
Ultrafast hot carrier relaxation and charge 
transfer in nanoparticle assemblies and 

nanoconjugates 

 

Submitted in partial fulfillment of the requirements 

of the degree of  

Doctor of Philosophy 

of the 
Indian Institute of Technology Bombay, India  

and  
Monash University, Australia 

by 

Bala Gopal Maddala 

 

Supervisors: 

Prof. Anindya Datta (IIT Bombay) 

Prof. Alison Funston (Monash University) 

 

  
The course of study for this award was developed jointly by  

Monash University, Australia and the Indian Institute of Technology Bombay, India 
and was given academic recognition by each of them. 

The programme was administrated by The IITB-Monash Research Academy 
 

(Year 2021)  

  



 2 

 

 

  



 3 

 

Thesis approval sheet 

This thesis entitled “Ultrafast hot carrier relaxation and charge transfer in nanoparticle 

assemblies and nanoconjugates” by Bala Gopal Maddala is approved for the degree of Doctor 

of Philosophy. 

 

 

                                                                                                                Examiners 

                                                                                                                    

                                                                                                                ------------------------ 

 

                                                                                                                ------------------------- 

 

                                                                                                                  Supervisor 

 

                                                                                                                 ----------------------- 

    

 

                                                                                                                  Chairman 

 

                                                                                                                  ------------------------- 

Date ………………… 

Place …………………. 

  



 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 5 

Declaration of Honesty and Integrity 

 

I, Bala Gopal Maddala, declare that this written submission represents my ideas in my own 

words and where others' ideas or words have been included, I have adequately cited and 

referenced the original sources. I also declare that I have adhered to all principles of academic 

honesty and integrity and have not misrepresented or fabricated or falsified any 

idea/data/fact/source in my submission. I understand that any violation of the above will be 

cause for disciplinary action by the Institute and can also evoke penal action from the sources 

which have thus not been properly cited or from whom proper permission has not been taken 

when needed. 

________________ 

Bala Gopal Maddala 

(154034002) 

 

Date: 17-03-2021 

 

 

 

 

  



 6 

  



 7 

Dedicated to My Family 

 

 

 

 

 

 

 

 

 

 

  



 8 

 

  



 9 

Acknowledgements 

I would like to take this opportunity to thank all the people who are involved with me 

during my journey of PhD at IIT Bombay and Monash university. I thank the supreme source 

of energy for giving me this wonderful learning experience through many challenges.  

Firstly, I thank my supervisors Prof. Anindya Datta and Prof. Alison Funston for their 

constant support and intellectual guidance through this journey. Many interactions with them 

has shaped up my growth as a researcher and individual. I thank my research progress 

committee members Prof. Arindam Chowdhury, Prof. Patrick Perlmutter, Prof. Boon Mian 

Tian and Prof. David Turner for their suggestions and comments. 

I am very blessed to have Prof. Anindya Datta as my supervisor during these years. 

During this journey I have learned not only how to conduct scientific research but also about 

leadership and life from him. He has been a great support system for me, his quick decision 

making and helping nature even beyond his comfort zone has made my journey easier. He is 

someone you can always bank upon in challenging times. He always made sure that he is 

approachable and made sure that I get all the resources I need for my research.   His positive 

attitude, encouragement and constant support to all the students he is associated with is 

something I look up to and admire. In addition, I have learned a lot about teaching in a simple 

yet clear and effective manner from him. I wish I could imbibe these qualities from him. 

I express my deep regards to Prof. Alison Funston for her valuable guidance in 

scientific endeavors. She is full of encouraging words which gave me confidence and positive 

impact in the work I was doing. I am immensely thankful for her contribution and guidance 

over the years.   

I thank Prof. Siva Subramaniam Iyer for allowing me to work in his lab for the transient 

absorption experiments. Without him, it would not be possible to finish my work in time. 

A lot of people have helped me during my PhD journey. I am very much indebted to 

Anchal Yadav for providing me the nanomaterial samples to work with. Without her, it would 

not have been possible to finish my thesis in time. I also thank Kanika Jain for providing me 

the porphyrin samples she synthesized. I thank Avinash, Tuhin, Sucheta, Soumyadipta, Hemen, 



 10 

Sharmistha, Souradip, Fariyad, Tanuja, Rituparna, Prajit. Thanks are due to all my cheerful 

and helpful lab mates. I learned a lot from each of them. They played an important role from 

performing experiments, scientific and non-scientific discussions and made the challenging 

time in lab a memorable and enjoyable stay which I would cherish for lifetime. I also thank my 

lab mates Laurent, Simon, Ali, Ari, Anchal, Anum for their support during my stay at Monash 

university.  

I thank my constant companions Abhishek and Laxman during my PhD. They are a 

great support system I had. We had a wonderful time together during our stay. They are the 

key motivators for me during challenging times of research and personal issues. I also thank 

Fariyad, Hemen and Souradip who listened to me and gave constructive advice during minor 

setbacks. 

I gratefully acknowledge IITB-Monash Academy, IRCC, NCPRE for the research 

grants and fellowship. 

