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ABSTRACT 
 

Charge Carrier Dynamics at Silver Nanocluster-Molecular Acceptor 

Interfaces 

Abdulkhaleq Ahmed Almansaf 

 

A fundamental understanding of interfacial charge transfer at donor-acceptor 

interfaces is very crucial as it is considered among the most important dynamical 

processes for optimizing performance in many light harvesting systems, including 

photovoltaics and photo-catalysis. In general, the photo-generated singlet excitons in 

photoactive materials exhibit very short lifetimes because of their dipole-allowed spin 

radiative decay and short diffusion lengths. In contrast, the radiative decay of triplet 

excitons is dipole forbidden; therefore, their lifetimes are considerably longer. The 

discussion in this thesis primarily focuses on the relevant parameters that are involved in 

charge separation (CS), charge transfer (CT),  intersystem crossing (ISC) rate, triplet state 

lifetime, and carrier recombination (CR) at silver nanocluster (NCs) molecular-acceptors 

interfaces. A combination of steady-state and femto- and nanosecond broadband 

transient absorption spectroscopies were used to investigate the charge carrier dynamics 

in various donor-acceptor systems. 

Additionally, this thesis was prolonged to investigate some important factors that 

influence the charge carrier dynamics in Ag29 silver NCs donor-acceptor systems, such as 

the metal doping and chemical structure of the nanocluster and molecular acceptors. 
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Interestingly, clear correlations between the steady-state measurements and time-

resolved spectroscopy results are found. In the first study, we have investigated the 

interfacial charge transfer dynamics in positively charged meso units of 5, 10, 15, 20-tetra (1-

methyl-4-pyridino)-porphyrin tetra (p-toluene sulfonate) (TMPyP) and neutral charged 5, 10, 

15, 20-tetra (4-pyridyl)-porphyrin (TPyP), with negatively charged undoped and gold (Au)-

doped silver Ag29 NCs. Moreover, this study showed the impact of Au doping on the charge 

carrier dynamics of the system. In the second study, we have investigated the interfacial 

charge transfer dynamics in [Pt2 Ag23 Cl7 (PPh3)10] silver NCs doped with platinum (Pt), with 

neutral charged 5, 10, 15, 20-tetra (4-pyridyl)-porphyrin (TPyP). Here, we evaluated the 

effects of Pt (II) doping on the interfacial charge-transfer dynamics between TPyP and silver 

NCs. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 An Overview of Metal Nanoclusters Photophysical Properties  

 

      Interfacial photo-induced electron transfer takes place between the donor (D) and 

acceptor (A) when the donor absorbs the light in the range of visible (Vis) or ultraviolet 

(UV), leading to the formation of radical ions (A- , D+ ) (See Figure 1.1) . 1 

 

Figure 1.1 Schematic of the photoinduced electron transfer process at a donor-acceptor system 
reproduced from ref. 2 

 

     The energy level alignment of the highest occupied and lowest unoccupied molecular 

orbitals (HOMO and LUMO) of the donor and the acceptor, respectively, is one of the 

most important factors that determines how strong the interaction between the D and A 

materials. A relatively new class of nanomaterials called metal nanoclusters (NCs),  with 

metals such as gold (Au) and silver (Ag), has emerged as the missing link between atomic 

and nanoparticle behavior.3-5  Generally, they are in a range of 2-5 nm in size, protected 



15 
 

by organic ligands, and can act as an excellent electron-acceptor component due to its 

distinct electronic structure that arises from precise numbers of metal atoms, with unique 

optical and photophysical properties.6 Beside their potential applications in 

photovoltaics, metal NCs are more often used in photo-catalysis, bio-imaging, and sensing 

due to their low cost, strong photoluminescence (PL), remarkable stability, and scalable 

synthesis in high-yield and high-purity.5,7,8  One recent study has reported that metal NCs 

can act as an excellent photosensitizer in mesoscopic TiO2-based solar cells.9  Another 

study reported rapid and efficient electron injection to the molecular acceptor’s materials 

such as MV2+. (See Figure 1.2).5 Among all the advantages of metal NCs molecular- 

acceptor systems, the possibility of modulating intersystem crossing (ISC) rate and triplet 

state lifetime of organic molecules on the surface of these clusters is the most important 

photophysical property as will be shown in chapter two in this thesis. 

 

Figure 1.2 Static and diffusion-controlled mechanisms of PET from Ag29 NCs to MV2+ reproduced 
from ref.5 
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1.2. Excited State Dynamics 

 

     The essential electronic transitions involved in the light absorption and emission of 

photons by a fluorophore after photoexcitation of the molecule are traditionally 

displayed by a Jablonski energy diagram (Figure 1.3).10  

 

Figure 1.3 Jablonski energy diagram reproduced from ref.10 

As Jablonski diagram shows, the symbols S0, S1, S2, and T1 indicate the ground electronic 

state, first excited singlet state, second excited singlet state, and first excited triplet state, 

respectively. The horizontal lines indicate the vibration levels of electronic states. Straight 

arrows represent the radiative transitions, and curved arrows represent non-radiative 

transitions. In the Jablonski diagram, numerous different pathways display how the 
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molecules absorb and then emits photons with certain wavelength, which can be 

summarized as follows: 2,10   

1.2.1 Steady-State Absorbance 

 

     Once the photon absorbed by the photoactive material, a certain electron will be 

excited, and then a different energy state is populated according to the energy of the 

absorbed photon. Particular wavelengths of light can potentially be absorbed, i.e., the 

wavelengths that have energies that match the difference between two energy states of 

the particular molecule. 2,10 It should be noted that such transition occurs within less than 

10 fs (1 fs=10-15 s). This process will be followed by several photochemical and 

photophysical processes as described below. 

