 

graphene in 2004.[103] Although Canadian physicist Philip Russel Wallace[104] first 

explored the theory of graphene in 1947 as a first step to understand the electronic 

characteristics of 3D graphite, experimental discovery of graphene was done by Andre 

Geim and Konstantin Novoselov in 2004[103].  

 

Zero-dimensional fullerene has been widely investigated nanomaterial in carbon family.  

The smallest, stable and most prominent molecular carbon allotropes which are made up 

of a spherical network of sixty structurally equivalent sp2- hybridized carbon atoms in a 

cage lattice (diameter ~ 0.8 nm) in the shape of a soccer ball (see Figure 1.10) is fullerene 

C60. It is consisted of 12 pentagons and 20 hexagons with alternative single and double 

bonds and has truncated icosahedron symmetry, Ih. Moreover, the curvature induced by  
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the cage structure rises the energy associated with the double bonds increasing the reactivity 

of the molecule. This makes fullerenes stable but not completely unreactive. To form the 

closed sphere, which produces angle strain, the sp2-hybridized carbon atoms, which are at 

their energy minimum in planar graphite, must be bent. Electrophilic addition at 6,6-double 

bonds, which decreases angle strain by changing sp2-hybridized carbons into sp3-hybridized 

ones is the characteristic reaction of fullerenes. The electron accepting behaviour of 

fullerene C60, i.e., it is an electron deficient molecule because of the existence of 

energetically unfavourable double bond in pentagonal rings is one of the most intriguing 

properties of it.[105] Molecular complexes of fullerenes with organic donors (such as 

porphyrins, phthalocyanines, pentacene) can be used in organic optoelectronic devices, e.g. 

as artificial photosynthesis systems and solar cells.[106-108] Fullerene-based structures can 

be important for the study of photoinduced electron transfer (PET) due to the fact that 

fullerene is an acceptor with strong π-electron accepting ability. Synthesis of  dyad 

molecules with C60 covalently bonded to porphyrin[109] and developing the self-assembled 

non-covalent complexes[107, 110] are two basic approaches to the formation of such 

systems. 

 
Figure 1.10: The molecular structure of C60. 

 

Porphyrins and fullerenes systems have been considered as one of the comprehensively 

organic donor-acceptor pairs investigated.[111-114] As a noncovalent complex, a zinc 

tetraphenyl porphyrin (ZnTPP) was linked to a C60 derivative via axial pyridine 

coordination to the metal for using as donor-acceptor systems in the literature.[115-119] 

Optical spectroscopy revealed that photoexcitation of the Zn-complex led to electron  
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transfer with very long lifetimes of the charge-separated pairs and this result was also  

supported by time-resolved electron paramagnetic resonance spectroscopy.[120] 

 

In an another study in the literature, Sugunan et al.[121] examined the spectroscopy and 

dynamic behaviour of the self-assembled, Soret-excited zinc tetraphenylporphyrin (ZnTPP) 

plus fullerene (C60) model system in solution using several spectroscopic techniques. Clear 

evidence of ultrafast quenching of the locally S2-excited state of ZnTPP in the ZnTPP	∙	∙	∙ 

C60 complex has been obtained from both steady-state and ps transient absorption 

measurements, despite the unavoidable complication of simultaneous excitation of 

uncomplexed and complexed ZnTPP in the experiments. Electron transfer in the excited 

complex as well as short-range electronic energy transfer have been also evaluated. 

 

Recently, Stangel et al.[122] published a case study for artificial photosynthesis using C60 

fullerene. To build an electron donor/acceptor (C60-dipyr∙ZnP2), a new modified C60 

derivative with an oPE/oPPV conjugated bridge bearing two pyridyl groups has been used  

in combination with a flexible porphyrin dimer (ZnP2). Detailed photophysical experiments 

have been accomplished in order to explore the interactions between the electron donor 

and acceptor entities, both in the ground state and in the excited states. Especially, strong 

interactions between the electron donor and the electron acceptor within the hybrid have 

been confirmed by both absorption and fluorescence titrations. Moreover, intramolecular 

electron-transfer from the photoexcited porphyrin dimer (ZnP2) to the fullerene derivative 

(C60-dipyr), leading to a long-lived charge-separated state has been revealed by transient 

absorption measurements. 

 

1.1.5.3.3 Graphene 

We end up with a two-dimensional carbon structure, namely graphene, if we increase the 

dimensionality of nanocarbon even further. A zero-band-gap semiconductor characteristic 

of it makes graphene a rising star in materials science. It is made up of a honeycomb lattice 

of sp2-hybridized carbon (see Figure 1.11) and since the first experimental evidence of the 

electronic properties of graphene in 2004[103], the studies revealed that it is very strong 

material as well as becoming atomically thin[123-126]. Remarkable electronic and  
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mechanical features and a considerable number of new optical effects make graphene 

unique compared with other materials[127, 128]. Its considerable high carrier mobility, 

broad absorption spectral range, and high optical transparency signify graphene as an 

economical and plentiful material that enables to use especially in solar cell applications as 

well as displays and light emitting diodes in optoelectronic devices[129-132]. Different 

approaches are possible to prepare graphene such as micromechanical[103] or chemical 

exfoliation of graphite[133], chemical vapour deposition (CVD) growth[134-136], and 

chemical, electrochemical, thermal, or photocatalytic reduction of graphene oxide and 

fluorographene[137-140]. In this thesis, negatively charged graphene carboxylate (GC) will 

be used. 

 
Figure 1.11: The molecular structure of graphene.[141] 

 

The addition of photosensitizing molecules, e.g. porphyrins, phthalocyanines, etc., 

establishes electron donor-acceptor systems based upon graphene. Thus, the electronic 

interaction is either only in the excited state, or both in the ground state and excited state.  

Radical ion pair states occur in the excited state including in the radical cation of the 

electron donating phthalocyanines and/or porphyrins and electrons that are delocalized 

within the basal plane of graphene.[142] In point of fact, to afford functional nanographene 

based charge-transfer hybrids, aromatic macrocycles are highly versatile.[143-145] Like in 

the case of fullerene C60, synthesis of  dyad molecules with graphene covalently bonded to 

porphyrin[146] and developing the self-assembled non-covalent complexes[142] are two 

basic approaches to the formation of such systems. 
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Porphyrins and graphene systems have been also considered as organic donor-acceptor 

systems in the literature. Aly et al.[147] reported a study to help advancing the 

comprehension of GC interfaces for electronic and solar energy applications in 2014. 

Accordingly, three free-base porphyrin structures (5,10,15,20-tetra(4-pyridyl)-porphyrin 

(TPyP), 5,10,15,20-tetra(1-methyl-4-pyridino)porphyrin tetra(p-toluenesulfonate) (TMPyP) 

and 5,10,15,20-tetra(4-trimethylammoniophenyl)porphyrin tetra(p-toluenesulfonate) 

(TMAP)) with different charge localization of the meso unit and different redox properties 

of the porphyrin cavity were selected carefully to comprehend the ultrafast electron 

injection event at the GC-porphyrin interface from the molecular structure point of view. 

Then, the results demonstrated that charge transfer (CT) process can be tuned from zero 

to very efficient and ultrafast by changing the electronic structure of the porphyrin-meso 

unit with using steady-state absorption and fluorescence spectra, Raman spectroscopy, 

time-correlated single photon counting (TCSPC) and femtosecond (fs) transient absorption 

(TA) and fs fluorescence upconversion data. More specifically, their results showed that 

only positively charged porphyrin can approach closer after molecular flattening on the GC 

surface for ultrafast electron injection.  

 

The same research group completed another work[148] in 2015 extending their study to  

non-covalent interaction between the metalated porphyrin meso tetrakis(4-N-

methylpyridyl) zinc porphyrin (ZnTMPyP) and negatively charged GC. Here, the ultrafast 

electron transfer (ET) between the porphyrin and the GC using state-of-the-art 

femtosecond laser spectroscopy with broadband capabilities was presented. Other 

spectroscopic techniques were also utilized. Steady-state absorption and emission 

measurements confirmed ground-state complex formation. The high binding affinity 

between the porphyrin and GC via electrostatic and π-π stacking interactions and rotations 

of methylpyridinium moieties toward a coplanar conformation were revealed by absorption 

spectra changes. Due to the ET from the excited porphyrin to GC, the emission of the 

porphyrin was quenched by GC and it was demonstrated that the quenching mechanism 

was in the static nature based on the modified Stern-Volmer (SV) plot. Additionally, with 

the help of ultrafast TA spectroscopy it was clearly presented that excited state absorption 

(ESA) decayed rapidly in ps time scales attributed to ultrafast electron injection from the  
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excited ZnTMPyP* to GC, as indicated by the formation of a porphyrin radical cation. 

 

The same research group continued their research with a new publication[149] in the same 

year (2015) using β-cyclodextrin (β-CD)  as an external cage to control carefully of the 

charge localization on the 5,10,15,20-tetra-(1-methyl-4-pyridino)porphyrin (TMPyP) 

macrocycle. By this way, they were able to enhance electron injection efficiency from 

cationic TMPyP to negatively charged GC by 120% compared to TMPyP alone. Here, β-

CD not only block intramolecular charge transfer between the macrocycle and the meso 

substituents of the porphyrin, but also restricts free pyridinium rotation. As a result, 

electron density is localized on the cavity of the porphyrin and its oxidation potential is 

decreased and also the ability to donate electrons to GC is increased. Interestingly, the 

interaction between TMPyP and GC is the mixed dynamic static mechanism, however the 

interaction of TMPyP- β-CD with graphene carboxylate is an efficient static mechanism as 

indicated by steady-state and TA spectroscopy measurements. 

 

An introduction to the porphyrin molecules investigated (push-pull porphyrins) and the 

substrates (MAPbI3 perovskite, C60 and GC) used to facilitate or observe CT behaviour are 

described in this chapter so far. The photophysical processes, their timescales and how 

these processes can be observed in action through the use of time-resolved spectroscopies 

containing combinations of steady-state and pump-probe techniques will be discussed in 

detail in chapter 2. 
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CHAPTER 2: Introduction to Photophysical Processes 

 
2.1 Photophysical Processes: An Overview 
The impact of energy in the form of photons on materials is investigated with photophysics. 

Physical changes such as absorption, momentum transfer and emission of electromagnetic 

energy result, without chemical change, when photons interact with matter.[150] 

 

The photophysical processes found in electronically excited organic molecules include 

transitions from one state to another state via radiative and non-radiative transitions. The 

interaction of organic molecules with light is normally represented with a Jablonski diagram. 

As showed in Figure 2.1, a Jablonski energy diagram illustrates the essential electronic 

transitions included in the absorption and emission of light by a fluorophore after 

photoexcitation of the molecule.[151] In the Jablonski diagram, the ground electronic state 

(S0), first excited singlet state (S1), second excited singlet state (S2), and first excited triplet 

state (T1) are taken to be the most significant energy states. An electron is promoted from 

the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 

orbital (LUMO), due to the electronic excitation by a photon of light. The electrons in the 

molecule have their spins paired in the singlet states, while one set of electron spins will be 

unpaired in the triplet states. The vibration levels of each electronic state are indicated by 

the horizontal lines. Although retaining the same electronic configuration, the vibrational 

levels originate due to a molecule in a given electronic structure state absorbing small 

increments of energy equalling to changes in vibrational modes.[152] Complete arrows 

show radiative transitions, while non-radiative transitions are demonstrated with dashed 

arrows. Several different pathways in the Jablonski energy diagram such as absorbance, 

vibrational relaxation & internal conversion, fluorescence, phosphorescence & intersystem 

crossing, and delayed fluorescence show how an electron could absorb and then dissipate 

photon energy of a certain wavelength, which will be described in detail below. 
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Figure 2.1: An illustration of Jablonski energy diagram. 

 

2.1.1 Absorbance 
As indicated by a straight arrow pointing up in Fig. 2.1, the absorption of a photon of a 

particular energy by the molecule of interest is the first transition in the Jablonski diagram. 

An electron is excited from a lower energy level to a higher energy level in the absorption 

process, firstly the energy of the incident photon is transferred to the electron, secondly 

this is followed by the transition of that electron to an unexcited eigenstate whose 

difference in energy equals to the amount of energy transferred. Absorption of light is 

possible only at particular wavelengths, for example those which imply a photon energy 

equal to that of an electronic transition. These transitions occur on the order of 10-15 

seconds.[151, 153] As the transition is very fast, no chemical process can compete with it. 

The absorption process only covers the electrons movement. Electronic transitions occur 

faster than nuclear motion, according to the Condon approximation. These transitions are 

then of vibronic nature.[154] It means that when the geometries of the initial and final states 

are identical, electronic transitions are most favourable. 

 

The energy (E) of photons absorbed is corresponded by the energy difference between the  

excited state (ES) and ground state (GS) and the relationship is shown with Equation 2.1 
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below. In the equation, ℎ represents the Planck’s constant and frequency of the absorbed 

photon is illustrated with 𝜈. 
 

EES - EGS = ℎν 
 

Lambert-Beer Law explains the light absorption by materials, as shown in Equation 

2.2.[155] According to the formula, Absorbance (A) or optical density (OD) is linearly 

dependent on the concentration (c) and the optical pathlength of the beam of light through 

the sample (d). The efficiency of light absorption is expressed by the molar absorptivity (e) 

which depends mainly on the intrinsic characteristics of the molecules. 

 

A = log (I0/I) = edc 

 

In Equation 2.2, I0 represents the intensity of the incident light and I show the intensity of 

the transmitted light.  

 

Absorption and subsequent luminescence such as reflection, scattering, diffraction or 

refraction can be dramatically affected by other types of light-matter interactions. 

 

 
Figure 2.2: A schematic representation of light-matter interaction. 

(2.1) 

(2.2) 
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Normally, an electron is promoted from an occupied molecular orbital (usually a non-

bonding (or lone pairs) n or bonding π orbital) to an unoccupied molecular orbital (an 

antibonding π* or σ* orbital) by absorption of light. As shown in Eq. 2.1, the energy needed 

for electron transition depends on the molecular orbitals included and these are listed in 

order of increasing energy below:  

 

n®π* < π®π* < n®σ* < σ®σ* 

 

σ®σ* (in saturated hydrocarbons such as methane, ethane etc.)  and n®σ* (in saturated 

compounds which containing one hetero atom has unshared pair electron e.g. alcohols and 

ethers) transitions occur in the far ultraviolet region or weakly in the region between 180 

nm and 240 nm and these transitions need a great deal of energy. π®π* and n®π* 

transitions require less energy and occur at longer wavelength than transitions to σ* orbitals 

as these two types of transitions occur in molecules with unsaturated centres and thus these 

transitions are high relevance for spectroscopic applications.[156] 

 

If the spin multiplicity stays unaltered, electron transitions are dipole allowed and the 

relative equation is illustrated below: 

 

M = 2½S½ + 1 

 

M represents spin multiplicity of an electronic state and sum of electron spins or total spin 

populating that is exhibited with S in Eq. 2.3. 