I finally thank my parents, family for their support in my each and every decision. I 

thank my wife Mounika for her support and understanding of my work life and motivating me. 

                       

--- Bala Gopal Maddala 



 11 

  



 12 

Abstract 
 
 

Quest for the alternative energy sources as compared to fossil fuels is on the rise. 

Currently, photovoltaics is considered as one of the alternatives which are dominated by 

crystalline silicon. There are many low-cost solar cell materials such as metal-semiconductor 

nano heterostructures, metal nanoparticle assemblies, and organic dye molecules which could 

compete with fossil fuels and crystalline silicon. Understanding the excited state dynamics of 

these materials is necessary to create cost-effective devices. This thesis examines the ultrafast 

excited-state dynamics in gold nanoparticle assemblies, Titanium dioxide nanorod-

phenothiazine porphyrin systems, Copper Zinc Tin Sulphide-gold (CZTS-Au), and Lead 

sulfide-gold (PbS-Au) nano heterostructures using transient absorption spectroscopy (pump-

probe spectroscopy).  

The first section of the thesis we report hot electron relaxation dynamics in GNP dimers and 

trimers, prepared by self-assembly using a dithiol linker. Global analysis of femtosecond 

transient absorption kinetic data of these systems shows that their hot electron relaxation, 

through electron-phonon and phonon-phonon coupling, is faster than that of monomers in 

solution phase.  This is attributed to greater extent of overlap of electron oscillation and phonon 

spectra in the region of enhanced electric field intensity. Control over the tunability of hot 

electron relaxation dynamics in these assemblies of gold nanoparticles bears promise in 

development of their potential applications as commercial and cost efficient saturable 

absorbers in optical switches for compact lasers and other optical devices. 

Further, we studied electron transfer dynamics in cubic shaped PbS-Au heterostructures using 

transient absorption spectroscopy. We analyzed the electron transfer rates and charge 
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relaxation dynamics from 1Se and 1Pe states of conduction band from excited state absorption 

dynamics experiments from pump probe data. Ultrafast charge separation at the junction of the 

metal-semiconductor interface before Auger recombination and other relaxation channels is 

observed which is very crucial for the development of solar cells where multiple charge carriers 

created from the MEG can be extracted efficiently leading to overcome Shockley-Queisser 

limit. 

Next, we studied ultrafast charge relaxation dynamics in CZTS-Au nano heterostructures at 

different pump fluence energies. Pump probe data of the transient absorption spectroscopy 

shows photoinduced absorption in the entire probe region suggests the domination of excited 

state absorption over ground state bleach. Transient absorption spectra in CZTS-Au 

nanostructures resulted in reduction of the optical density of the ESA suggesting an ultrafast 

charge transfer faster than the hot electron trapping process and within the instrument response 

function (200 fs). This ultrafast charge transfer process faster than the trapping process is 

crucial in optimizing the CZTS based nanostructures in photovoltaic applications. 

Finally, we have designed a A3B porphyrin sensitizer in which the three meso-positions were 

decorated with three phenothiazine moieties tethered to porphyrin core, and the other meso-

position is functionalized with phenyl carboxylic acid which can play a dual role as acceptor 

and anchoring group. A series of phenothiazine-porphyrin systems in which phenothiazine 

tethered to porphyrin with different linkages such as phenyl, alkynyl, and phenoxyl alkyl 

linkages and carboxylic acid anchoring group to attach to the semiconductor nanoparticles such 

as TiO2 and the efficiency of photo-induced electron transfer and the solar energy conversion 

to electricity w.r.t. linker sizes were investigated. Efficient charge separation before the charge 

recombination and other undesired pathways is evident in the studied phenothiazine porphyrin 

dye in the presence of semiconductor TiO2 nanorods. In addition, tunability of electron 
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injection and back electron transfer rates is observed with different spacers between porphyrin 

and phenothiazine moieties. 
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1 Introduction 
 

Ultrafast charge carrier relaxation dynamics in noble metal nanoparticles and quantum dots 

have been of immense interest to material scientists around the world due to their wide range 

of applications. A wide range of phenomena are being studied in these systems, from shape 

dependence of the nanoparticles on the ultrafast carrier dynamics to the application of 

semiconductor quantum dots for efficient solar energy harvesting. While surface plasmon 

resonance of various metal nanoparticles and exciton dynamics in quantum dots are well 

studied, considerable interest has been generated to study the ultrafast dynamics in controlled 

metal nanoparticle assemblies and metal-semiconductor heterostructures. In the present thesis 

we try to focus on understanding of hot electron relaxation dynamics in these systems. Before 

going into discussing the results, it is important to understand the background required for such 

analysis. The rest of the chapter gives a brief overview of underlying principles in metal and 

semiconductor nanoparticles.  