1.2.2 Vibrational Relaxation and Internal Conversion 

 

As the electron promoted to the excited state, energy can be dissipated in various ways. 

The first one is through a non-radiative process called vibrational relaxation, which is 

shown in the Jablonski diagram as a curved arrow between vibrational levels. This 

vibrational relaxation process takes place within the sub-picosecond time constant. Thus, 

it is extremely likely to occur immediately following the absorption process. The second 

one is known as internal conversion (IC), which can occur when two electronic energy 

levels are overlapped; and to occur within the femto-picosecond time scale, depending 

on the molecular structure of the molecule and the coupling between the electronic 

states.2,10,11  
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1.2.3 Fluorescence 

 

     Once the molecule excited, it exists in the lowest S1 for periods on the nanosecond (ns) 

time scale. After this time period, typically known as the excited state lifetime, final 

relaxation to the ground state is accompanied by the emission of a photon, which is 

known as fluorescence. It is outlined on a Jablonski diagram as a straight line moving down 

between electronic states on the energy axis. It is a slow process with a time scale on the 

order of 10-9 to 10-7 s. The energy of fluorescent photons is always less than that of the 

exciting photons. This difference is due to energy loss via internal conversion, solvation 

dynamics, and vibrational relaxation.2,11 

1.2.4 Intersystem Crossing 

 

     It is a process where the electron changes its spin multiplicity and is transferred from 

Sn to a Tn. Similar to the singlet state, the populated triplet states will undergo relaxation 

via a radiative transition process called phosphorescence, where a radiative transition 

from T1 to S0 occurs via intersystem crossing.2,11 

1.3 Time-Resolved Laser Spectroscopy 

 

     Time-resolved spectroscopy (TRS) offers a broad range of applications in various areas 

of research including chemistry, physics, materials science and nanotechnology. TRS 

allows us to probe in real time the very early dynamical events (such as excitons and 

charge carriers generated by photoexcitation) occurring on the femtosecond (one 

femtosecond = 10-15 s) and picosecond (one picosecond = 10-12 s) time scales. The current 
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TRS techniques have been advanced dramatically by the development of modern 

spectroscopic tools. For example, the application of time-resolved electronic 

spectroscopy has developed from a modest beginning with the (flash) photolysis 

technique, which has millisecond resolution; this technique was designed by Norrish and 

Porter, 12,13  who was awarded Nobel Prize in Chemistry in 1967 for their finding. 14 Their 

study opened a new world of research in the microsecond time domain, allowing the 

direct detection of short-lived transient species. Subsequently, this technique has been 

further improved with the emergence of short-pulsed lasers with a duration of 

femtoseconds. In 1999, Zewail was awarded the Nobel Prize in Chemistry for his studies 

of the transition states of chemical reactions using femtosecond pump-probe 

spectroscopy.15 

1.3.1 Pump-Probe Spectroscopy: Transient Absorption Measurements 

 

     Pump–probe experiments, such as the ones described and broadly used within this 

dissertation, are some of the most powerful techniques for detecting transient species 

and providing direct information about the charge carrier dynamics by monitoring the 

evolution of charge-separated states in many donor-acceptor systems.2,16 Understanding 

the photophysical and photochemical processes in donor-acceptor systems, such as CT, 

CS and CR processes, are very crucial for the further improvement of solar device 

performance by providing fundamental dynamical information required for device 

optimization and fabrication. 2,16 The idea behind transient absorption (TA) 

measurements is simple. It is based on two ultra-short laser pulses. One serves as a pump 
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light used to excite the system of interest into the electronically excited state (from S0 to 

Sn), and the second pulse works as a probe light in the UV-Vis and near-IR spectral range. 

The basic design of all pump-probe experiments follows the schematic shown in Figure 

1.4. As mentioned previously, it is a unique setup to monitor CT, CS, and recombination 

dynamics in real time, providing essential information about the mechanistic and kinetic 

details of the major events that occur on very short time scales ranging from fs to µs.2,16 

 

Figure 1.4 Schematic depiction of the pump-probe experimental setup: pump 

pulse excites the sample for dynamics initiation, and the probe is used to measure 

the changes induced by the pump. The variable delay between the pump and 

probe pulses provides the time dependence of the difference absorption signal 

reproduced from ref.2 

Obviously, the pump pulse should be more intense than the probe pulse because it 

produces the changes in the molecules, whereas the probe only interrogates them, and 

for ideal measurements, the probe should not have any influence on the sample under 

investigation. 
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1.3.2 Femtosecond and Nanosecond Transient Absorption Spectroscopy  

 

     fs and ns-TA spectroscopies are unique techniques to provide direct information in real 

time about the deactivation of the excited states. fs- and ns-TA measurements in this 

thesis are performed using the HELIOS and EOS setups (Ultrafast Systems). The 

instrumental setup of the ultrafast systems (HELIOS and EOS) will be shown later in 

appendix A, part A1. The fs-TA experiments pump−probe, which is a white light 

continuum probe pulse, was generated in a 2 mm thick sapphire plate contained in an 