 

As a result, singlet-singlet and triplet-triplet transitions are both dipole-allowed, however 

singlet-triplet and triplet-singlet transitions are quantum mechanically forbidden and 

dipole-forbidden.[157] Because of the forbidden and thus highly improbable transitions, 

there is no arrow indicating a transition from the ground state to the triplet state in the 

Jablonski diagram in Fig. 2.1.  

 

 

(2.3) 
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2.1.2 Vibrational Relaxation and Internal Conversion 
Photon absorption occurs on the timescale of 10-15 seconds. Energy may be dissipated in 

several ways, after the excitation of an electron. Vibrational relaxation is the first one 

through a non-radiative process in the Jablonski diagram. As it was in the S0, immediately 

after excitation a molecule has the same geometry and is in the same environment. Two 

processes can happen in this case: (i) a photon emission from the same vibrational level to 

which it was excited at first, and (ii) changes in vibrational levels just before a radiative 

emission. Depending on the environment of the molecule, one of these two things will be 

dominant. Thermal relaxation of a vibrationally excited molecule is pretty fast thanks to 

transfer of excess vibrational energy from the solute molecule to the solvent in a solution. 

This efficient process where all the excess vibrational energy of the excited state is lost 

occurs in 10-14 to 10-11 seconds. It means that an excited molecule in a solution will undergo 

vibrational relaxation, before it can emit a photon, and consequently photon emission will 

always occur from the lowest vibrational level of an excited state.  

 

If a molecule is excited to the second excited singlet state, the molecule will undergo 

vibrational relaxation as described above. The destiny of the molecule as it arrives into the 

zeroth vibrational level of second excited singlet state depends on the energy separation 

between the excited singlet states. Internal conversion (IC) can occur when the lowest 

vibrational level of S2 overlaps with higher vibrational levels of the S1 state, that do not 

include large variations in configuration from the lowest vibrational level of the S1 state. As 

a consequence, an extremely effective path for crossing from the S2 state to the S1 state is 

provided, because of a high degree of coupling between the vibrational levels of the S2 and 

S1 states. This efficient process occurs in 10-14 to 10-11 seconds.[152] 

 

2.1.3 Fluorescence 
Photon emission is an alternative pathway for molecules to deal with energy gained from 

photons. This is referred to as fluorescence and is indicated by a solid line going down on 

the energy axis between electronic states in the Jablonski diagram. A molecule is metastable, 

when it finally reaches the lowest vibrational level of the S1 electronic state after ~ 10-12 

seconds and generally stays there for at most 10-8 seconds (it can be more, depending on  
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the molecular species) or less (depending on the rate constants of de-excitation through all 

the other available pathways for de-excitation). Fluorescence is emitted from this state. 

Depending on the environment of the chromophore, the existence of dynamic quenching, 

or energy transfer, fluorescence normally occurs in 10-9 and 10-7 seconds. Fluorescence is a 

spin-allowed process which obeys the dipole selection rule DS=0. A molecule comes back 

to one of many different higher vibrational levels of the S0 state if it fluoresces. Thus, the 

excitation photons have a higher energy than an emitted photon; this is named as the Stokes 

shift. This is the main reason why the fluorescence spectrum is “red-shifted” relative to the 

absorption spectrum, although the transitions are both between the S0 and S1 states.[158] 

 

2.1.4 Phosphorescence and Intersystem Crossing 
A more effective process exists for population of triplet states from the lowest excited 

singlet state in many molecules, even though population of triplet states by direct 

absorption from the ground state is improbable. This process is known as a spin-dependent 

internal conversion and it is known as intersystem crossing. One may be startled that a 

singlet-triplet transitions e.g. intersystem crossing can take place within the lifetime of an 

excited singlet state (10-8 seconds), as singlet-triplet transitions are normally less probable 

than singlet-singlet transitions. Vibrational coupling between the excited singlet state and 

triplet state is included in the mechanism for intersystem crossing. Singlet-singlet transitions 

are more probable than singlet-triplet transitions by a factor of 10+5 to 10+6, and the non-

radiative vibrational process e.g. internal conversion take place in ~ 10-13 seconds, the time 

needed for a spin-forbidden vibrational process would be ~ 10-8 to 10-7 seconds and this is 

the identical order of magnitude as the lifetime of an excited singlet state. Thus, intersystem 

crossing could compete with photon emission from the lowest vibrational level of an 

excited singlet state, however could not compete with vibrational deactivation from higher 

vibrational level of a singlet state. 

 

Molecules undergo the standard internal conversion process within the time window of 10-

13 to 10-11 seconds when intersystem crossing has occurred and drops to the lowest 

vibrational level of the triplet state. Repopulation of a singlet state from a triplet state is 

pretty much improbable, as thermal energy is small compared to the variation in energy  
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between the lowest vibrational level of the triplet state and the zeroth vibrational level of 

the lowest excited singlet state. To improve tendency of a non-radiative transition between 

the lowest triplet state and the ground state, there are two elements: (i) the energy variation 

between the lowest singlet state and the ground state is bigger than the variation between 

the triplet state and the ground state. This can improve vibrational coupling between these 

two energy states, and thus, this also tends to improve internal conversion. (ii) More 

importantly, loss of excitation energy by collisional transfer is normally improved, because 

of the lifetime of a triplet state is much longer than that of an excited singlet state (~ 10-4 

to 10 seconds). The second process is frequently the effective pathway for the loss of triplet 

state excitation energy and is significant in solution at room temperature. 

 

A radiative transition between the zeroth triplet state and the ground state is observed if a 

molecule is put in a rigid environment where collisional processes are reduced. This 

emission process is named as phosphorescence. Effective spin-orbit coupling is enabled by 

using organometallic heavy-metal complexes and in this way, phosphorescence can be 

favoured. Phosphorescence will have a decay time almost equal to the lifetime of the triplet 

state (~ 10-4 to 10 seconds), as it originates from the lowest triplet state. Thus, an afterglow 

(with durations of fractions of a second up to hours) which is not monitored for in 

fluorescence (the glow of fluorescence stops right after the source of excitatory radiations 

is switched off) frequently characterizes phosphorescence.[152, 159, 160] 

 

Phosphorescence represents longer lifetimes than fluorescence. The variation between the 

lifetimes of the fluorescence and phosphorescence is linked with the reality which it 

includes a spin-forbidden electronic transition.  As displayed in Figure 2.3, compared with  

the fluorescence bands, phosphorescence bands are always red-shifted, due to the relative  

stability of the triplet state in comparison with the singlet manifold.[161] 
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Figure 2.3: Illustration of absorption, fluorescence, and phosphorescence with relative 

positions (re-arranged from reference[161]). 

 

Multiplicity of the singlet state is one, and all electron spins are paired antiparallel in the 

singlet states. However, multiplicity is three and two electrons are no longer antiparallel in 

the triplet states. The triplet state is usually lower in energy than the corresponding singlet 

state, because the electrons with opposite spin can stay further apart (Hund’s rule).[162] 

 

2.1.5 Delayed Fluorescence 
Delayed fluorescence can occur, when the energy gap between S1 and T1 is small and the 

lifetime of T1 is long enough. The obtained emission spectrum is the same as fluorescence 

spectrum; however, the decay time constant is longer in this case. 

 

There are two types of delayed fluorescence: (i) E-type, and (ii) P-type. 

 

Thermally activated E-type delayed fluorescence which has higher temperature and 

efficiency was first monitored in eosin. Because of the large energy gap between S1 and T1, 

aromatic hydrocarbons generally do not represent this process, however E-type 

fluorescence can be highly effective in fullerenes. 

 

Concentrated solutions are required for P-type delayed fluorescence and this type of  

process was first recorded with pyrene. Enough energy for going back to the S1 state can 

be provided by collisions between other molecules and those in T1 states.[157] 
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2.2 Intermolecular Deactivation Process (Quenching) 
Intrinsic de-excitation in excited molecules was described so far above. Intermolecular de-

excitation phenomena will be taken into account now. In this case, the interaction of an 

excited fluorophore F* with another molecule Q will be explained. This process is known 

as quenching. 

 

A reduction of fluorescence intensity, fluorescence quantum yield and/or decay occurs, 

because of quenching which cause a bimolecular process. Here, several potential 

fluorescence quenching mechanisms such as energy, electron or proton transfer, formation 

of excimer or exciplex, collision with a heavy atom (e.g. halogenids) or paramagnetic species 

(e.g. O2) can be included.  

 

A few situations could be distinguished when fluorescence quenching is in competition 

with intrinsic de-excitation: 

 

(i) The concentration to the quencher [Q] is in excess. In this way, it can be possible 

that F* and Q are close to one another that interaction can be formed within 

time of excitation. The probability of finding Q within the encounter distance  

with F* is less than 1 in the case of static quenching. [Q] can be taken as constant 

if this probability is equal to 1.  

 

(ii) [Q] is not in excess. Throughout the excited-state lifetime (e.g. lifetime is very 

short, highly viscous medium), interaction of F* and Q is not probable, but if 

the interaction is significant at distances longer than the encounter distance, 

quenching is formed in the case for long-range energy transfer. 

 
(iii) [Q] is not in excess, however interaction of F* with Q is probable throughout 

the excited-state lifetime. This is known as dynamic quenching (diffusion-

controlled). 
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Dynamic, static and simultaneous static and dynamic quenching will be described below. 

[157, 163]  

 

2.2.1 Dynamic Quenching 
The experimental quenching rate constant kQ is supposed to be time-independent in 

dynamic quenching. Dynamic quenching exhibits decreased fluorescence intensity, and 

reduced decay times which is showed in Equation 2.4 below: 

 

 t0 /t = 1 + kQt0 [Q] 

 

where t0 is the luminescence decay time in the absence of the quencher (s), t is the 

luminescence decay time at variable quencher concentration (s), kQ is the quenching rate 

constant (M-1 s-1), and [Q] is the quencher concentration. 

 

When kQ is multiplied by t0, Stern-Volmer constant KSV is obtained and introducing KSV 

into Equation 2.5 causes to the Stern-Volmer relation by the following equation: 

 

 

Ø0/ØQ = t0/tQ = I0/IQ = 1 + KSV [Q] 

 

where I0 is the luminescence intensity in the absence of the quencher, IQ is the luminescence 

intensity at a variable quencher concentration, Ø0 is the luminescence quantum yield in the 

absence of the quencher, ØQ is the luminescence quantum yield at a variable quencher 

concentration, and KSV is the Stern-Volmer constant. 

 

Normally, plotting I0/I against [Q] gives a basic linear dependence and from its slope, the 

Stern-Volmer constant can be obtained. 

 

 

 

 

(2.4) 

(2.5) 
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Figure 2.4: An illustration of dynamic quenching in Stern-Volmer plot. 

 

2.2.2 Static Quenching 
In contrast to the case of dynamic quenching, static quenching is not dependent on 

molecular transport from Q to F* within the excited state lifetime. The formation of a non-

fluorescent complex in the ground state frequently induces static quenching. Typically, I0/I  

versus [Q] plots are of the identical shape as Stern-Volmer plots, while the ratio of t0/t 

stays same over [Q].  

 

 
Figure 2.5: An illustration of static quenching in Stern-Volmer plot. 

 

The quencher cannot collide with an excited fluorophore within its lifetime in a highly 

viscous medium. In this way, a model with the title of ‘sphere of effective quenching’ has 

been suggested.[157] This model indicates that quenching only is formed, if Q is placed 

inside an encounter sphere of F*, as showed in Figure 2.6.  
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Figure 2.6: The difference between dynamic and static quenching (modified from 

reference[164]).  

 

2.2.3 Simultaneous Static and Dynamic Quenching 
Static and dynamic quenching can act at the same time, when [Q] is constantly rising. This 

is particularly observed when the quencher is in tendency to generate complexing agents 

which do not emit photons. At high [Q], this causes a deviation of linearity of the Stern-

Volmer plot. 

 

 
Figure 2.7: An illustration of simultaneous static and dynamic quenching in Stern-Volmer 

plot. 
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2.2.4 Photoinduced Electron Transfer 
Photoinduced electron transfer (PET) occurs between a donor (D) and an acceptor (A) 

with the absorption of visible (Vis) or ultraviolet (UV) light from the donor. A conversion 

of the light energy into the electrochemical energy is followed by electron transfer. The 

process results in the generation of a charge transfer state, which is a dipolar species: the 

radical cation of the donor (D+•) and the radical anion of the acceptor (A-•) as can be seen 

in Figure 2.8.[165, 166] D and A coexist in the same molecule in an intramolecular PET 

process, whereas they correspond to different molecules in an intermolecular PET.[167] 

One of the most essential elements to enable electron transfer (ET) is the energy level 

arrangement of the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) of the D and the A, respectively. In this way, to facilitate the 

PET, the D-A systems should be chosen meticulously. 

 

 
Figure 2.8: Illustration of the PET process at a donor-acceptor system. 

 

The foundations of vital natural functions, e.g. photosynthesis, vision, and DNA damage 

repair is made up by PET phenomena.[168-170] PET is an important research field in 

bimolecular systems, due to the need for solar energy conversion. There have been 

enormous publications on PET illustrated in the literature in the 20th and 21st centuries, 

because of its ability to cover the global demand for energy.[171-174] Besides the potential 

of optimizing and controlling of PET reactions in solar energy conversion, they also 

propose the opportunity to figure out high impact technological and social challenges in 

the applications of artificial photosynthesis, photocatalysis, molecular electronics, 

photodynamic therapy, etc.[175, 176] 
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Since the great contribution of Marcus[177, 178] in 1950s and Weller[179] in 1960s with 

their researches, the kinetics and thermodynamics principle for the intermolecular PET 

process are known. The electrochemical and excited state features of the A and D moieties 

modulates PET. Intramolecular and/or intermolecular PET is in direct competition with 

several other radiative and radiationless deactivation processes found in the excited states 

of molecular systems.[180] In general, PET causes reduction of both lifetimes and emission 

quantum yields. But, it is frequently disregarded that other mechanisms may be responsible 

of the fluorescence quenching, such as from internal conversion and intersystem crossing 

mechanisms to energy transfer processes. To clearly evidence the presence of PET and 

quantify its rate, the finding of radical ions with time-resolved spectroscopies are needed. 

Therefore, laser flash photolysis experiments, which measure the transient absorption of 

the radical anion and cation species, can probe charge separation or recombination (back 

electron transfer).[181, 182] Information about charge separation or recombination can also 

be provided by other techniques, e.g. time-resolved resonance Raman, electron spin 

resonance and infrared spectroscopies.[183, 184] As compared to intermolecular processes, 

intramolecular PET processes have less thoroughly been investigated with these 

techniques[182, 185, 186], despite their enormous interest.  