Ultrafast System LLC spectrometer by a pulse energy of a few micro joules. The 

fundamental output came from a Ti: sapphire femtosecond regenerative amplifier 

operating at 800 nm with 35 fs pulses and a repetition rate of 1 kHz. Spectrally tunable 

(240−2600 nm) femtosecond pulses generated by an Optical Parametric Amplifier (Light 

Conversion LTD) and a white light continuum were used, respectively, as the pump 

(excitation) and probe beams in a pump−probe experimental setup (Helios). On the other 

hand, the ns-TA spectroscopy was carried out using an EOS spectrometer with a white-

light continuum probe pulse that was generated by a super continuum source, and 

spectrally tunable (240−2600 nm) femtosecond pump pulses, with an energy of 25 μJ, 

were generated in an optical parametric amplifier (Newport Spectra-Physics). Finally, 

global analysis fitting procedures are applied to extract the kinetics of dynamical 

processes from the TA spectra.17   
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1.4 Transient Absorption Spectrum 

 

     TA spectroscopic signatures reveal valuable information about several dynamical 

processes upon optical excitation (e.g. charge separation, carrier trapping, charge carrier 

recombination, Auger recombination). From positive and/or negative signal contributions 

within the absorbance change (ΔA) spectra as illustrated in Figure 1.6 where we can 

extract useful information about different processes as follows: 2,18  

Ground State Bleach (GSB): corresponds to the depletion of the ground state (GS) 

population upon interaction with a pump pulse. It is a negative signal located in the 

wavelength region of the steady-state absorption (see figure 1.5). 

 

 

Figure 1.5 TA spectrum illustration; a ΔA: ground-state bleach (GSB), stimulated emission (SE), 

and excited-state absorption (ESA) reproduced from ref.19  



23 
 

Excited State Absorption (ESA):  it represents the absorption of a photon from a lower 

excited state to a higher excited state of an atom, molecule or ion. Excited-state 

absorption can occur only after an electron has already been excited to a higher excited 

state by either photoexcitation (PE), where the original electron absorbs the photon and 

gains all the photon's energy or by electrical excitation (EE), where the original electron 

absorbs the energy of another, energetic electron. Accordingly, a positive signal is 

obtained in the wavelength region of the excited state absorption with a decrease in the 

intensity of the detected light (i.e., photons are absorbed by the sample in a spectral 

region where they were previously transmitted). The positive signal due to ESA decays 

with the lifetime of the excited state (ES) (see figure 1.5).2 

1.5 Objective and Outline of the Thesis 

 

1.5.1 Objective  

      

     Since an efficient PV device requires fast CT and a long-lived CS state, understanding 

the CT dynamics at D-A interfaces is essential to improving the device performance. 

Herein, we employ ultrafast broadband time-resolved spectroscopy to monitor the 

charge carrier dynamics at a few D-A interfaces. More specifically, we investigate the 

effects of metal doping of silver nanoclusters on the charge carrier dynamics, intersystem 

crossing and triple state lifetime of chromophores.  
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1.5.2 Outline 

 

     For the following parts, a detailed introduction will be given at the beginning of each 

chapter to understand the background, perspective and aim of the work reported, which 

is a comprehensive study of photoinduced CT in D-A systems using fs and ns broadband 

TA spectroscopy. 

In chapter 2, we study the ultrafast interfacial CT between the positively charged meso 

units of 5, 10, 15, 20-tetra (1-methyl-4-pyridino)-porphyrin tetra (p-toluene sulfonate) 

(TMPyP) and neutral charged 5, 10, 15, 20-tetra (4-pyridyl)-porphyrin (TPyP), with negatively 

charged undoped and gold (Au)-doped silver Ag29 NCs. Steady-state absorption, 

fluorescence, Raman and time-resolved experiments indicated that there was only 

interaction between negatively charged undoped and gold (Au)-doped silver Ag29 NCs and 

TMPyP. The results indicate ultra-fast electron injection from the porphyrin to undoped and 

Au-doped NCs, as shown by the formation of porphyrin radical cation occurs within 300 fs. 

Moreover, in this regime, we found that the positive charge on the meso unit of porphyrin 

and the negative charge of the surface of silver NCs are the key components and the main 

driving force for such interactions. In addition, our time-resolved data clearly demonstrate 

the possibility of modulating the CT and the triplet state population of porphyrin on the NC 

surface by a metal doping effect. 