 

Bimolecular electron transfer process is significant, because to quench an electronically 

excited state, for example to block its luminescence and/or reactivity, and to sensitize other 

species, i.e. to give rise to chemical changes of, or luminescence from, species that do not 

absorb light.[187] 

 

2.2.4.1 How Is the Electron Transferred from Donor to Acceptor? 

When electron transfer processes are investigated, some questions can arise such as “how 

are we supposed to monitor the real transfer of the electron?” and “what happens?”.  

Electrons are frequently said to be jumping from D to A, to hop around or to be injected 

into an acceptor. We have to take into account the fact that we can only discuss the 

probability of detection an electron in a particular region. 

 

Figure 2.9 illustrates the ground state, excited state and charge separated state of D-A  
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system with three positions on the potential energy surface. D possesses the lowest 

excitation energy as represented in Fig. 2.9. Three positions on the potential energy curves 

showing the excited state (D*-A) and the charge separated state (D+.-A-.) are demonstrated 

with numbers (1, 2 and 3).  

 

 
Figure 2.9: The ground state, excited state and charge separated state of a donor-acceptor 

system is illustrated with three positions on the potential energy surface.[166] 

 

(1) A situation (D*-A) occurs upon excitation of D that we can express with harmonic 

potential approximation. An electron is promoted from a low-lying state to a state 

in which most of the electron probability density is placed on D. But, there is also a 

small probability of detecting the electron on the acceptor place, as electronic 

coupling is existent. Relaxation to the bottom of the first potential energy well 

occurs and the electron experiences a potential barrier. 

 

(2) When the barrier is achieved, there are two possible scenarios which are crossing to 

the product state or staying on the initial state. At this stage, there is a 50% 

probability of detecting the electron on the acceptor site at the top of the barrier: 

the orbital that is intrinsically connected with this situation possesses 50% electron 

probability density on the D site and 50% electron probability on the A site.  
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(3) An orbital coefficient evolution which implies a decrease of electron probability 

density on the D site and a rise of electron probability density on the A site is caused 

by a crossing, going from the top of the barrier to the bottom of the potential energy 

well of the product state.[166] 

 

2.3 Fast Processes and Time Scale 
A big effort and research are devoted to understanding the dynamics of diverse processes 

in biology, physical chemistry, and material science. Scientists are interested to observe 

system parameters changing over time. The time scales on which the changes happen can 

be different from slow to highly rapid (from a human’s perspective), depending on the size 

of the object being investigated. Various processes are represented in the order of 

decreasing time taken in Figure 2.10. 

 
Figure 2.10: Several natural processes with their time period and instruments for tracking 

them.[188] 

 

It is clear that biological processes have lifetimes spanning 26 orders of magnitude. As this 

dynamic area is huge, it is impossible to cover it with a single instrument. Thus, in order to 

track various processes, different tools are needed. A calendar is probably the slowest tool 

we have, the more scientifically oriented of us will choose radioactive dating procedures. 

Processes stretched over centuries and millennia is followed by them. When the time scale 

is more closely relatable to that of human life, a newspaper or a chronicle would be used to  
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represent them. Fast film cameras or photographic cameras with short exposure times such 

as down to 0.001 seconds can be used to record even faster events. To access the domain 

of microseconds, nanoseconds, down to hundreds of picoseconds, electronic devices can 

be utilized. In the case of even more rapid processes, the durations of which are tens of 

picosecond and less, need the most rapid tool available in nature – light itself. ~ 3x108 m/s 

is the constant speed of the travel of light in vacuum.  

 

It is quite clear that some natural processes occur very rapid that even light manages to 

cover a distance of some microns during the whole event.[188] Figuring out the time scales 

of each electronic transitions in the Jablonski diagram is also important to comprehend the 

feasibility of these processes (see Fig. 2.1).  

 

Ultrafast processes take place on timescales place faster than 1 µs. Time-resolved or 

ultrafast spectroscopy is the field of science that investigates ultrafast processes in atoms, 

molecules, crystals and glasses utilizing light-based spectral systems. Ultrafast spectroscopic 

test techniques are required to obtain information about the charge migration via the 

materials to track the transient processes in real time.[188]  

 

2.3.1 Time-resolved Spectroscopy 
A wide range of applications in several fields of research including physics, chemistry, 

material science, and nanotechnology is offered by time-resolved spectroscopy (TRS). To 

probe in real time the very early dynamical events (e.g. excitons and charge carriers created 

by photoexcitation) taking place in the femtosecond (1 fs=10-15 s) and picosecond (1 ps=10-

12 s) time domains is allowed us by TRS. The present TRS techniques have been improved 

dramatically by the progress of modern spectroscopic tools. Norrish and Porter,[189, 190] 

were awarded Nobel Prize in Chemistry in 1967 for their discovery[191] and design of the 

(flash) photolysis technique, which has millisecond resolution. The application of time-

resolved optical spectroscopy has been further developed since that time. A new world of 

study in the microsecond (µs) time range, providing an opportunity for the direct detection 

of short-lived transients was opened up with their discovery.  
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Afterwards, further advancement of this technique came due to the development of short-

pulsed lasers with temporal resolution of femtoseconds. The Nobel Prize in Chemistry was 

given to Zewail in 1999 for his research on the transition states of chemical reactions using 

fs spectroscopy.[192] 

 

2.3.1.1 Time-resolved Photoluminescence Spectroscopy 

Optical materials can be characterized with time-resolved photoluminescence (TRPL) 

spectroscopy to comprehend the dynamics of excitonic transitions in the materials using 

temporal information as well as spectral information. Understanding the competition 

between radiative and non-radiative energy transfer processes can be contributed by 

analysis of TRPL.[193] The additional information to uniquely identify a material and 

distinguish isomers or very similar materials from one another can often be provided by 

photoluminescence (PL) lifetime, when steady-state PL is not enough. Additionally, 

information about the dynamics of a material process, information that is not easily 

acquired from steady-state PL can be provided by PL lifetime.[194]  

 

In the TRPL technique, electron-hole pairs that decay to lower energy levels of the samples 

are generated by the short pulse of light. Afterwards, these electron-hole pairs can 

recombine and emit light which is consisted of a set of wavelengths corresponding to 

transition energies of the sample. Consequently, a means to measure the transition energies 

and their lifetimes is provided by the measurement of the optical spectrum as a function of 

time. A conventional spectrum analyser cannot provide the resolution needed, as these 

decay times are on the order of picoseconds or nanoseconds, and the intensity of light 

emitted can be very weak. For this reason, it is essential to utilize a device called as a streak 

camera which is an ultra-high-speed detector which captures light emission phenomena 

taking place in highly short time ranges.[195] Around 180 fs is the time-resolution of the 

best optoelectronic streak cameras.[196] 

 

2.3.1.2 Pump-Probe Spectroscopy: Transient Absorption Measurements 

Pump-probe spectroscopy is one of the most powerful techniques for detecting transient 
species and obtaining direct measurements of the charge carrier dynamics by observing the  
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evolution of charge-separated states in donor-acceptor systems.[197] Charge transfer (CT), 

charge separation (CS), and charge recombination (CR) processes are significant to 

comprehend the photophysical and photochemical  processes in donor-acceptor systems, 

because of the fact that they could assist the development of solar device performance by 

providing main information needed for device optimization and fabrication.[198]  
 

Transient absorption (TA) tests have a simple idea which is based on two ultra-short laser 

pulses. To excite a system into an excited state from S0 to Sn, one laser pulse is used as a 

pump, and afterwards, the second one serves as a probe light. Figure 2.11 represents a 

schematic illustration of the fundamental design of all pump-probe tests. With observing 

CT, CS and CR dynamics in real time, necessary information about the mechanistic and 

kinetic details of the important events that take place in very short time regions can be 

provided by TA measurements. The durations of the ultrafast pump and probe pulses and 

the resolution of the time delay created between them have a significant role in terms of 

the time resolution of the ultrafast pump-probe tests.[199] 

 

 
Figure 2.11: Illustration of fundamental pump-probe experimental system. 

 

As exhibited in Figure 2.11, pump pulse is used to excite the sample, and probe measures 

transmittance. The time dependence of the difference absorption signal is provided by the  

variable delay between the pump and probe pulses. The time delay can be known by 

calculating the extra distance travel by the probe pulse (0.3 µm travel in 1fs). 
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To generate the differences in the molecules, the pump pulse should be more intense than  

the probe pulse, while the probe only interrogates them, so the probe should not have  

any impact on the studied material for ideal tests.[200] 

 

2.3.1.2.1 Femtosecond and Nanosecond Transient Absorption Spectroscopy 

Femtosecond (fs) and nanosecond (ns) TA spectroscopies, which are designed to study 

with highly amplified laser resolutions, are matchless broadband pump-probe TA 

techniques. HELIOS and EOS setups (Ultrafast Systems), respectively, are used to operate 

fs-TA and ns-TA tests. Remarkable spectral and kinetic data, which is desirable for studies 

of photoexcitation events with ultrafast time resolutions (such as fs-TA experiments), is 

generated by the HELIOS system throughout its broad spectral coverage and long-time 

window. The EOS setup operates over a greatly extended time range starting from a few 

ns to hundreds of ms after photoexcitation for the ns-TA measurements. It uses almost 

any ~ 1 kHz repetition rate laser to enable the gathering of broadband TA spectra. In 

chapter 3, the HELIOS and EOS instrumental setups will be explained in detail. The pump 

and probe beams are adjusted to overlap spatially and temporally on the investigated sample 

in this technique. The probe beam after passing through filters that decrease the white light 

around the Spitfire fundamental at 800 nm, is gathered by the selected spectrometer. Until 

achieving the ideal signal-to-noise ratio, the TA spectra are generally averaged. Only the 

total absorption signals gained are recorded for both the fs- and ns-TA. Lastly, to extract 

the kinetics of dynamical processes from the TA spectra, global analysis fitting procedures 

are used.[200] 

 

2.3.1.2.2 Transient Absorption Spectrum 

A fraction of the molecules are promoted to an electronically excited state through an 

excitation (or pump) pulse in transient absorption spectroscopy. This fraction usually 

ranges from 0.1% to tens of percent depending on the kind of experiment. A weak probe  

pulse is transferred through the sample with a delay t with respect to the pump pulse. Then, 

a difference between the absorption spectrum of the excited sample and the absorption 

spectrum of the sample in the ground state is calculated, thus a DA is obtained.  
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A DA profile as a function of the time delay t and wavelength l in other words, a DA (l,t) 

is obtained by changing the t between the pump and the probe and recording a DA 

spectrum at each time delay. Information on the dynamic processes that happened in the 

investigated system, e.g., excited state energy migration, electron and/or proton transfer 

processes, isomerization, and intersystem crossing is contained by DA (l,t). The evolution 

of non-emissive states and dark states can be studied with ultrafast transient absorption 

spectroscopy and this is one superiority of the TA spectroscopy over time-resolved 

fluorescence technique. Normally, a DA spectrum has contributions from four processes 

as follows.[201] 

 

• Ground-State Bleach 

Ground-state bleach (GSB) is the first contribution. The number of molecules in the 

ground state has been reduced, as a fraction of the molecules has been promoted to the 

excited state thanks to the influence of the pump pulse. Therefore, in the excited state 

sample, the ground-state absorption is less than the absorption in the non-excited sample. 

As a result, as can be seen in Figure 2.12, in the region of ground-state absorption, a 

negative signal in the DA spectrum is monitored. 

 

• Stimulated Emission 

Stimulated emission (SE) is the second contribution in TA spectrum. The Einstein 

coefficients for absorption from the ground to the excited state and stimulated emission 

from the excited to the ground state are same for a two-level system. Therefore, when the 

probe pulse passes through the excited volume, upon population of the excited state, 

stimulated emission to the ground state will occur. SE will occur only for optically allowed 

transitions and will possess a spectral profile that follows the fluorescence spectrum of the 

excited chromophore, i.e., it is Stokes shifted with respect to the GSB. Throughout the 

physical process of SE, a photon from the probe pulse induces emission of another photon 

from the excited molecule, which returns to the ground state. SE produces the photon 

which is emitted in the exact same direction as the probe photon, and thus both will be 

detected. It is worth to mention that the excited-state population is not influenced  
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significantly by this process, because the intensity of the probe pulse is so weak. As 

schematically indicated in Fig. 2.12, SE results in an increase of light intensity on the 

detector, corresponding to a negative DA signal. The Stokes shift could be very small that 

the SE band spectrally overlaps with GSB and merges into one band in numerous 

chromophores. 

 
Figure 2.12: An illustration of the three important processes (GSB, SE, and ESA) in the 

TA spectrum of diketopyrrolopyrrole (DPP).[202] 

 

• Excited State Absorption 

Excited-state absorption (ESA) provides the third contribution. Optically allowed 

transition from the excited states of a chromophore to higher excited states may exist in 

specific wavelength regions upon excitation with the pump beam, and absorption of the 

probe pulse at these certain wavelengths will occur. As a result, a positive signal in the DA 

spectrum is observed in the wavelength region of ESA. The excited-state population is also 

not influenced significantly by this process, because the intensity of the probe pulse is so 

weak. 

 

• Product Absorption 

Product absorption gives a fourth possible contribution to the DA spectrum. Reactions 

may occur that result in a transient or a long-lived molecular state e.g., triplet states, charge-

separated states, and isomerized states, after excitation of the photosynthetic or  
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photobiological or photochemical system. The absorption of such a product (transient) will 

become clear as a positive DA signal in the spectrum. A GSB will be monitored at the 

wavelengths where the chromophore on which the product state resides has a ground-state 

absorption. 

 

The intensity of the probe light transmitted through a sample is detected before (I0) and 

after (I) the photoexcitation in the TA experiment. From the intensity ratio, the following 

equation gives the absorbance change: 

 

DOD = log (I0/I) 

 

From this relation, positive signals in the DOD is provided by photoproducts, whereas 

photobleaching results in negative signals in the DOD, because of the reduction in the GS 

as showed in Fig. 2.12. Detection of absorbance changes in the order as small as 10-5 to 10-

6 depending on the measuring time domain after appropriate accumulation is possible using 

time-resolved spectroscopy techniques. As illustrated with Equation 2.2, based on Lambert-

Beer’s law, it is therefore technically difficult to detect a small absorbance change  

of 10−5, in which the photoactive layer is typically as thin as 100 nm.[203] 

 

 

 

 

 

 

 

 

 

 

 

 

 

(2.6) 
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CHAPTER 3: Experimental Section  

 
3.1 Materials, Methods and Experimental Procedures 

3.1.1 Porphyrins in the Project 
As can be seen in Figure 3.1, four different types of neutral zinc centred push-pull porphyrins 

(abbreviated as Am1 5,15-1, Am1 5,10-1, SlpE029 and SlpE026) are used in this thesis. 

Each meso-positions of the porphyrin (5, 10, 15, and 20) are shown in purple colour below. 

 

 
Figure 3.1: The chemical structures of the (A) Am1 5,15-1, (B) Am1 5,10-1, (C) SlpE029, 

and (D) SlpE026 porphyrins. Meso-positions are shown in colour for each porphyrin. 

 



 46 

CHAPTER 3: Experimental Section 

 

They are all push-pull porphyrins which have donor-π-acceptor (D-A) systems. By this way, 

the porphyrins have a strong intramolecular dipole moment, because electrons are 

transferred from an electron-donating group through a π-spacer to electron-withdrawing 

group. Am1 5,15-1 and Am1 5,10-1 porphyrins are the isomers of each other and SlpE029 

and SlpE026 porphyrins are also isomers of each other.  

 

For Am1 5,15-1 and Am1 5,10-1 isomers, N,N-dimethylanilinyl  and 4-

carboxyphenylethynyl  are used as electron donor and electron acceptor groups, 

respectively. For Am1 5,15-1 porphyrin, the electron donor and acceptor moieties are 

attached at the 15-meso-position and at the 5-meso-position, respectively, however in the case 

of Am1 5,10-1 porphyrin, the electron donor group is placed at the 10-meso-position as well 

as with the same meso-position of electron acceptor group like in Am1 5,15-1. By this way, 

the dipole runs along the meso-meso axis for Am1 5,15-1 porphyrin and the dipole is along 

the β-β axis for Am1 5,10-1 porphyrin. Regarding to SlpE029 and SlpE026 isomers, the 

same electron acceptor group is used and located at the 10-meso position for SlpE029 

porphyrin and at the 15-meso position for SlpE026 as well as the bis(4-tert-

butylphenyl)amino group as electron donor at the 5-meso position for two porphyrins. 

Therefore, different dipole moment orientations in them are formed. As the dipole is along 

the β-β axis in the case of SlpE029, the dipole runs along the meso-meso axis for SlpE026 

porphyrin. In Table 3.1, each chemical group name on the each meso-position of the Am1 

5,15-1, Am1 5,10-1, SlpE029, and SlpE026 are represented with the systematic name of 

each porphyrin. 
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Table 3.1: Systematic name and name of chemical groups on the each meso-position of 

Am1 5,15-1 and Am1 5,10-1, SlpE029, and SlpE026 porphyrins, respectively. 

Porphyrin 

Name 

Systematic Name Chemical Group on the Meso-Position 

5 10 15 20 

Am1 5,15-1 [10,20-Bis(3,5-di-tert-

butylphenyl)-5-(4-

carboxyphenylethynyl)- 

15-(N,N-

dimethylanilinyl)porphyr

inato]zinc(II) 

 

4-

carbox

yphen

ylethy

nyl 

3,5-di-tert-

butylphenyl 

N,N-

dimethylanili

nyl 

3,5-di-tert-

butylphen

yl 

Am1 5,10-1 [15,20-bis(3,5-di-tert-

butylphenyl)-5-(4-

carboxyphenylethynyl)-

10-(N,N-

dimethylanilinyl)- 

porphyrinato]zinc(II) 

 

4-

carbox

yphen

ylethy

nyl 

N,N-

dimethylanili

nyl 

3,5-di-tert-

butylphenyl 

3,5-di-tert-

butylphen

yl 

SlpE029 {5-[Bis(4-tert-

butylphenyl)amino]-10-

(4-

carboxyphenylethynyl)- 

15,20-bis(2,6-

dioctyloxyphenyl)porphy

rinato}zinc(II) 

 

Bis(4-

tert-

butylp

henyl)

amino 

 

4-

carboxyphen

ylethynyl 

2,6-

dioctyloxyph

enyl 

2,6-

dioctyloxy

phenyl 

SlpE026 {5-[Bis(4-tert-

butylphenyl)amino]-15-

(4-

carboxyphenylethynyl)- 

10,20-bis(2,6-

dioctyloxyphenyl)porphy

rinato}zinc(II) 

Bis(4-

tert-

butylp

henyl)

amino 

 

2,6-

dioctyloxyph

enyl 

4-

carboxyphen

ylethynyl 

2,6-

dioctyloxy

phenyl 
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3.1.2 Materials 
Am1 5,15-1, Am1 5,10-1, SlpE029, and SlpE026 porphyrins were synthesized by Mathias 

O. Senge’s group in School of Chemistry at Trinity College Dublin according to a procedure 

reported in the literature[77].  

 

In the measurements in chapter 4 and chapter 5, tetrahydrofuran (THF, 99%) was supplied 

from Alfa Aesar. 

 

In the measurements in chapter 4, lead iodide (PbI2, 99.999% trace metal basis), N,N-

dimethylformamide (DMF, anhydrous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous, 

≥99.9%), toluene (anhydrous, 99.8%), and chloroform (anhydrous, ≥99%) were purchased 

from Sigma-Aldrich. Methylammonium iodide (CH3NH3I) was bought from Dyesol 

Limited. Microscope glass slides were provided from Fisherbrand. 

 

In the measurements in chapter 5, fullerene (C60) and N-methyl-2-pyrrolidone (NMP, 

anhydrous, 99.5%) were purchased from Sigma-Aldrich. Graphene carboxylate (GC) was 

obtained from ACS material. Deionized (DI) water was used during the experiments. 

 

3.1.3 Methods 

3.1.3.1 Preparation of MAPbI3 Perovskite Solution 

MAPbI3 perovskite solution and the perovskite film preparation were done according to a 

literature procedure[204]. Briefly, 461 mg of lead iodide and 159 mg of methylammonium 

iodide powders were dissolved in 71 µL DMSO and 635 µL DMF in a glass vial. The 

solution was stirred with a magnetic bar overnight at 70°C. 

 

3.1.3.2 Preparation of MAPbI3 Perovskite Thin Film 

Glass microscope slides were cleaned with soap/DI water mixture, acetone and isopropyl 

alcohol (IPA), respectively in an ultrasonic bath for 10 minutes each followed by oxygen 

plasma treatment for 10 minutes. In a glovebox, 100 µL MAPbI3 perovskite solution was 

spin coated on the glass substrate at 4000 rpm for 15 seconds and 300 µL toluene was 

dripped on the rotating glass substrate in 9 seconds. After that, the glass substrate was  
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heated at 100°C on a hot plate for 10 minutes in order to obtain a CH3NH3PbI3 perovskite 

thin film. 

 

3.1.4 Spectroscopic Investigations 

3.1.4.1 Steady-state Measurements 

Absorption spectra were recorded on a Cary 5000 UV–Visible spectrometer (Agilent 

Technologies), whereas the steady-state photoluminescence spectra were obtained using a 

Fluoromax-4 spectrofluorometer (Horiba Scientific) for the steady-state absorption and 

emission spectra data in chapter 4 and 5 in this thesis. 

 

In chapter 4, MAPbI3 perovskite film was placed on a sample holder and the steady-state 

absorption data was collected. After that, successive addition of SlpE026 porphyrin onto 

the perovskite film using a drop-casting method was studied. The fluorescence spectra were 

recorded after excitation at 675 nm. 

 

Rectangular quartz cells with a 1 cm optical path were used for the steady-state and ultrafast 

spectroscopy TA and TRPL measurements in chapter 4 and chapter 5. 

 

In chapter 5, the cuvette was filled with 2 mL fixed volume of the starting solution of 

donors (Am1 5,15-1 and SlpE026) in the corresponding solvent (NMP for the C60 and 

(THF:H2O) [1:1 v/v for GC], while aliquots of the acceptors (C60 and GC) dissolved in 

solvent were added consecutively. The concentration of the porphyrin donor was kept 

constant throughout all of the tests. Sequential addition of a fixed volume of the quenchers 

into the donors’ solution was investigated. The fluorescence spectra were collected after 

excitation at 625 nm and 600 nm for the porphyrin/C60 and porphyrin/GC hybrids, 

respectively. 

 

3.1.4.2 Time-resolved Transient Absorption Spectroscopy  

HELIOS and EOS setups (Ultrafast Systems, Florida, USA) were employed for fs- and ns-  

TA spectroscopy tests with the time resolutions of 120 fs and 100 ps and detection limits 

of 5.5 ns and 400 µs, respectively. Femtosecond broadband pump-probe spectroscopy was  
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used to excite and detect the wavelengths around a specific exciton absorption peaks of the 

donor. Figure 3.2 depicts a schematic of the experimental setup operated in this thesis for 

the ultraviolet (UV)/visible (vis) pump/NIR (near-infrared) probe tests. A fundamental 

laser, which is provided by a home built Ti:Sapphire using a chirped pulse amplification 

scheme, generating 35 fs pulses at 800 nm with 4 mJ of energy/pulse and a repetition rate 

of 1 kHz operates as the pump. Thanks to a pump-probe setup, the absorption decays were 

measured. In the setup, a white-light continuum probe pulse produced by a 2-mm-thick 

sapphire plate and spectrally tunable pump fs pulses (240–2600 nm; a few µJ pulse energy) 

formed in an optical parametric amplifier (TOPAS-C stage) selectively excite specific 

electronic transitions within an investigated sample. The probe beam is routed with a 

computer-controlled delay line, adjustable pinholes, focusing lens, and variable neutral 

density filter to a crystal for white light continuum (WLC) formation. Then, the probe beam 

is directed to the sample through a focusing mirror. To allow TA measurements within 5.5 

ns (HELIOS) and 400 µs (EOS) time windows, the delay between the pump and probe 

pulses can be varied. 

 

The pump and probe beams are arranged to overlap spatially and temporally on the sample. 

Following interaction with the sample, the probe beam is directed towards a near-infrared 

spectrometer (InGaAs-NIR) covering the range of 800-1600 nm with 3.5 nm resolution at 

7900 spectra/s or a visible spectrometer (CMOS VIS) including the range of 350-800 nm 

with 1.5 nm resolution at 9500 spectra/s. The chosen spectrometer collects the probe beam 

after passing it through notch filters that attenuate the white light around the Spitfire 

fundamental at 800 nm. A two-channel probe (probe-reference) technique is used for both 

the HELIOS and EOS systems. The probe pulse is transferred via a beam-splitter before 

arriving at the sample to split the beam into two-channels (sample and reference). A part is 

directed to the detector to treat as a reference, the other is sent directly to the sample.  

 

This technique allows us to dividing out any fluctuations in the probe beam intensity 

throughout the test. All spectra were averaged over a time period of 2 s for each time 

delay.[200] 
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Figure 3.2: The schematic illustration of the fs laser system setup and broadband TA 

spectroscopy (see supporting information of the reference [205]). 

 

Pulse width is ~ 35 fs for all fs-TA measurements in the thesis.[206] The ns-TA 

measurements were conducted same excitation pump (as fs-TA) with 100 ps time 

resolution in chapter 5. The electronic delay is used in ns-TA not mechanical delay like fs-

TA. 

 

In the photophysical characterization of the porphyrins in chapter 4, EOS detection system 

with the time resolution of 100 ps and the detection limits of 400 µs were operated to cover 

the transient spectra after excitation. For ns-TA measurements, a 2 mm-thick cell was filled 

with 0.02 mM porphyrin samples and excited at 532 nm. To monitor the change in the 

transient absorbance, the transmitted probe light from the solution was collected and 

focused on a broadband UV-Vis detector.  

 

In chapter 4, in the absence and presence (using a drop-casting method) of 80 femtomolar 

(fM) SlpE026 solution, the pump and probe beams were focused on the MAPbI3 perovskite 

film on a glass substrate. To monitor the change in the transient absorbance, the transmitted 

probe light from the film was collected and focused on a broadband UV-Vis detector.  
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In chapter 5, in the absence and presence of 1 mg/mL nanocarbon (C60 and GC) materials, 

the pump and probe beams were overlapped on 0.03 mM porphyrin (Am1 5,15-1 and 

SlpE026) solutions. To monitor the change in the transient absorbance, the transmitted 

probe light from the solution was collected and focused on a broadband UV-Vis detector.  

 

All TA tests were operated at room temperature. To guarantee a fresh volume was available 

for each laser shot, the sample solutions were continually stirred with a magnetic stirrer in 

the tests in chapter 4 and 5. To avoid any degradation, the absorption spectrum of each 

sample was also tested before and after the TA measurements. To extract the kinetics of 

dynamical processes from the TA spectra, global analysis fitting procedures were used. 

 

3.1.4.3 Time-resolved Photoluminescence Spectroscopy Using a Streak 

Camera 

A Hamamatsu C10910 streak camera system with 1 picosecond temporal resolution was 

used to conduct time-resolved photoluminescence measurements.[207-209] Streak camera 

details can be read in reference[210]. Using a Spectra-Physics MaiTai HP and Inspire HF-

100 OPO with a repetition rate of 4 MHz, the pump beam was centred at 532 nm for the 

photophysical characterization tests of porphyrins in chapter 4, and at 650 nm for 

investigating the electron transfer process from MAPbI3 perovskite film to SlpE026 

porphyrin in same chapter. These measurements were carried out with an excitation fluence 

of 10 nJ/cm2. 
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CHAPTER 4: Charge Transfer Process at the Interface of 

Methylammonium Lead Triiodide Perovskite and Push-Pull 
Porphyrins  

 
4.1 Introduction 
A large number of photophysical studies on porphyrin derivatives have been performed 

during the past few decades[147, 198], due to their remarkable optical and electronic 

properties. These make them excellent candidates for a variety of potential applications 

including solar energy conversion[211], photodynamic therapy[212], oxygen sensor[213], 

nonlinear optics[15] and many others[214]. In general, these investigations have the aim of 

correlating the porphyrin molecular structure to some photophysical characteristic that can 

be modulated through conformational design, molecular symmetry, metal complexation, 

orientation and strength of the molecular dipole moment, size and degree of conjugation 

of the p-systems, and appropriate donor-acceptor substituents.[16-18, 215, 216] Recently, 

new porphyrin dyes are carefully designed as specific donor-p conjugated bridge-acceptor 

structures (simplified as D-p-A), these are known as push-pull porphyrins. This new class of 

porphyrins is used as light-harvester in dye-sensitized solar cells (DSSCs) due to their broad 

and strong absorption features.[50, 56, 57, 61, 217] More specifically, a remarkable solar 

power conversion efficiency (~ 13%)  of porphyrin-based DSSCs[28] has been achieved  

with the help of introducing  a push (electron-donating) and a pull (electron-withdrawing) 

group at the porphyrin periphery.[28, 218-223] 

 

Grätzel and co-workers have been carefully employing variations of donor-acceptor 

systems including 5,15-disubstituted push-pull porphyrin as an absorber layer and very high 

power conversion efficiencies were achieved.[28, 53, 219, 224, 225] Unlike 5,10-

disubstituted counterparts with the dipole moment along the β-β axis[226-228], 

unsymmetrically 5,15-disubstituted porphyrins, which have a dipole running along the meso-

meso axis, are the most widely studied examples in literature. To understand differences 

between these two classes (see Fig. 1.7 for the illustration of meso-meso axis and β-β axis  
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dipole moment orientations in push-pull porphyrins), systematic studies on the relation 

between photo-physical properties and molecular structure are necessary.[229] 

 

Additionally, hybrid perovskites, one of the most promising class of materials, have gained 

a leading role in the semiconductor research area, specifically in optoelectronics e.g. solar 

cells and light emitting diodes, which is primarily due to their unprecedented properties 

such as high absorption cross section, low trap density, tunable band gap and ultralong 

carrier lifetimes and diffusion lengths.[80, 81, 230, 231] These unique properties make them 

excellent absorber layers in solar cell devices, as proved by the realization of over 22% 

certified power conversion efficiency (PCE) within only six years of investigation.[232] 

 

Moreover, by introducing high-valent metal ions,[233, 234] and strongly electron 

withdrawing substituents[235, 236] to the macrocycles, the electron-donating properties of 

porphyrins and metalloporphyrin complexes can be tuned as electron acceptors.[237, 238] 

To conclude, porphyrins and perovskites together can create a donor (D)–acceptor (A) 

system that can be used for energy conversion applications. Being in this regime, 

understanding the change transfer and recombination at their interface will be very 

beneficial for optimizing their optoelectronic devices.   