25 
 

 

Figure 1.6 A diagram illustrates the interaction between the positively charged porphyrin (TMPyP) 

and neutral charged porphyrin (TPyP), with negatively charged undoped silver Ag29 NCs. 20 

 

In chapter 3, we have investigated the CT between the neutral charged 5, 10, 15, 20-tetra 

(4-pyridyl)-porphyrin (TPyP), with the neutral charged [Pt2 Ag23 Cl7 (PPh3)10] NCs. The 

results indicate ultra- fast electron injection from TPyP to Pt-doped Ag23 NCs, as shown by the 

formation of porphyrin radical cation within 600 fs. Unlike the first project result, our time-

resolved data clearly demonstrate there was no possibility of modulating the CT and the 

triplet state population of porphyrin on the NC surface.  
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CHAPTER 2 
 

THE IMPACT OF GOLD DOPING ON THE CHARGE CARRIER DYNAMICS AT 

THE INTERFACES BETWEEN CATIONIC PORPHYRIN AND SILVER 

NANOCLUSTERS 
 

 

2.1 Introduction 
 

2.1.1 Motivation 
 

     The porphyrin family of compounds has been studied intensively due to the role of its 

related compounds in natural photosynthesis and the variety of derivatives with different 

functional groups and simple synthetic routes.21 Moreover, porphyrins have good light-

harvesting properties because of high molar extinction coefficients of their Soret and Q-

bands in the UV/Vis spectra, and they show unique photophysical and electrochemical 

properties that are tunable by varying the meso-functional groups and through 

interactions with metal atoms.21,22 Although the interactions of the porphyrin moiety with 

semiconductor nanoparticles have been studied,23 porphyrin-metal nanocluster 

interactions and the possibility of modulating the triplet state lifetime and electron 

injection between them has never been discussed. So, in this study, we have investigated 

the interfacial charge transfer dynamics in positively charged meso units of 5, 10, 15, 20-

tetra (1-methyl-4-pyridino)-porphyrin tetra (p-toluene sulfonate) (TMPyP) and neutral 
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charged 5, 10, 15, 20-tetra (4-pyridyl)-porphyrin (TPyP) (see figure 2.1), with negatively 

charged undoped and gold (Au)-doped silver Ag29 NC. 

 

Figure 2.1 Schematic diagram illustrates the positively charged porphyrin (TMPyP) and 

neutral charged porphyrin (TPyP) reproduced from ref.24 

 

2.1.2 Materials  

 

     TMPyP were purchased from Sigma-Aldrich and used without further purification. Ag29 

NCs were synthesized following the method reported in the literature.25 Briefly, 8 mg of 

lipoic acid was dissolved in 5 mL of an ethanol: water mixture (3:1 v/v), and 0.05 mg NaBH4 

was added to the stirring solution after a minute. This step was followed by the addition 

of 200 µL of a 25 mM solution of AgNO3 and up to a 10-fold increase of NaBH4 dropwise. 

The solution was continuously stirred for 5–6 h, during which distinct color changes were 

observed. The Au-doped clusters were synthesized by replacing the AgNO3 solution above 
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with 1:10 mM HAuCl4: AgNO3 solution. The clusters were then precipitated by the 

addition of an equal volume of a 2:3 (v/v) mixture of methanol/ acetonitrile solvent 

followed by centrifugation at 8000 rpm. This was repeated twice to remove excess ligand 

and the clusters were re-dispersed in water. Atomic precision of the clusters were 

confirmed by electrospray ionization mass spectrometry. 

2.2 Results and Discussions 

2.2.1 Steady-State Measurements 

      The absorption and fluorescence changes of TMPyP at a fixed concentration of 0.02 

mM upon the addition of undoped and Au- doped Ag29 NCs are shown in Figure 2.2 A–D. 

 

Figure 2.2 (A and C) Steady-state absorption and (B and D) emission (λex = 515 nm) spectra of 

TMPyP with Ag29 NCs (Top) and with Au-doped Ag29 NCs (Bottom). The range of concentration 

should be provided   
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As previously reported, the intense Soret band (S0 -S2) of TMPyP was observed at 423 nm 

along with four Q-bands (S0 -S1) at 515, 555, 585 and 643 nm.26 Upon the addition of Ag29 

NCs (Fig. 2.1 A and C), a decrease in the Soret-band intensity along with a spectral redshift 

of 12 nm was noticed, providing clear experimental evidence for the ground-state 

interaction between TMPyP and Ag29 NCs. In contrast, a larger spectral redshift of 17 nm 

was noticed upon the addition of the same concentration of Au-doped Ag29 NCs. This 

observation demonstrates that the metal ion doping strengthens the interaction between 

TMPyP and Ag29 NCs. Interestingly, the four Q-bands transformed into two peaks at 572 

and 640 nm. This result indicates the change in symmetry of the porphyrin macrocycle.27 

Since the Soret and Q-bands correspond to the electronic structure of the macrocyclic 

cavity of TMPyP, 27,28  these observed spectral modifications are a strong indication of 

interactions between the macrocyclic cavity of porphyrin and Ag29 NCs, adopting the 

same symmetry of the metallated porphyrin. Moreover, the strong TMPyP–Ag29 NC 

interaction was also evidenced by quenching of the emission of TMPyP.  

 

     Upon excitation at 515 nm, free TMPyP exhibits a broad fluorescence band over the 

range of 625–800 nm, which corresponds to the S1 –S0 transition. The successive addition 

of equal concentrations of Ag29 NCs and Au-doped Ag29 NCs led to a spectral blue shift 

along with a decrease in the fluorescence intensity of TMPyP by almost 70% and 85%, 

respectively (Fig. 2.2 B and D). It should be noted that these changes are completely 
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missing when we replace TMPyP with neutral charged porphyrin 10, 15, 20-tetra (4-

pyridyl)-porphyrin (TPyP), as shown in Figure 2.3. 