 

In this work, we explore the ultrafast photophysics including intersystem crossing of newly 

synthesized push-pull porphyrin systems namely: [10,20-bis(3,5-di-tert-butylphenyl)-5-(4-

carboxyphenylethynyl)-15-(N,N-dimethylanilinyl)porphyrinato]zinc(II) (Am1 5,15-1), 

[15,20-bis(3,5-di-tert-butylphenyl)-5-(4-carboxyphenylethynyl)-10-(N,N-dimethylanilinyl)-

porphyrinato]zinc(II) (Am1 5,10-1), {5-[bis(4-tert-butylphenyl)amino]-10-(4-

carboxyphenylethynyl)-15,20-bis(2,6-dioctyloxyphenyl)porphyrinato}strezinc(II) 

(SlpE029) and {5-[bis(4-tert-butylphenyl)amino]-15-(4-carboxyphenylethynyl)-10,20-

bis(2,6-dioctyloxyphenyl)porphyrinato}zinc(II) (SlpE026) using steady-state absorption 

and emission spectroscopy, time-resolved transient absorption spectroscopy and time-

resolved photoluminescence (TRPL) spectroscopy using a streak camera. In addition, as a 

case study, we demonstrate the capability of one of these porphyrins to act as an electron  
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acceptor (porphyrin has vacant p* orbital to accept the electron) at the interface of MAPbI3 

perovskite polycrystalline film using the same spectroscopic techniques. It is worth to 

mention that the porphyrins were chosen based on their different substituent pattern and 

the presence of donor-acceptor groups related to porphyrins currently in use in 

contemporary DSSCs studies. Here, all porphyrins studied have a zinc metal ion in their 

centre as its simple closed-shell d10 electronic configuration makes zinc a convenient metal. 

As well as zinc porphyrins are stable[239], zinc in porphyrins favour the production of long-

lived triplet states[240].  

 

4.2 Results and Discussion 

4.2.1 Photophysical Studies of Push-Pull Porphyrins 

4.2.1.1 Steady-state Measurements 

The UV-Vis absorption and emission spectra of all the 5,15- and 5,10- substituted push-pull 

porphyrins are recorded while in THF solution and normalized with respect to the 

maximum absorption peak (see Fig. 4.1); the electronic absorption and emission 

spectroscopic data are summarized in Table 4.1. 

 

All the porphyrin dyes display the typical characteristics of a metal-centred porphyrin ring, 

with a very strong Soret or B band ranging from 400 to 500 nm and quite strong Q bands 

in the range 550-700 nm (see Fig. 4.1A and B, respectively). The Soret band involves the 

transition from the ground state to the second excited state (S0®S2), while the Q bands 

correspond mainly to the transition from the ground state to the first excited state 

(S0®S1).[28] Additionally, as can be seen in Fig. 4.1C, upon excitation at 532 nm, the 

porphyrins exhibit a fluorescence band centred in the range of 644 nm and 669 nm, which 

corresponds to the transition from the first excited state to the ground state (S1®S0). 

 

Overall, the trend observed in the UV-Vis and emission spectral features of Am1 5,15-1 

(l=446, 578, 629 and 645 nm) was similar to that of Am1 5,10-1 (l=446, 577, 629 and 644 

nm). On the other hand, SlpE029 (l=448, 585, 637 and 669 nm) porphyrin represented 
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 the most broadened and redshifted spectral features, which was followed by SlpE026 

(l=448, 580, 643 and 665 nm). As the aggregation effect was minimized at this ten times 

diluted 0.002 mM concentration value (See Fig. A.1 for data comparison in 0.02 mM 

concentration), the origin of the broadened and red-shifted spectral features is likely due to 

the greater extent of intramolecular charge transfer between the donor and acceptor 

groups.[241] It is worth to mention here that the broadening and red-shifting of the 

absorption bands can be explained as an indication of mixing with the intramolecular CT 

character in p-p* absorption bands.[242] As reflected by the full width at half-maximum 

(FWHM) data, upon shifting to much stronger bis(4-tert-butylphenyl)amino electron donor 

group, the SlpE029 and SlpE026 porphyrins exhibited a greater extent of charge-transfer 

from the D to the A moiety. This results in broader Soret and emission bands of SlpE029 

(FWHM= 50 and 60 nm) and SlpE026 (FWHM= 33 and 42 nm) porphyrins compared 

with those for Am1 5,15-1 (FWHM= 16 and 35 nm) and Am1 5,10-1 (FWHM=17 and 35 

nm). Moreover, although the Q band intensities of Am1 5,15-1 and Am1 5,10-1 porphyrins 

were almost the same, the overall variations in the Q band intensities of all investigated 

porphyrins are reflecting the change of the molar absorption coefficient values of each 

porphyrin.  
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Figure 4.1: Normalized steady-state (A) absorption, (C) emission (lEx= 532 nm) spectrums 

of 0.002 mM Am1 5,15-1 (red), Am1 5,10-1 (blue), SlpE029 (green) and SlpE026 (orange) 

porphyrins in THF solution. The Q bands region of each porphyrin in the absorption 

spectrum is enlarged in (B) for clarity purposes. 

 

Table 4.1: Steady-state absorption and emission data of 0.002 mM Am1 5,15-1, Am1 5,10-

1, SlpE029, and SlpE026 in THF solution. 

 
 

Porphyrin 

Absorption Emission  
Soret Band Q bands 

lExcitation 

(nm) 
FWHM 

(nm) 
 

lExcitation 

(nm) 
lEmission 

(nm) 
FWHM 

(nm) 

Am1 5,15-1 
 

446 16 578, 629 
 

577, 629 
 

585, 637 
 

580, 643 

645 35 

Am1 5,10-1 
 

446 17 644 35 

SlpE029 
 

448 50 669 60 

SlpE026 448 33 665 42 
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4.2.1.2 Excited-state Measurements 

The photophysical properties concerning the fate of the excited states of the 5,10- and 5,15-

substituted push-pull porphyrins were obtained from time-resolved photoluminescence 

(TRPL) studies carried out using a streak camera as presented in Fig. 4.2. A solution of 

Am1 5,15-1, Am1 5,10-1, SlpE029 and SlpE026 in THF at 0.02 mM concentration was 

excited at 532 nm and global analysis yielded monoexponential decay components with 

lifetime of 1.54±0.15 ns, 1.58±0.13 ns, 1.83±0.17 ns and 1.57+0.14 ns, respectively. These 

values can be attributed to the singlet state lifetime of the porphyrins and are consistent 

with the literature.[243] Accordingly, although the dipole moment orientation of each 

porphyrin isomer and the chemical structure of the meso units of the porphyrins are 

different, singlet state lifetime of the porphyrins investigated including the error bars are 

almost same. 

 

 
Figure 4.2: Time-resolved photoluminescence decay of the (A) Am1 5,15-1), (B) Am1 5-

10-1, (C) SlpE029, and (D) SlpE026 recorded after 532 nm excitation.  The time constants 

extracted at 650 nm for (A) and (B) and at 687 nm for (C) and (D).  
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Additionally, as can be seen in Fig. 4.2, the time constants extracted at 650 nm for (A) and 

(B) and at 687 nm for (C) and (D).  These values are generally averaged based on 4-5 nm 

surrounding of lmaximum according to each graph or each data. Highly noisy graph can be 

obtained if only one wavelength value is considered. That's why it is necessary to take the 

average of the surroundings of the peak wavelength. 

 

In order to determine the lifetime of the triplet state of the four porphyrins, nanosecond 

transient absorption spectroscopy was performed. Normally, depending on the 

solvent/electrolyte environment, triplet state lifetimes range from nanosecond to 

milliseconds for porphyrin molecules.[244] Fig. 4.3 shows the ns-TA spectra of the 5,10- 

and 5,15-substituted push-pull porphyrins after 532 nm excitation. A negative signal 

indicative of ground-state bleach (GSB) in the range of ~ 400 to 475 nm, as well as a positive 

signal as excited state absorption (ESA) in the range of ~ 475 nm to 550 nm are formed 

instantaneously upon excitation. In the case of the Am1 5,15-1 and Am1 5,10-1 porphyrins, 

we observed ~ 94% recovery in the GSB, whereas the recovery was about  ~ 82% for 

SlpE029 and ~ 79% for SlpE026 within the same time window. These recovery values are 

based on percentage of peak GSB intensity. ns-TA spectroscopic results of the porphyrins 

supported the similar findings as already indicated in the steady-state absorption and 

emission spectroscopy measurements in Fig. 4.3. Accordingly, the greater extent of 

intramolecular charge transfer from the D group to the A moiety was monitored in the 

SlpE029 and SlpE026 porphyrins, due to the broadened and red-shifted GSB and ESA 

spectral features in Fig. 4.3C and D. These spectral features were observed mostly in the 

SlpE029 porphyrin, which was followed by SlpE026 and then Am1 5,15-1 and Am1 5-10-

1 porphyrins with a similar trend behaviour as shown in Fig. 4.3A and B. 

 

 

 

 

 



 60 

CHAPTER 4: Charge Transfer Process at the Interface of Methylammonium Lead 

Triiodide Perovskite and Push-Pull Porphyrins 

 

 
Figure 4.3: Nanosecond transient absorption spectra of the (A) Am1 5,15-1, (B) Am1 5-

10-1 (C) SlpE029, and (D) SlpE026 recorded after 532 nm excitation. 

 

Kinetic profiles collected from ns-TA of both GSB at 447 nm and ESA at 500 nm of the 

5,10- and 5,15-substituted push-pull porphyrins are presented in Fig. 4.4. Applying the global 

fit to each porphyrin provides a fit described by single exponential decays with time 

constants (t) of 450±41 ns, 450±39 ns, 660±55 ns and 750±72 ns for Am1 5,15-1, Am1 

5,10-1, SlpE029 and SlpE026, respectively. Accordingly, SlpE026 has the longest triplet 

state population, followed by SlpE029, and then Am1 5,15-1 and Am1 5,10-1 porphyrins  

with the almost same triplet state lifetime. It is worth mentioning that the photophysical  
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characterizations of the porphyrins were done in the present of oxygen using the 

spectroscopies of steady-state absorption and emission and time-resolved PL using a streak 

camera and ns-TA so far. Oxygen, possessing a triplet state as ground state, is a very 

effective quencher of this excited triplet state. Energy is transferred to oxygen in the process 

of quenching and this leads to the formation of singlet oxygen.  The lifetime of the 

porphyrin is quenched (reduced) in the presence of oxygen.[245] Therefore, as molecular 

oxygen is known as an efficient quencher of phosphorescence, TA spectroscopy was 

performed for only one type of porphyrin, SlpE026 to confirm the triplet nature of the 

porphyrins. The ns-µs TA signal in the absence of oxygen exhibited much slower dynamics 

(see Fig. A.2) with a time constant of 148±10 µs compared to the signal in the presence of 

oxygen (Fig. 4.4) with a time constant of 750±72 ns, fully supporting the triplet nature of 

the long-lived SlpE026 porphyrin.  

 

It is worth to mention that the solid line for the fit has a downwards component is the part 

of the fitting in Fig. 4.4. This reflects total amplitude of an exponential function. The GSB 

rise time is more than the temporal resolution of both pump and probe pulses. Step size is 

earlier 1-5 ns and latter 50 ns up to few µs, then 500 ns for the measurement of ms lifetime. 

 

The TRPL and ns-TA results showed that the singlet state lifetime of the Am1 5,15-1, Am1 

5,10-1, SlpE029 and SlpE026 porphyrins were almost the same, but interestingly the longest 

triplet state population was recorded in SlpE026 porphyrin, followed by SlpE029, and then 

Am1 5,15-1 and Am1 5,10-1 with almost the same triplet state lifetime. These highly 

interesting results must obviously be correlated to some extent to different geometries and 

spin populations in the excited state versus ground state between the porphyrins. In order 

to conclusively this, high level theoretical calculations, for example using density functional 

theory (DFT) plus dipole moment calculations will be highly necessary for the paper 

publication process in the near future working in collaboration with the Ultrafast Laser 

Spectroscopy and Four-dimensional Electron Imaging research group in KAUST. Due to 

time constraints, these calculations were not undertaken in this thesis. 
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Figure 4.4: Normalized ns-TA kinetics of (A) GSB at 447 nm of the Am1 5,15-1 (red), 

Am1 5,10-1 (blue), SlpE029 (green), and SlpE026 (orange), respectively, and (B) ESA at 

500 nm of the Am1 5,15-1 (red), Am1 5,10-1 (blue), SlpE029 (green), SlpE026 (orange) 

with the average triplet state lifetimes after 532 nm laser excitation. The black solid lines 

show the best fits to the acquired data. 

 

4.2.2 Charge Transfer Study between MAPbI3 Perovskite and Porphyrin 
Although significant progress has been made in charge transfer (CT) study of various 

porphyrin-based[237], methylammonium lead triiodide (CH3NH3PbI3 or MAPbI3) 

perovskite-based[246] donor-acceptor systems, CT compounds containing both MAPbI3 

and porphyrins have not been reported yet. To investigate whether the present types of  
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push-pull porphyrins can also act as an electron acceptor in any donor-acceptor systems for 

the applications of solar energy conversion, we decided to investigate electron transfer (ET) 

process from MAPbI3 perovskite in film phase to the porphyrin. For this, a case study was 

conducted with the SlpE026 porphyrin as model system. Based on the longest triplet state 

lifetime reflected from ns-TA kinetics results and one of the greater extent of charge 

transfer between D and A groups reflected from spectroscopic results and due to the reason 

that a classic 5,15-substituted push-pull porphyrins, which are used widely as many 

contemporary porphyrins in DSSCs studies, the SlpE026 porphyrin were chosen. 

 

4.2.2.1 Steady-state Measurements 

In order to understand the ground state and excited state interaction between MAPbI3 film 

and the SlpE026 porphyrin, steady-state absorption and photoluminescence (PL) spectra 

of MAPbI3 perovskite film were recorded with successive addition of the SlpE026 as shown 

in Fig. 4.5. As can be seen, the MAPbI3 perovskite film displayed strong absorption from 

the visible wavelengths down to the near infrared (NIR) range.[247] As illustrated by the 

absorption spectra in Fig. 4.5(left), no spectral shifts or intensity change were observed  

on the MAPbI3 film up to SlpE026 (80 fM) concentration. On the other hand, the PL 

spectra of the MAPbI3 perovskite film was recorded around 775 nm in Fig. 4.5(right) which 

was also in agreement with the literature value.[248] Note that the MAPbI3 film was 

selectively excited at 675 nm excitation wavelength, where the absorption of SlpE026 

porphyrin can be neglected. It is worth mentioning that there is no spectral overlap between 

the absorption of the SlpE026 porphyrin and the PL spectrum of the perovskite film. 

Therefore, ~ 53% PL quenching of perovskite upon addition of SlpE026 porphyrin cannot 

be attributed to energy transfer in this system. Instead it indicates that the observed PL 

quenching should be attributed to photoinduced electron transfer (PET) from the MAPbI3 

perovskite film to the SlpE026. Here, probability of aggregation of the porphyrin can be 

excluded as low concentration of the porphyrin was used. It is worth to mention that we 

monitor the PL quenching of the perovskite film not the porphyrin. 
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Figure 4.5: Steady-state absorption (left) and emission spectra (lEx=675 nm) (right) of 

MAPbI3 films recorded at different SlpE026 porphyrin concentrations (in fM) in 

chloroform solution as indicated. 

 

4.2.2.2 Excited-state Measurements 

Time-resolved fluorescence experiments using a streak camera with picosecond resolution 

were carried out in order to obtain physical insight into the reaction mechanism of the PET 

from the MAPbI3 perovskite film to the SlpE026. Fig. 4.6 shows that the average 

photoluminescence decay lifetime of the MAPbI3 film was changed from 1.69±0.15 µs to 

0.52±0.05 µs after 80 fM addition of the SlpE026. Considering the apparent change in 

lifetime on the µs time scale with the addition of the SlpE206, we can conclude that there 

was an electron injection from the MAPbI3 perovskite film to the SlpE026 porphyrin on 

the ns time scale. Considering the PL decays time durations of the MAPbI3 perovskite film 

in the absence and presence of the SlpE026, repetition rate of the measurement is adjusted 

to 100 KHz leading to the suppressing of the background effects as shown for the time 

before <0 s in Fig. 4.6. It is also worth to mention that red and blue data show the 

photoluminescence decays of the perovskite film in the absence and presence of the 

SlpE026, respectively taken at l=770 nm (this value is averaged based on 4-5 nm  
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surrounding of lmax according to the data to prevent highly noisy graph) in Fig. 4.6C. Also, 

the PL decays were fitted with single exponential function where the chi-square values are 

found as >0.99 for both cases. The PL lifetimes for these fittings are shown as tav.  

 

To elucidate the behaviour of the charge carrier lifetime, femtosecond transient absorption 

measurement has been performed in 725-875 nm spectral region after 640 nm optical 

excitation. The fs-TA spectra at different time delay of only MAPbI3 perovskite film and 

MAPbI3 perovskite film with 80 fM concentration of the SlpE026 porphyrin are plotted in 

Figure 4.7A and B, respectively. The TA spectra of MAPbI3 film shows different transient 

features: a photo induced transient bleach in the spectral range of 765-815 nm. The feature 

at 778 nm can be assigned to transient bleaching of the band edge transition and laser-

induced fluorescence. A wide size distribution is responsible for the broadening of the TA 

bleach signal. In addition to that a broad photoexcited absorption is noticed below 765 nm 

which can be attributed to excited state absorption of free lead(II) iodide (PbI2) [249]. The 

fs-TA spectra of MAPbI3/SlpE026 show similar pattern like MAPbI3 perovskite film 

however, their attributions are different. Upon addition of SlpE026 on the MAPbI3 film, 

the bleach (band edge as well as the stimulated PL) recovers at a faster rate. Femtosecond 

TA normalized kinetics can easily be distinguished by comparing the TA dynamics which 

are discussed in the next figure. The faster bleach recovery of the MAPbI3 in presence of 

SlpE026 clearly indicates photoinduced electron transfer (PET) from perovskite film to the 

acceptor porphyrin molecule (the perovskite film gives its electron to the porphyrin via its 

conduction band). It is worth mentioning that there is no signal coming from the SlpE026 

porphyrin (no intrinsic response of the porphyrin) at this excitation wavelength. fs-TA 

spectra of 80 fM SlpE026 in chloroform solution onto the glass substrate are shown in Fig. 

A.3. 
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Figure 4.6: Time-resolved photoluminescence decay of the (A) MAPbI3 film, and (B) 

MAPbI3/SlpE026 with the average time constants recorded after 650 nm excitation. The 

time constants extracted at 770 nm. 



 67 

CHAPTER 4: Charge Transfer Process at the Interface of Methylammonium Lead 

Triiodide Perovskite and Push-Pull Porphyrins 

 
Figure 4.7: Femtosecond transient absorption spectra recorded after 650 nm pulsed-laser 

120 fs excitation for (A) the MAPbI3 film, and (B) MAPbI3 film with 80 fM the SlpE026 in 

chloroform solution. 

 

Femtosecond (fs) transient absorption kinetics are also presented to investigate the reaction 

mechanism of the PET from the MAPbI3 perovskite film to the SlpE026 in Fig. 4.8. Fig. 

4.8A shows the bleach recovery kinetics normalized at t= 0 ps time delay. The bleach 

probed at 778 nm has a growth component up to 3.5±0.3 ps time window represented as 

tg. The kinetics of the perovskite film can be fit exponentially with a time constant of 

1.9±0.1 ns. Upon addition of 80 fM SlpE026 the growth component has completely 

disappeared also. GSB recovers at a faster rate than only MAPbI3 film alone. Similarly, the  
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GSB recovery of MAPbI3/SlpE026 fits an exponential function with a time constant of 

1.1±0.1 ns. Absence of the growth components and fast bleach recovery can be attributed 

to electron transfer from the MAPbI3 perovskite film to the SlpE026 porphyrin. We also 

monitored the kinetics at 794 nm (Fig. 4.8B; due to stimulated emission) of the same 

system. Both kinetics can be fit single exponentially with time constants of 1.6±0.1 ns and 

0.9±0.08 ns, respectively for MAPbI3 film and MAPbI3/SlpE026.   

 
Figure 4.8: Normalized fs-TA kinetics of (A) bleach recovery at 778 nm of the MAPbI3 

film (red) and MAPbI3/SlpE026 (blue) and (B) stimulated emission at 794 nm of the 

MAPbI3 (red) and MAPbI3/SlpE026 (blue) after 650 nm laser excitation. 
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4.3 Conclusion 
In summary, ultrafast photophysics including intersystem crossing of newly synthesized 

unsymmetrically 5,15-disubstituted porphyrins (Am1 5,15-1 and SlpE026), which have a 

dipole running along the meso-meso axis, and their 5,10-disubstituted counterparts (Am1 

5,10-1 and SlpE029) with the dipole moment along the β-β axis was explored using time-

resolved transient absorption and photoluminescence spectroscopy. The greater extent of 

intramolecular charge transfer between the electron donor and acceptor moieties was most 

observed in the SlpE029 porphyrin, which was followed by SlpE026 and then Am1 5,15-1 

and Am1 5,10-1 porphyrins using steady-state absorption and emission spectroscopy and 

ns-TA spectroscopy results of the porphyrins were also supported by similar findings due 

to the broadened and red-shifted GSB and ESA spectral features. Similar singlet state 

lifetime was monitored for all of the porphyrins using TRPL spectroscopy, but interestingly 

the longest triplet state population was recorded in SlpE026 porphyrin, followed by 

SlpE029, and then Am1 5,15-1 and Am1 5,10-1 with almost the same triplet state lifetime 

using ns-TA spectroscopy. Additionally, a case study was conducted with the SlpE026 

porphyrin as a model system to investigate the capability of the present types of push-pull 

porphyrins to accept the electron from the MAPbI3 perovskite film. Electron transfer 

process from MAPbI3 perovskite in film phase to the porphyrin was demonstrated for the 

first time using steady-state emission, time-resolved transient absorption and 

photoluminescence spectroscopy. Here, the probability of energy transfer can be excluded 

as there is no spectral overlap between the absorption spectra of the porphyrin and PL 

spectrum of the MAPbI3 perovskite film. 

 

 

 

 

 

 

 

 



 70 

CHAPTER 5 

 

CHAPTER 5: Ultrafast Charge Transfer Interaction 

between Nanocarbon Materials and Porphyrins  

 
5.1 Introduction 
Investigation of interfacial charge transfer between the donor (D) and acceptor (A) is one 

of the major topic of research interest in photovoltaic and light emitting application due to 

its direct relation in photocurrent conversion efficiency.[27, 28, 250-254] Especially, sheer 

endless chemical and physical features are provided with the structural diversity of organic 

building blocks. The toolbox for building a wide palette of carbon allotropes is offered by 

changing the periodic binding motifs in sp3-, sp2-, and sp hybridized networks.[142] For 

this purpose, to investigate the physicochemical characteristics of nanocarbons in reduced 

dimensions starting with the advent of 0D fullerenes, followed by 1D carbon nanotubes 

and by 2D graphene, the past quarter century has served as a test-bed.[255-257] Due to the 

fact that the probabilities of arranging electronic and structural features of carbon-based 

materials are limitless, their function in charge-transfer systems is gaining importance.[258] 

As carbon nanostructures are easily acquired from natural products, they can maintain to 

contribute toward future energy supply in terms of sustainability.[259-261] Costly rare-earth 

metals and/or toxic materials existent in contemporary electronic devices can be replaced 

with carbon nanostructures thanks to their rich electrochemical characteristics.[262] 

 

There has been significant interest to study of molecular-scale carbon-based hybrid 

materials that could be used in optoelectronic applications.[122, 142, 147, 148, 263, 264] 

Porphyrins possess good light-harvesting features owing to high molecular extinction 

coefficient of their Soret and Q-bands in the UV/Vis spectra. They exhibit unique 

photophysical and electrochemical characteristics that are tuneable by changing the meso-

functional groups and via interactions with metal atoms[28, 265] and they have been 

broadly used to decorate carbon materials such as fullerene and graphene[266].  

 

Furthermore, photoinduced electron transfer processes with carbon-based materials for the  
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development of optoelectronic devices can be supported by the electron-donor character 

of porphyrins.[267-269] Porphyrins and nanocarbon structures are one of the most 

promising components in terms of constructing new materials for future electronic 

devices.[270-272] To form a donor (D)-acceptor (A) system, hybrid materials based on 

these two classes of materials together can be used in energy conversion applications.[269, 

273, 274] The D-A system performs through p-p interactions, and porphyrin structure and 

the charge on the surface of the nanocarbon material have an important role in this 

system.[275, 276] 

 

In the present work, two different 5,15-donor-acceptor-subsituted push-pull porphyrins 

selected were: [10,20-bis(3,5-di-tert-butylphenyl)-5-(4-carboxyphenylethynyl)-15-(N,N-

dimethylanilinyl)porphyrinato]zinc(II) (Am1 5,15-1) and {5-[bis(4-tert-butylphenyl)amino]-

15-(4-carboxyphenylethynyl)-10,20-bis(2,6-dioctyloxyphenyl)porphyrinato}zinc(II) 

(SlpE026) (see Fig. 3.1). It is worth noting that these two porphyrins have same electron 

acceptor group (4-carboxyphenylethynyl), but they possess different electron donor (N,N-

dimethylanilinyl for Am1 5,15-1 and bis(4-tert-butylphenyl)amino for SlpE026), and 

chemical groups on the meso units of the porphyrin cavity. Here, the dipole is along the 

meso-meso axis for both porphyrins. Molecules of this type are in contemporary use in dye-

sensitized solar cells (DSSCs) studies, nonlinear optics and more, and further allow a 

comparison of the impact of different orientations of the molecular dipole moment on 

photophysical properties.[77] We investigated the ground-state and excited-state 

interactions of non-covalent association between these neutral porphyrins and nanocarbon 

materials (neutral C60 fullerene and negatively charged graphene carboxylate (GC)) using 

steady-state spectroscopy and state-of-the-art transient absorption (TA) spectroscopy with 

broadband capabilities.  The affinity of each porphyrin on each nanocarbon surface was 

indicated by steady-state absorption and emission spectroscopies, and the efficiency of 

quenching of the porphyrin fluorescence was monitored. Stern-Volmer plots demonstrated 

a combination of diffusion-controlled (dynamic) and static mechanisms for porphyrin/C60 

hybrids and static mechanism for porphyrin/GC hybrids. Time-resolved femtosecond (fs) 

and nanosecond (ns) TA measurements also performed to validate the electron transfer  
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process in this porphyrin/nanocarbon hybrid interface.  

 
5.2 Results and Discussion 

5.2.1 Steady-state Measurements 
The main aim of the present study was to investigate the charge transfer interaction between 

two newly synthesized porphyrins (Am1 5,15-1 and SlpE026) with different polymorph of 

nanocarbon (fullerene, C60 and graphene carboxylate, GC).  Studies on the porphyrin 

nanocarbon interactions using C60 and GC were carried out in NMP (N-methyl-2-

pyrrolidone) and THF:H2O mixture [1:1 v/v], respectively, owing to better solubility. 

Figure 5.1 and 5.2 represent steady-state absorption and emission spectrum changes for the 

investigated porphyrins (Am1 5,15-1 and SlpE026) at 0.002 mM fixed concentration with 

successive additions of C60 in NMP and GC in THF:H2O mixture [1:1 v/v], respectively. 

In the absence of nanocarbons the two characteristic bands, Soret and Q-bands, of Am1 

5,15-1 and SlpE026 are clearly depicted. The Soret and two Q-bands of Am1 5,15-1 in 

NMP and THF:H2O mixture [1:1 v/v]mixture appear at 449 nm and 583 and 634 nm; and 

446 nm and 579 and 630 nm, respectively (Figure 5.1A and 5.2A left panels, respectively). 