 

Fig. 2.3 (A and B) Steady-state absorption and emission (λex = 515 nm) spectra of TPyP 

with Ag29 NCs in DMF solvent. 

 

 In other words, the successive addition of NCs up to 65 µL to the TPyP solution has no 

effect on either the absorption or the emission spectra, providing a strong piece of 

evidence that the electrostatic interaction between the positively charged porphyrin and 

the negatively charged NCs is the main driving force for the ground- and excited-state 
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interactions between TMPyP and NCs.  This negative-positive charge cross-talk can form 

complexes on NCs surfaces via electrostatic interaction.29 Furthermore, the different 

efficiencies for fluorescence quenching of TMPyP with the same concentrations of 

undoped and Au-doped NCs indicate that the heavy atom effect can act as an additional 

driving force to change the photophysics of TMPyP, including the ISC. It is worth 

mentioning that such quenching could also be a consequence of energy transfer from the 

TMPyP to NCs. However, we exclude this possibility because there is no spectral overlap 

between the absorption of the NCs and the emission of TMPyP. 

      Raman spectra, as shown in Figure 2.4, provides an additional piece of evidence for 

the strong interaction between the porphyrin macrocycle and the surface of Ag29 NCs, as 

indicated by the distinctive differences between the Raman spectra of the free TMPyP 

and the TMPyP-Ag29 NCs assembly. The band at 332 cm-1 for TMPyP, which can be 

assigned to in-plane bending of the porphyrin core, disappears when Ag29 NCs are 

added.30,31  The TMPyP band at 402 cm-1 assigned to in-plane bending of the porphyrin 

core and pyridine ring, is shifted to 380 cm-1  with a strong shoulder band at 405 cm-1  in 

the TMPyP-NCs spectra, which confirms that the interaction takes place through the 

porphyrin cavity as well as with the pyridine ring (Figure 2.4) .32,33  The in-plane bending 

of the pyridine ring band that appears in free porphyrin at 970 cm-1  also disappears when 

either undoped or Au-doped Ag29 NCs are added, confirming the strong interaction 

between the porphyrin macrocycle and the surface of the NCs.34 The intensity drop of 

TMPyP band at 1298 cm-1 after the addition of NCs provides a clear indication of the 

change in molecular symmetry of TMPyP due to the complexation formation.33 
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Figure 2.4 Raman spectra of (A) TMPyP and (B) its assembly with Ag29 NCs (C) with Au- doped 

Ag29 NCs using a laser wavelength of 473 nm. 

 

As a final point, the Raman spectra of TMPyP with undoped and Au-doped Ag29 NCs 

provide solid evidence for a similar configuration to the metalation effect, supporting the 

steady-state absorption where the four-Q bands are transformed into two peaks. Similar 

results have been observed for TMPyP on the surface of ZnO nanoparticles.34 
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2.2.2 Excited-State Measurements 

 

     fs-transient absorption (TA) spectroscopic measurement was performed with 

broadband capabilities and 120 fs temporal resolution and the results came as it shown 

in Figure 2.5. 

 

Fig.2.5 The fs-TA spectra of (A) free TMPyP, (B) TMPyP + Ag29 NCs, (C) TMPyP + Au 

doped Ag29 NCs in water after 650-nm excitation. 
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Upon analyzing the TA data in different time domains, the TMPyP in the absence of NCs 

shows a GSB approximately 423 nm and a broad ESA extending from 450 to 650 nm. The 

TA spectra for free TMPyP show minimal change over a 3-ns time window, which is 

expected based on the long lifetime of their singlet excited states, 35,36  while the ones 

recorded with NCs exhibit fast changes, indicating rapid excited interactions in the singlet 

state. Moreover, while the TA spectra of TMPyP in the absence of NCs show the 

characteristic signal of porphyrin, 24 new spectral features (ground state bleach) are 

observed in their complexes with NCs in the range of 400–500 nm, which is consistent 

with the changes observed in the steady-state absorption. Interestingly, a new spectral 

feature is also observed in the range between 500 and 600 nm in the presence of NCs, 

which can be attributed to porphyrin cation radical TMPyP.+ resulting from electron 

transfer from TMPyP to NCs .32 As shown in Figure 2.4 B and C, the formation of the cation 

radical is ultrafast (within 300 fs), which indicates that the electron transfer mechanism 

is static in nature. 

     To decipher the dynamics of the electron transfer process, kinetics traces were 

collected for the porphyrins with and without NCs, as shown in Figure 2.6. The cation 

radical band decays very fast in the presence of NCs due to the charge recombination. 

The kinetics at GSB and the radical band exhibit two time constants: one is very fast, a 

few picoseconds, due to charge recombination (CR), while the other is few nanoseconds 

and can be attributed to the lifetime of the unreacted porphyrin. In the presence of Au-
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doped Ag29 NCs with TMPyP, the amplitude of the fast component is smaller, indicating 

an inefficient interaction compared with TMPyP-undoped Ag29 NCs. 

 

Figure 2.6 the fs-TA kinetic traces of (A) Excited State Absorption (ESA) monitored at 540 nm, (B) 

Ground State Bleaching (GSB) monitored at 440 nm for free TMPyP (black), TMPyP + Ag29 NCs 

(blue) and TMPyP + Au-doped Ag29 NCs (green) in water after 650 nm laser excitation. 
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One possible explanation for this difference may be the difference in the optical band gap 

of the Au-doped Ag29 NCs compared to the undoped Ag29 NCs (Figure 2.7), which may 

create an energy offset in Gibbs free energy, the driving force for electron transfer.  