Similarly, for SlpE026 the Soret and two Q-bands in NMP and THF:H2O mixture [1:1 v/v] 

appear at 452 nm and 582 nm and 645 nm; and 449 nm and 581 nm and 641 nm, 

respectively (Figure 5.1B and 5.2B left panels, respectively). Increasing the amount of added 

studied nanocarbon materials (C60 and GC) successively into the both Am1 5,15-1 and 

SlpE026 solutions caused the absorption to increase in the region, due to the absorption of 

the C60 and GC in the same spectral region. Upon addition of C60 and GC, the intensity of 

the Soret band of both porphyrin/nanocarbon mixtures are decreased significantly, while 

the Q bands in the same solutions become almost unnoticeable. The formation of the Am1 

5,15-1/C60, SlpE026/C60, Am1 5,15/GC and SlpE026/GC nanohybrids and interactions 

between each hybrid are supported based on the ground-state absorption spectrums of 

porphyrin/nanocarbon solutions contain characteristics of both porphyrin and nanocarbon 

material[277]. The background to lower wavelength all cases is the increased absorbance 

due to scattering. Because, with successive addition of C60 and GC separately until reaching 

the final concentration, a monotonically decreased broad signal from the UV to the visible  
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region is observed which refers to the signal of the tested nanocarbons (see Fig. A.4). In 

the meantime, the characteristic peaks of the studied porphyrins in the Soret and Q bands 

region are still visible in less intensities. The intensity of the Soret and Q bands are slightly 

more distinctive in Am1 5,15-1/C60 and Am1 5,15-1/GC solutions at saturated 

concentration in Fig. 5.1A and 5.2A as compared to the SlpE026/C60 and SlpE026/GC 

hybrids in Fig. 5.1B and 5.2B. It is worth noting that the neutral porphyrin could not form 

any ground-state charge transfer (CT) complex with the nanocarbon due to weak 

electrostatic interaction. However, we noticed in the earlier work[147] the positively 

charged porphyrin could form CT complex with GC owing to strong electrostatic 

interaction and p-p stacking interactions[275]. 

 
To further investigate the non-covalent interactions between the novel porphyrins and 

nanocarbon materials, steady-state photoluminescence (PL) measurements were 

performed. Fig. 5.1A and 5.1B (right panels) illustrate the emission spectra of Am1 5,15-1 

and SlpE026 measured after excitation at 625 nm in the presence of C60 at different 

concentrations, while the emission spectra of the same porphyrins are tested after excitation 

at 600 nm upon increasing the concentration of GC as illustrated in Fig. 5.2A and B (right 

panels). The emission of both porphyrins is successively quenched with the addition of C60 

and GC specified a strong excited state association resulting in the generation of weak or 

non-luminescent hybrids. At a C60 concentration of 0.346 mg/mL, the quenching 

efficiencies are estimated to be 84% and 73% as well as 2 nm and 5 nm redshift for Am1 

5,15-1 and SlpE026, respectively. On the other hand, the estimated efficiencies of 

quenching are 96% and 91% with 4 nm and 7 nm redshift for Am1 5,15 and SlpE026, 

respectively at a GC concentration of 0.750 mg/mL. On the basis of this information, 

slightly larger red shifts are examined in the emission spectrums of porphyrin/GC hybrids 

compared to the porphyrin/C60 hybrids. The shifts in the emission spectra are reflected in 

the degree of complexation or interaction. In the case of Am1 5,15-1/GC and 

SlpE026/GC, the interaction is slightly larger than the interaction between the same 

porphyrins and C60. We also observed that the fluorescence quenching of Am1 5,15-1 is 

slightly more efficient than SlpE026. Regarding to the small variation in the fluorescence  
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quenching efficiency of the investigated porphyrins can be related to differences in the 

intermolecular contacts between porphyrin and nanocarbon. Steady-state measurements 

show that slightly changing the structure of the porphyrins from the meso-units does not 

change much the interaction with nanocarbon materials. 

 

Figure 5.1: Steady-state absorption (left) and emission spectra (lEx=625 nm) (right) of (A) 

Am1 5,15-1 and (B) SlpE026 recorded at different C60 concentrations (in mg/mL) as 

indicated. The Stern-Volmer plots as a function of the C60 concentration of each porphyrin 

are showed in the insets. 
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Figure 5.2: Absorption (left) and fluorescence after excitation at 600 nm (right) of (A) 

Am1 5,15-1 and (B) SlpE026 recorded at different GC concentrations (in mg/mL) as 

indicated. Insets show the respective Stern-Volmer plots. 

 

To gain insight into the nature of quenching, we have constructed Stern-Volmer plots of 

the emission quenching of Am1 5,15-1 and SlpE026 upon association with C60 as illustrated 

in the insets of Fig. 5.1A and B, respectively. Each data plot shows an upward curvature 

with increasing C60 concentration, which demonstrates a combined effect from both 

diffusion-controlled (dynamic) and static mechanisms in the excited-state deactivation.[278]  
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Stern-Volmer plots were also used to investigate the quenching mechanism of Am1 5,15-1 

and SlpE026, respectively by GC in the right panels of the insets in Fig. 5.2A and B. Based 

on a linear correlation with the increasing GC concentration, it is revealed that quenching 

progresses according to a static mechanism in porphyrin/GC mixture.[278, 279] The 

efficient PL quenching can be attributed due to electron and/or energy transfer from the 

photoexcited porphyrin to the nanocarbon. To evaluate this, we perform femtosecond and 

nanosecond transient absorption spectroscopy as demonstrated in the following section.  

 

5.2.2 Excited-state Measurements 
Direct and comprehensive knowledge about the excited-state dynamics such as excited-

state charge transfer (CT), charge separation (CS), and charge recombination (CR)[280-283] 

of the non-covalent interactions of Am1 5,15-1 and SlpE026 with C60 and GC are provided 

by fs-TA spectroscopic measurements. Fig. 5.3 and Fig. 5.4 show the fs-TA spectra with 

broadband capabilities within a 120-fs temporal resolution for Am1 5,15-1 and SlpE026 in 

the absence and presence of C60 and GC, respectively after 640 nm optical excitation, which 

mainly excites the porphyrins. For clarity, the differential spectra against the reference of 

the 550 fs and 650 fs spectrum and the differential spectra against the reference of the 250 

fs and 725 fs spectrum, respectively are displayed in Fig. A.5 and A.6. Upon analysing the 

TA spectra in different time domains, strong negative absorption bands, which related to 

the ground state bleach (GSB) of the Soret band, are observed at 449 and 451 nm, 

respectively for Am1 5,15-1 and SlpE026 in NMP. Immediate after GSB, a broad excited 

state absorption (ESA) is extending up to 550 nm (Fig. 5.3A and C). Similar to NMP, the 

fs-TA measurements of these newly synthesized porphyrins were performed in THF:H2O 

mixture following 640 nm optical excitation as shown in Fig. 5.4A and C, respectively. The 

GSB and ESA bands are also associated with time delay in similar pattern like NMP. The 

TA spectra illustrate the characteristic peaks of the porphyrin molecule.[147-149, 284, 285] 

However, the spectral shift is due to the presence of different functional moieties. The ESA 

band of Am1 5,15-1 and SlpE026 shows long-lived, which can be attributed to the excited 

triplet state absorption.[148, 286] fs-TA study shows within 5.5 ns time scale (see Fig. A.7) 

the GSB recovers by <30% to its ground state and the excess photoexcited porphyrin  
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decays into the long-lived triplet state through intersystem crossing that is in good 

agreement in the literature. [148, 149, 285, 286] The excited triplet state lifetime was 

calculated from ns-TA measurements, which is demonstrated in next section.  

 

To get into details charge transfer interaction between free porphyrin and porphyrin-

nanocarbon, fs-TA measurement has been performed with identical experimental 

conditions, which are illustrated in Figure 5.3B and D (porphyrin/C60) and Figure 5.4B and 

D (porphyrin/GC). Upon addition of C60 and GC no spectral deviation is noticed; 

however, GSB recovery and decay of ESA follow differently.   

 

From Figure 5.3B and D, it is clear that the GSB and ESA of Am1 5,15-1/C60 and 

SlpE026/C60 recover and decay, respectively faster than only porphyrin, which can be 

attributed as electron transfer from the photoexcited porphyrin to the C60.[147, 148, 287] 

The spectroscopic signature in the ESA region of the Am1 5,15-1/C60 and SlpE026/C60 

in Fig. 5.3B and D is the signature of porphyrin cation radical. This clearly indicates that 

CT occur because of formation of the porphyrin•+ cation radical. During the electron 

transfer process, there is usually a fast change in GSB recovery, because of the 

recombination of the donor and acceptor systems. After photo-excitation, an electron 

transfer will be occurred from the porphyrin to the C60 to form a charge separated state, 

which will later combine to generate the neutral or the initial state[288]. In the case of Am1 

5,15-1/C60 and SlpE026/C60, we see that a separation is followed by an electron transfer. 

For this reason, we do not see an efficient change within this time for the GSB. Because, 

the electron is in the C60 propagates far from the surface and has not gone back yet to Am1 

5,15-1 and also SlpE026 to see recovery[289]. Similar to C60 interaction, the bleach recovery 

of the porphyrin takes place a faster rate with GC; however, decay of ESA shows reversely. 

Further studies were conducted by comparing the kinetics traces of the porphyrins in the 

presence and absence of the nanocarbon. 
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Figure 5.3: fs-TA spectra recorded after 640 nm optical excitation for (A) Am1 5,15-1, (B) 

Am1 5,15-1/C60, (C) SlpE026, and (D) SlpE026/C60. 

 

Additionally, it is worth to mention here that the absorbance change of the porphyrins in 

the absence and presence of nanocarbons in the results of TA spectroscopy can be 

explained as the difference in the concentration or experimental condition. Here, we are 

not interested in the changes in the intensity. Because, the electron transfer process is 

monitored by comparing the dynamics. 
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Figure 5.4: fs-TA spectra of (A) Am1 5,15-1, (B) Am1 5-15-1/GC, (C) SlpE026, and (D) 

SlpE026/GC recorded after 640 nm optical excitation. 

 

Association of kinetics traces of Am1 5,15-1 and SlpE026 in the absence and presence of 

C60 in NMP is depicted in Figure 5.5. The kinetics are plotted up to 200 ps time window to 

visualize the change. The GSB of Am1 5,15-1 and SlpE026 probed at 450 nm can be fit 

using bi-exponential decay functions (see Table 5.1), which has a fast component of 

(20±1.5 ps in NMP and 3±0.2 ps in THF:H2O mixture for Am1 5,15-1; 3±0.2 ps in NMP 

and 4±0.2 ps in THF:H2O mixture for SlpE026) and a long time constant of (1.1±0.1 ns  
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in NMP and 509±50 ps in THF:H2O mixture for Am1 5,15-1; 2±0.2 ns in NMP and 2±0.2 

ns in THF:H2O mixture for SlpE026). The short time component can be attributed to non-

radiative de-excitation through intermolecular H-bonding through the carboxylate group, 

while the long components can be assigned to singlet excited state lifetime. On the other 

hand, the ESA of these newly synthesized porphyrins shows almost non-decaying single 

exponential kinetics. The long-lived state reflects the triplet state, which is populated 

through non-radiative decay channel (ISC; intersystem crossing). The calculated lifetimes 

from GSB and ESA kinetics show good agreement with the literature value.[147, 148, 287] 

The comparison of kinetics traces of Am1 5,15-1 and SlpE026 in the absence and presence 

of nanocarbon (with C60 in NMP; and with GC in THF:H2O mixture) is depicted in Figure 

5.5 and 5.6. Similar to the free porphyrin, in presence of C60 the GSB of Am1 5,15-1 and 

SlpE026 can be fitted with a bi-exponential exponential decay function having a short sub 

tens of ps and a long time component varied up to ns. However, in the presence of GC an 

additional time constant of ~0.2 ps noticed in the fitting parameter (Table 5.1). The short-

lived time constant can be attributed to charge recombination between the donor-acceptor 

pair following the ultrafast electron transfer from the porphyrins to the nanocarbon, while 

the long-lived component may be assigned to ISC of the porphyrins that did not undergo 

ET. More importantly, the presence of very fast component on the GSB in presence of GC 

clearly indicates faster electron transfer rate as compared to the C60 analogue. This 

observation is in good agreement with our steady-state PL study (Figure 5.1 and 5.2). 

Surprisingly, the ESA of Am1 5,15-1 and SlpE026 with C60 shows decay while with GC it 

shows a rising in the ESA signal. The rise time (t1(rise) = ~20-23 ps) of the ESA signal with 

GC can be assigned as the time of formation of porphyrin•+ radical cation, which forms 

immediate after photoexcitation followed by electron injection (less than temporal 

resolution <120 fs). On the other hand, the porphyrin/C60 hybrid shows only a broad ESA 

feature over the range of 475−550 nm. Again, this band can be assigned to the excited state 

absorption of porphyrin radical cation.[273, 290] However, in case of C60 the ESA follows 

faster decay (recombination takes less than 100 ps) because of recombination between 

porphyrin•+ radical cation and C60•-, which is not noticed in case of GC (better charge 

separation). This is because of 2D layer structure of the GC, which promote electron  
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injection through p-p stacking interaction. Formation of cation radical and absence of 

spectral overlap between donor-acceptor pair are the evidence of electron transfer not 

energy transfer. From, the kinetics study it is clear that the quenching (ET) in presence of 

C60 takes place through long range diffusion control manner while in case of GC it occurs 

via a short range static mechanism. The long-range electron transfer process is further 

studied through ns-TA measurement which are shown in the following section.  

 
Table 5.1: Ultrafast time constants of the exponential fitting of the experimental data. The 

parenthesis indicates percentage of amplitude. 

 Life Time – fs TA Life Time – ns TA 
Sample Name GSB  ESA  GSB  ESA  

Am1 5,15-1 
in NMP 

t1=20±1.5 (20%) ps 
t2=1.1±0.1 (80%) ns 

 

t=1.8±0.2 ns t=1.2±0.1µs t=1.2±0.1 µs 

Am1 5,15-1/C60 
in NMP 

t1=9.5±1 (21%) ps 
t2=472±30 (79%) ps 

 

t1=2.3±0.1 (31%) ps 
t2=55±4 (69%) ps 

t1=1.8±0.1 (24%) ns 
t2=1±0.1 (76%) µs 

t1=2±0.2 (24%) ns 
t2=1±0.1 (76%) µs 

SlpE026 in 
NMP 

t1=3±0.2 ps (15%) 
t2=2±0.2 (85%) ns 

 

t=2.4±0.2 ns t=1.8±0.2 µs t=1.8±0.1 µs 

SlpE026/C60 in 
NMP 

t1=11±1 (13%) ps 
t2=1.8±0.1 (87%) ns 

 
 

t1=2.5±0.2 (42%) ps 
t2=90±8 (58%) ps 

t1=2.5±0.2 (14%) ns 
t2=2±0.1 (86%) µs 

t1=1.7±0.1 (32%) 
ns 

t2=2±0.2 (68%) µs 

Am1 5,15-1 in 
THF:H2O 

t1=3±0.2 (10%) ps 
t2=509±50 (90%) ps 

 

t=3±0.2 ns t=0.65±0.04 µs t=0.7±0.04 µs 

Am1 5,15-1/GC 
in THF:H2O 

t1=0.25±0.02 (14%) 
ps 

t2=5±0.5 (11%) ps 
t3=547±53 (75%) ps 

 

t1rise=23±2.3 (21%) ps 
t2=3.4±0.03 (79%) ns 

t=0.7±0.03 µs 
 

t=0.7±0.04 µs 
 

SlpE026 in 
THF:H2O 

t1=4±0.2 (14%) ps 
t2=2±0.2 (86%) ns 

 

t=1.1±0.1 ns t=1±0.04 µs 
 

t=1±0.06 µs 

SlpE026/GC in 
THF:H2O 

t1=0.2±0.02 (12%) 
ps 

t2=13±1.3 (18%) ps 
t3=500±49 (70%) ps 

t1rise=20±1 (25%) ps 
t2=819±17 (75%) ps 

t=1±0.04 µs 
 

t=1±0.06 µs 
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Figure 5.5: Normalized fs-TA kinetics of (A and C) GSB at 450 nm of the Am1 5,15-1 

and SlpE026, respectively in the absence (black) and presence (blue) of C60, and (B and D) 

ESA at 490 nm of the Am1 5,15-1 and SlpE026, respectively in the absence (black) and 

presence (blue) of C60. The red solid lines show the exponential fit to the acquired data. 
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Figure 5.6: Normalized fs-TA kinetics of (A and C) GSB at 450 nm of the Am1 5,15-1 

and SlpE026, respectively in the absence (black) and presence (blue) of GC, and (B and D) 

ESA at 490 nm of the Am1 5,15-1 and SlpE026, respectively in the absence (black) and 

presence (blue) of GC. The red solid lines show the exponential fit to the acquired data. 

 

To explore whether the interaction between the porphyrins and the nanocarbons is 

effective via the triplet state as well, we operated nanosecond TA spectroscopy. The ns-TA 

spectra up to microseconds time scales for Am1 5,15-1 and SlpE026 in the absence and 

presence of C60 and GC are showed in Fig. A.8. Fig. 5.7 represents ns-TA kinetics of free  
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Am1 5,15-1 and SlpE026 as well as the mixture with C60. It is worth to mention that we 

noticed from fs-TA that the bleach recovery of porphyrin/nanocarbon is slower with C60 

as compared to the GC, while we observed more than 70% quenching in steady-state PL 

study. Also, non-linear pattern of the SV plot of porphyrin/C60 suggested dynamics in the 

quenching of the Am1 5,15-1 and SlpE026 with C60. The ns-TA kinetics of 

porphyrin/nanocarbon has been shown up to 200 ns time window which reflects faster 

bleach recovery and decay of ESA with C60 (Fig. 5.7). Finally, our experimental researches 

continued with investigating ns-TA kinetics of the same porphyrins in the absence and 

presence of GC as can be seen in Fig. 5.8. However, no clear change for Am1 5,15-1/GC 

and SlpE026/GC were monitored in ns-TA, which confirms that diffusion-controlled 

electron transfer process was not observed in these cases. These results reveal that each 

porphyrin is just absorbed GC on the surface of the complexation and by this way, only 

static electron transfer process occur between them. Such ns-TA spectra and corresponding 

time constants elucidate unambiguously that long-lived species can be attributed to the 

triplet excited state of free porphyrin molecule. No change in the lifetime upon addition of 

GC, clearly indicates that ET does not take place through triplet state but rather it occurs 

via singlet excited state. We observed diffusion-controlled process (dynamic interaction) 

between each porphyrin and C60. It means that each porphyrin and C60 hybrid is far from 

each other and they need to diffuse to form a reactive complex with the certain difference 

between porphyrin and C60. They need longer time to interact with each other. Therefore, 

the change in the ns kinetics is observed for GSB at 450 nm and ESA at 490 nm. Two time 

constants (sub ns and µs) which refer to singlet state and triplet state lifetime respectively 

are given in Table 5.1. 
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Figure 5.7: Normalized ns-TA kinetics of (A and C) GSB at 450 nm of the Am1 5,15-1 

and SlpE026, respectively in the absence (black) and presence (blue) of C60, and (B and D) 

ESA at 490 nm of the Am1 5,15-1 and SlpE026, respectively in the absence (black) and 

presence (blue) of C60 in NMP after 640 nm laser excitation. Fitted lines are represented in 

red. 
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Figure 5.8: Normalized ns-TA kinetics of (A and C) GSB at 450 nm of the Am1 5,15-1 

and SlpE026, respectively in the absence (black) and presence (blue) of GC, and (B and D) 

ESA at 490 nm of the Am1 5,15-1 and SlpE026, respectively in the absence (black) and 

presence (blue) of GC in (THF:H2O) [1:1 v/v] after 640 nm laser excitation. Fitted lines 

are represented in red. 
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5.3 Conclusion 
In conclusion, the photoinduced charge transfer process has been thoroughly investigated 

between two newly synthesized porphyrins and nanocarbons interface. Steady-state PL 

quenching is observed which illustrates that energy and/or electron transfer from the 

excited porphyrin to the nanocarbon. In addition, Stern-Volmer plots of porphyrin/GC 

varies linearly with increasing GC concentration while a deviation from linearity is found 

with cumulative addition of C60 into porphyrin. The static and a combination of static and 

dynamics quenching in presence of GC and C60, respectively is further studied through fs 

and ns-TA. Faster GSB recovery in fs-TA and no change in ns-TA of these newly 

synthesized porphyrins in presence of GC reveals that the ET reactions occur via the non-

covalent association of porphyrin/GC from the singlet excited porphyrin to the GC, 

resulting from the formation of porphyrin•+ radical cation. Importantly, faster GSB 

recovery of porphyrin/C60 in both fs and ns-TA is confirmed by the combination of static 

and diffusion-controlled electron quenching. Moreover, faster decay of ESA of 

porphyrin/C60 indicates strong recombination between porphyrin cation radical and C60 

anion radical pairs. Our analysis suggest that ET is more efficient and faster in a 

porphyrin/GC interface. 
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CHAPTER 6: Summary and Outlook  

 
6.1 Summary 
In chapter 4, the photophysical investigation of different series of push-pull porphyrins are 

described due to their potential usefulness as an absorber layer in solar cell devices. Steady-

state absorption and emission, time-resolved transient absorption spectroscopies indicate 

that the photophysical properties among the Am1 5,15-1 and Am1 5,10-1 isomers are 

almost the same, while the differences of photophysical properties among the SlpE029 and 

SlpE026 push-pull porphyrins are pronounced. Steady-state measurements and ns-TA 

spectroscopy results also indicate that the origin of the broadened and red-shifted spectral 

features, which are mostly observed in the SlpE029 and SlpE026 porphyrins can be 

attributed to the greater extent of intramolecular charge transfer between the D and A 

moieties, because aggregation effects can be neglected as a result of concentration 

dependent experiments. Although the singlet state lifetime of the porphyrins is almost the 

same as revealed by TRPL tests, the longest triplet state population is recorded in SlpE026 

porphyrin, followed by SlpE029, and then Am1 5,15-1 and Am1 5,10-1 with almost the 

same triplet state lifetime as indicated by ns-TA kinetics. Additionally, a case study is done 

for the first time to present charge transfer interaction from the MAPbI3 perovskite film to 

the SlpE026 porphyrin by using same spectroscopic techniques, motivated as these kinds 

of porphyrins also can act as an electron acceptor in photovoltaics or in any D-A systems. 
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Figure 6.1:  Schematic illustration of electron transfer at the MAPbI3 film-SlpE026 

porphyrin interface. (The MAPbI3 perovskite structure was obtained from reference[291]. 

 

Controlling charge transfer, charge separation and charge recombination at interfaces in D-

A systems is quite important to optimize the power conversion efficiency in photovoltaic 

cell devices. Electron transfer processes from newly synthesized 5,15-disubstituted 

porphyrins to nanocarbon interfaces are investigated using steady-state measurements and 

ns and fs-TA spectroscopies in chapter 5. Efficient PL quenching indicates energy and/or 

electron transfer from the donor porphyrins (Am1 5,15-1 and SlpE026) to the acceptor 

nanocarbons (C60 and GC). Stern-Volmer plots illustrate static quenching only in the case 

of porphyrin/GC hybrids and a combination of both static and dynamic quenching for the 

porphyrin/C60 hybrids. Both porphyrins show strong GSB corresponding to the depletion 

of the Soret band and ESA due to presence of a long-lived triplet state as revealed by fs-

TA spectroscopy. The fast bleach recovery indicates ultrafast ET from singlet-excited 

porphyrin to the nanocarbon. The formation time of porphyrin cation radical is attributed 

by rising in the excited state decay kinetics in the case of porphyrin/GC hybrids. Moreover, 

in presence of C60 fast recovery and decay of GSB and ESA, respectively of the porphyrins, 

which attributed long distance diffusion control quenching process, are illustrated by ns- 
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TA results. As there is no change in ns-TA measurements of porphyrin/GC hybrids, the 

results indicate only static electron transfer process for these hybrid systems. Finally, slightly 

changing the structure of the porphyrins from the meso-units does not change much the 

interaction with nanocarbon materials. 

 

 
Figure 6.2: A diagram illustrates static and dynamic (diffusion-controlled) mechanisms of 

PET from porphyrin to C60 and static mechanism of PET from porphyrin to GC. 

 

6.2 Outlook 
In physical chemistry, material science and solar cells communities, photoinduced charge 

transfer is one of the most important phenomena at the D-A interfaces. Thus, the 

comprehensive understanding of such dynamical processes in D-A systems will be 

beneficial for ultimate optimization of solar cell devices. It is aimed to extend these 

measurements to various photoactive materials with a variety of different porphyrin 

structures and 2D layered materials (such as chalcogenides, oxides etc.) to evaluate the 

impact of changes in the energy level alignments on CT, CR and subsequently the device 

performance. The number of layers changes the band gap. Therefore, if the thickness of 

the monolayers can be controlled, then it is possible to match them to the energy structure 

of the porphyrin. In this way, CT can be optimized by minimizing the energetic barrier  
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between the porphyrin and nanomaterial. That leads to enhance the CT and PV efficiency. 

Another possibility is to investigate the porphyrins which are linked by  conjugated bridges 

and therefore form an extended p-electron system. That way, the porphyrins can be 

matched with 2D materials. This leads to enhance CT and improve PV efficiency. The 

benefit of p-conjugated porphyrin arrays is that they can also absorb in near-infrared and 

therefore improve the energy harvesting. 

 

Particularly, the main goals are to provide fundamental information on the mechanistic and 

kinetic details of the CT process and to find a clear way to promote it at the interfaces of 

donor-acceptor. In this way, main variable components to control the charge transfer 

dynamics and the transfer efficiency at such donor-acceptor systems may be provided. 
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Appendices 

 
Fig. A.1 is used to show that a control experiment was also done with 0.02 mM porphyrin 

solutions. Therefore, the aggregation effects in these porphyrin solutions were minimized 

in 0.002 mM concentration as shown in Fig. 4.1.  

 
Figure A.1: Normalized steady-state (A) absorption, (C) emission (lEx= 532 nm) 

spectrums of 0.02 mM Am1 5,15-1 (red), Am1 5,10-1 (blue), SlpE029 (green) and SlpE026 

(orange) porphyrins in THF solution. The Q bands region of each porphyrin in the 

absorption spectrum is enlarged in (B). 

 

The experiment in Fig. A.2 was done in the absent of oxygen. Fig. A.2 is used to show that 

the lifetime of the porphyrin is quenched (reduced) in the presence of oxygen (for 

comparison see Fig. 4.4). 
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Figure A.2: Normalized time profile of nanosecond transient absorption kinetics of the 

SlpE026 porphyrin in the absent of oxygen. GSB at 448 nm (red) and ESA at 505 nm 

(blue). The solid lines show the exponential fit to the acquired data. 

 

Fig. A.3 is used to show that there is no signal coming from the SlpE026 porphyrin (no 

intrinsic response of the porphyrin as the concentration of the porphyrin is very low) after 

650 nm laser excitation (see Fig. 4.7). 

 
Figure A.3: Femtosecond transient absorption spectra of 80 fM SlpE026 porphyrin in 

chloroform solution onto the glass substrate recorded after 650 nm pulsed-laser 120 fs 

excitation. 
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Fig. A.4 is used to show a monotonically decreased broad signal from the UV to the visible 

region is observed which refers to the signal of the tested nanocarbons. (see the absorption 

graphs in Fig. 5.1 and 5.2) 

 
Figure A.4: Absorption spectrum of 0.346 mg/mL C60 in NMP and 0.750 mg/mL GC in 

THF:H2O mixture [1:1 v/v]. 

 

To clarify the data shown in Fig. 5.3 and 5.4, the differential spectra against the reference 

of the 550 fs and 650 fs spectrum and the differential spectra against the reference of the 

250 fs and 725 fs spectrum, respectively are displayed in Fig. A.5 and A.6. 
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Figure A.5: Differential fs-TA spectra recorded after 640 nm optical excitation for (A) 

Am1 5,15-1, (B) Am1 5,15-1/C60, (C) SlpE026, and (D) SlpE026/C60. 



 96 

 
Figure A.6: Differential fs-TA spectra of (A) Am1 5,15-1, (B) Am1 5-15-1/GC, (C) 

SlpE026, and (D) SlpE026/GC recorded after 640 nm optical excitation. 

 

Femtosecond TA spectroscopy study in Fig. A.7 shows within 5.5 ns time scale the GSB 

recovers by <30% to its ground state and the excess photoexcited porphyrin decays into 

the long-lived triplet state through intersystem crossing. This data is used to support the 

findings (fs-TA spectroscopy results) in chapter 5. 
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Figure A.7: Normalized fs-TA kinetics of (A) GSB at 450 nm of the Am1 5,15-1 in NMP, 

SlpE026 in NMP, Am1 5,15-1 in THF:H2O and SlpE026 in THF:H2O and (B) ESA at 490 

nm of the Am1 5,15-1 in NMP, ESA at 490 nm the SlpE026 in NMP, ESA at 510 nm of 

the Am1 5,15-1 in THF:H2O and ESA at 510 nm of the SlpE026 in THF:H2O. 

 

To explore whether the interaction between the porphyrins and the nanocarbons is 

effective via the triplet state as well, ns-TA spectroscopy was operated in chapter 5 and the 

ns-TA spectrums of the porphyrins are represented in Fig. A.8. 
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Figure A.8: ns-TA spectra recorded after 640 nm optical excitation for (A) Am1 5,15-1, 

(B) Am1 5-15-1/C60, (C) SlpE026, and (D) SlpE026/C60. 
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