 

Figure 2.7 Steady-state absorption spectra of Ag29 NCs (blow) and Au-doped Ag29 NCs (Green). 
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Thus, we have observed different kinetics of electron transfer from TMPyP to undoped 

and doped NCs. The other possible explanation for this difference is the difference in 

triplet state formation, which is very likely due to the heavy metal effect causing the 

singlet population, where the electron transfer occurs efficiently, to be greater in the case 

of undoped NCs. This mechanism is supported by the triplet state lifetime (see figure 2.8).  

 

 

Figure 2.8 The ns-TA spectra of (A) free TMPyP, (B) TMPyP + Ag29 NCs, (C) TMPyP + Au- doped 

Ag29 NCs in water after 650 nm laser excitation. 
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     As shown, the TA spectra exhibit a GSB and a broad T1 -Tn absorption, in agreement 

with the observations reported in the literature for the transient triplet state absorption. 

More specifically, the TMPyP exhibits a longer lifetime in the presence of undoped NCs, 

and GSB recovery proceeds more slowly compared to the free porphyrin shown in Figure 

2.9. In the case of Au-doped NCs, the recovery is much slower than TMPyP both without 

and with undoped NCs, confirming the efficient triplet state formation due to the heavy 

metal effect. Specifically, free TMPyP exhibited a lifetime of 3.2 µs, increasing to 32 µs 

and 68 µs in complexes of TMPyP with undoped Ag29 and Au-doped Ag29 NCs, respectively. 

 

 

Figure 2.9 The ns-TA kinetics of (A) free TMPyP, (B) TMPyP + Ag29 NCs, (C) TMPyP + Au- doped 

Ag29 NCs in water after 650 nm laser excitation. 
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     It is known that spin-orbit coupling facilitates ISC and triplet state formation .37 As spin-

orbit coupling is strongly proportional to the size/weight/charge of the nucleus, in this 

case, the heavy atom effect due to doping with Au atoms facilitates intersystem crossing 

and increases the triplet state population and consequently the triplet state lifetime. 

 

2.3 Conclusion 

 

     In summary, a positively charged porphyrin shows strong ground- and excited-state 

interaction with Ag29 NCs, as evidenced by spectral changes in steady-state absorption, 

fluorescence, Raman and time-resolved experiments. The results indicate ultrafast 

electron injection from the porphyrin to undoped and Au- doped NCs, as shown by the 

formation of porphyrin radical cation within 300 fs. In this regime, we found that the 

positive charge on the meso unit of porphyrin and the negative charge of the surface of 

silver NCs is the key component and the main driving force for such interactions. In 

addition, our time-resolved data clearly demonstrate the possibility of modulating the CT 

and the triplet state population of porphyrin on the NC surface by a metal doping 

effect.38,39 The novel insights reported in this work illuminate the key variable 

components not only for controlling the interfacial charge transfer but also for tuning the 

intersystem crossing and the triplet state lifetime at donor-acceptor interfaces. 
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CHAPTER 3 
 

THE IMPACT OF PLATINUM DOPING ON THE INTERFACIAL CHARGE 
TRANSFER AT THE INTERFACES BETWEEN NEUTRAL CHARGED PORPHYRIN 
AND SILVER NANOCLSUTERS 
 

 

3.1 Introduction 
 

3.1.1 Motivation 
 

     Light absorption, exciton dissociation, and charge collection are considered to be the 

key processes to control the overall power-conversion efficiencies of the photovoltaic 

devices, 40,41  therefore; choosing the right photoactive material is also a crucial factor in 

order to achieve these goals. As previously mentioned, porphyrin has attracted the 

attention of many researchers. This has been driven by their unique optical and transport 

properties and subsequently the potential applications in the fields of artificial 

photosynthesis and photovoltaics.42,43  It should be noted that the Soret and Q-absorption 

bands that appear in the visible spectral range are related to the symmetry of the 

macrocyclic moiety of porphyrins and have high absorption cross section in the visible 

spectral region.44  

     The interaction between the compounds of porphyrin family compounds, Quantum 

Dot, and metal nanocluster has been explored by many different research groups.5,24,26,32 

Precise control of charge transfer over the composition, size, shape, and mono dispersity 

of nanoparticles (NPs) is one of the biggest challenges in materials science. It is well 
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reported that polydispersity with a wide distribution of size and shape of NPs can prevent 

the achievement of precisely defined functional properties and hinders direct comparison 

and evaluation of NPs.45 Here in this project we reported the interfacial interaction 

between neutral charged porphyrin (TPyP) and a noble rod-shaped, charge-neutral, di-

platinum-doped Ag nanocluster (NC) of [Pt2 Ag23 Cl7 (PPh3)10] (see figure 3.1). Its crystal 

structure revealed the self-assembly of two Pt-centered Ag icosahedra through vertex 

sharing. Five bridging and two terminal chlorides and ten PPh3 ligands were found to 

stabilize the cluster.39 

 

Figure 3.1. (A) Side view and (B) top view of the [Pt2 Ag23 Cl7 (PPh3)10] cluster. Color legends: 

cyan, Ag; blue, Pt; yellow, P; green, Cl; gray, C. The H atoms of the ligands have been omitted for 

clarity reproduced from ref.39 

 

3.1.2 Materials  

 

TPyP was purchased from Sigma-Aldrich and used without further purification. [Pt2 Ag23 

Cl7 (PPh3)10]  NCs were synthesized following the method reported in the literature.39 
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3.2 Results and Discussions 
 

3.2.1 Steady-State Measurements 
 

      The absorption and fluorescence spectra of TPyP at a fixed concentration of 0.25 mM 

upon the addition of Pt- doped Ag23 NCs are shown in Figure 3.2 A and B. 

 

Figure 3.2 (A and B) Steady-state absorption and emission (λex = 560 nm) spectra of TPyP with 

Pt- doped Ag23 NCs in s dichloromethane (DCM) solvent. 

 

As previously reported in chapter 2, the intense Soret band (S0 -S2) of TMPyP was 

observed at 423 nm along with four Q-bands (S0 -S1) at 515, 555, 585 and 643 nm.20,26 

Upon the addition of Pt- doped Ag23 NCs, a decrease in the Soret-band intensity along 

with a spectral redshift of 5 nm was noticed, providing clear experimental evidence for 
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the ground-state interaction between TPyP and Pt-doped Ag23 NCs. This observation 

demonstrates that the metal ion doping strengthens the interaction between TPyP and 

Ag23 NCs. In contrast to the results reported for the interaction between TMPyP and Ag29 

NC where the four Q-bands transformed into two peaks at 572 and 640 nm,20 the 

interaction between TPyP and Pt-doped Ag23 NCs spectra indicates that there is a red-

shifted in the spectra of all of the four Q-bands. It has been previously reported that 

controlling the number and location of the positively charged pyridinium units on the 

meso positions upon the addition of quantum dot (QD) or NC will affect the porphyrin  

macrocycle and  the symmetry.26 As a results to these changes in symmetry of the 

porphyrin macrocycle, switching between ET and ISC is found to be possible. 26,27  Also, 

the absorption spectra indicate that the changes in these bands are characteristic of the 

formation of a ground-state CT complex between porphyrins and NC without the 

formation of the metalation like structure as observed in the interaction TMPyP–Ag29 NC. 

 

Surprisingly and unlike the quenching of emission spectra observed in the 

interaction of TMPyP–Ag29 NC due to the metalation and subsequently the intersystem 

crossing, the emission spectra were further enhanced with slightly redshifted upon the 

addition of the Pt-doped Ag23 NCs. The maximum enhancement observed was found to 

be almost 70 % (see figure 3.2 A and B). We have attributed the observed emission 

enhancement to an increase in the rigidity of the TPyP as a result of its binding to the 

surface of Pt-doped Ag23 NCs. Furthermore, several reported examples indicate that 
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hindered or restricted molecular rotation rigidifies the molecule and in turn reduces non 

radiative excited-state deactivation and improves photoluminescence intensity.34,46-48 

3.2.2 Excited-State Measurements 

 

We have performed fs-TA spectroscopic measurement with broadband 

capabilities and 120 fs temporal resolution and the results are shown in Figure 3.3. 

 

Fig.3.3 The fs-TA spectra of (A) free TPyP, (B) TPyP + Pt-doped Ag23 NC in DCM after 650-nm 

excitation. 

Upon analyzing the TA data in different time domains, the TPyP in the absence of NCs 

shows a GSB approximately 423 nm and a broad ESA extending from 450 to 650 nm. The 

TA spectra for free TPyP show minimal change over a 3-ns time window, which is expected 

based on the long lifetime of their singlet excited states,35,36  while the ones recorded with 
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NCs exhibit fast changes, indicating rapid excited state deactivations. Moreover, while the 

TA spectra of TPyP in the absence of NCs show the characteristic signal of porphyrin,24 a 

new spectral feature is  observed in the range between 500 and 600 nm in the presence 

of NCs, which can be attributed to porphyrin cation radical TMPyP.+ resulting from 

electron transfer from TPyP to NCs.32 As shown in Figure 3.3 B, the formation of the cation 

radical is ultra-fast, which indicates that the electron transfer mechanism is static in 

nature. 

 To interpret the dynamics of the electron transfer process, kinetics traces were 

collected for the neutral charged porphyrin with and without NCs, as shown in Figure 3.4. 

The cation radical band decays very fast in the presence of NCs due to the charge 

recombination. The kinetics at GSB and the radical band exhibit two time constants: one 

is very fast, a few picoseconds, due to charge recombination (CR), while the other is few 

nanoseconds and can be attributed to the lifetime of the unreacted porphyrin.  
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Figure 3.4 The fs-TA kinetic traces of (A) Excited State Absorption (ESA) monitored at 540 nm, (B) 

Ground State Bleaching (GSB) monitored at 425 nm for free TPyP (black), TPyP + Pt-doped Ag23 

NC (blue) in DCM after 650 nm laser excitation. 
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As shown in figure 3.5, the ns-TA kinetics traces spectra for GSB at 420 nm exhibit 

no changes with and without the clusters, providing clear evidence for the absence of 

metalation like structure effect. More specifically, the TPyP exhibits exactly the same 

lifetime with and without the presence of Pt-doped Ag23 NC with almost 3.2 µs as reported 

in the literature.26,32,35 

 

 

Figure 3.5 The ns-TA kinetics of free TPyP (black) and TPyP + Pt-doped Ag23 NC in DCM after 650 

nm laser excitation. 
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3.3 Conclusion 

 

     In summary, a neutral charged porphyrin shows strong ground- and excited-state 

interaction with Pt-doped Ag23 NC, as evidenced by spectral changes in steady-state 

absorption, fluorescence, and time-resolved experiments. The emission spectra were 

further enhanced with spectral red-shift upon the addition of the Pt-doped Ag23 NCs 

caused by an increase in the rigidity of the TPyP as a result of its binding to the surface of 

Pt-doped Ag23 NCs.  In addition, the fs-TA results indicate ultrafast electron injection from 

the porphyrin to Pt-doped Ag23 NC, as shown by the formation of porphyrin radical cation 

at 550 nm. The time-resolved data clearly demonstrate the possibility of modulating the 

CT of neutral charged porphyrin on the NC surface by the effect of Pt doping, which it was 

not possible at the interaction between TPyP and Ag29 NC as shown in chapter 1 (see 

figure 2.3). The novel insights reported in this work illuminate the key variable 

components for controlling the interfacial charge transfer at donor-acceptor interfaces. 
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APPENDICES 
 

A. Methods and Experimental Procedures 
 

A1. Steady-State Spectroscopy 

 

     Steady-state absorption and emission spectra of the donor (cationic and neutral 

charged porphyrin) with and without acceptors (undoped and Au- doped Ag29 NCs, Pt-

doped Ag23 NCs) were recorded on a Cary 5000 ultraviolet-visible (UV-Vis-NIR) 

spectrophotometer (Agilent Technologies) and a Fluoromax-4 spectrofluorometer 

(Horiba Scientific), respectively. Measurements were conducted in a rectangular quartz 

cell with a 1-cm optical path. A fixed volume (2 ml) of the starting solution of donors in 

the corresponding solvent was placed in the cell, while aliquots of the quenchers 

dissolved in solvent were added consecutively. The concentration of the donor 

(porphyrin) was held constant during all of the measurements. A fixed volume of the 

quenchers (Ag NCs) was sequentially added into the donors’ solution successively in all in 

the measurements in chapter 2 and 3.2 

A2. Time-resolved Spectroscopy 

 

Femtosecond and nanosecond TA spectroscopy measurements (with time resolutions of 

120 fs and 200 ps and detection limits of 5.5 ns and 400 μs, respectively) were measured 

with the HELIOS and EOS setups (Ultrafast Systems), respectively. Femtosecond 

broadband pump−probe spectroscopy was employed to excite and detect the 
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wavelengths around a certain exciton absorption peak of the D. A schematic of the 

experimental setup used in this thesis for the ultraviolet (UV / Vis) pump/NIR probe 

measurements is depicted in Figure A.1.  

 

Figure A.1 Schematic representation of the main components found in our femtosecond 

transient absorption system reproduced from ref.49 

The system constitutes a fundamental laser, which is provided by a home built Ti: 

Sapphire using a chirped pulse amplification scheme, producing 35 fs pulses at 800 nm 
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with four mJ of energy/pulse and a repetition rate of 1 kHz. The absorption decays were 

measured with a pump-probe setup in which a white-light continuum probe pulse 

generated by a 2-mm-thick sapphire plate and spectrally pump tunable fs pulses (240–

2600 nm; a few mJ pulse energy) generated in a 129 optical parametric amplifier (TOPAS-

C stage) selectively excite specific electronic transitions within a sample. The probe beam 

is routed via a computer-controlled delay line, adjustable pinholes, focusing lens, and 

variable neutral density filter to a crystal for white light continuum (WLC) generation. 

Then, the probe beam is directed to the sample via a focusing mirror. The delay between 

the pump and probe pulses can be varied to allow TA measurements within 5.8 ns 

(HELIOS) and 400 μs (EOS) time windows.2 

       The pump and probe beams are adjusted 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) covering the range of 

350-800 nm with 1.5 nm resolution at 9500 spectra/s. The probe beam is collected by the 

chosen spectrometer after passing through wave pass filters that attenuate the white 

light around the Spitfire fundamental at 800 nm. For both the HELIOS and EOS systems, a 

two-channel probe (probe-reference) method is used. In this approach, the probe pulse 

is passed through a beam-splitter before reaching the sample to split the beam into two-

channels (sample and reference). In this way, a portion is sent directly to the sample, 

while the other is directed to the detector to act as a reference. This technique allows 
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dividing out any fluctuations in the probe beam intensity during the experiment. The TA 

spectra are usually averaged until the desired signal-to-noise ratio is achieved for all the 

measurements in chapter 2 and 3.2 

      All TA experiments were performed at room temperature, and the absorption spectrum 

of each sample was measured before and after the TA experiments to ensure the absence of 

any degradation. Usually, the TA spectra were averaged until the desired signal-to-noise ratio 

was achieved. Global analysis fitting procedures were then applied to extract the kinetics of 

dynamical processes from the TA spectra. 

 

 