1.1 Metal Nanoparticles 

Materials in the nanometer size regime acquire interesting properties when compared to the 

bulk. By definition, the size of nanomaterials range from 1-100 nm. Enhancements in optical, 

thermal and mechanical properties are observed for metallic nanoparticles compared to their 

bulk counterparts. These unique properties are the result of the confinement of electrons within 

the nanomaterial under these very small size regimes.
1
 The intense colour and their ability to 

tune the properties of the particles comes from the phenomenon called surface plasmon 

resonance.
2
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The unique optical properties of metal nanoparticles such as gold (Au), silver (Ag), copper 

(Cu) are due to the localized surface plasmon resonance (LSPR). The electrons in the half filled 

s-subshell are responsible for this. These free electrons in the conduction band known as free 

electron gas interact with incident electromagnetic radiation. The oscillating electric field of 

the radiation induces the free electrons to move in phase with the phase of the electromagnetic 

excitation. The electric field displaces the negatively charged electrons away from the nucleus 

which creates a dipole inside the nanoparticle. This dipole creates an electric field that opposes 

the incoming field thus creating a restoring force. The stronger the displacement of electrons 

from the nucleus the stronger will be the restoring force. Coulombic restoring force between 

nucleus and the electron cloud causes the free electrons to oscillate relative to the gold nuclei 

which is associated with a natural frequency. When this natural frequency matches with the 

frequency of the incoming electromagnetic radiation, the corresponding energy of the radiation 

is absorbed giving rise to a surface plasmon absorption. This effect which is localized at the 

surface of the particles is termed as the localized surface plasmon resonance, the LSPR ( Figure 

1.1).
3
 

 

Figure 1.1. Schematic of surface plasmon resonance in metal nanoparticle.  

 

The optical response of the metal nanoparticles depends on the extinction coefficient of these 

systems. For example if the particle absorbs half of the incident photons then its absorption 
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cross-section is half of its geometrical cross section. Similarly, some photons incident on 

particle gets scattered in different directions, this gives the scattering cross section. Overall the 

extinction coefficient depends on sum of the absorption and scattering cross section of the 

particles and describes the total number of photons absorbed and scattered out of all the incident 

photons by the particle. As the size of the particle increases the optical cross section and 

scattering component increases and results in broadening of the plasmon peak and shift towards 

longer wavelength (known as a “red shift”).
3
 In addition to the surface plasmon excitation there 

are interband transitions in metal nanoparticles. Metals have a continuous density of states 

formed by mixing of valence and conduction band. Apart from these there are some inner level 

bands that did not split enough to overlap with continuous bands, transition from these inner 

bands to conduction band results in absorption edge in the blue region of the spectrum similar 

to what’s observed in quantum dots.
4
 These interband relaxation results in feeble fluorescence 

in metal nanoparticles.
5
 This fluorescence is not observed as efficiently in bulk but when the 

particle size decreases to very few atoms per particle, energy bands are not formed very well 

and interband transitions become prominent. `For gold nanoparticles, there is a overlap of 

surface plasmon band and interband transition, whereas for silver nanoparticles they are well 

separated. This leads to a broad surface plasmon band in gold NPs as compared to much 

narrower spectrum observed in silver NPs.
4
 Another interesting phenomena observed in metal 

nanoparticles is that surface plasmon band is of high intensity as compared to interband 

transition. When surface plasmons are excited a large density of free electron cloud interacts 

generating a huge electric field within the particle which extends much beyond the geometrical 

boundary of it. This generated field is in opposite direction to the incident electric field and 

interferes destructively, thus surface plasmon band can have higher extinction much beyond 

the NP surface as compared to interband transition. As a result these electron oscillations 
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induce electric field enhancements (Figure 1.2) within the close proximity of metal 

nanoparticles (under 10 nm).
6
 

 

Figure 1.2. Electric field enhancement near the surface of nanoparticle in presence of applied external 
electric field. 

1.2 Theoretical models 

Surface plasmons corresponds to the interaction between free electrons and incident 

electromagnetic radiation. So, solving the maxwells equations with certain boundary 

conditions explains the optical properties of metal nanoparticles. This analytic studies were 

first performed by Gustav Mie in early 20
th

 century.
7–11

 Mie theory assumes particles are well 

separated between themselves so that the external field of one nanoparticle does not interfere 

with the others, so the analytic solution is only possible for certain conditions and geometries. 

Under these conditions Maxwells equations can be solved for spherical NP to get the extinction 

cross section as follows.
9
 

																																											"!" =
#$%!

|'|!
∑ (2' + 1)+,[.( + /(])
(*+ 	                    (1.1) 

where, 
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Where x = |k| · R, R is the NP radius, k is the light wavevector in the dielectric medium,  m = 

n/8-, n and 8- are refractive index of the material and surrounding medium. 2(, 9(are 

cylindrical Bessel-Riccati equations. Mie theory strongly depends on dielectric constants of the 

particle and their surrounding medium. The dielectric constants of metal nanoparticles contain 

real and imaginary parts and are frequency dependent.
12,13

 The real part deals with the LSPR 

position and imaginary part gives the information about damping or dephasing of the 

electrons.
10

 

1.2.1 Dielectric constant of Noble metals  

A simple model for dielectric constant of metal nanoparticles is first given by Drude model.
12,13

 

In this model conduction band electrons are treated as free electron cloud or free electron gas. 

Dielectric constant of the small nanoparticles is effected by surface scattering of these free 

electrons. Therefore to account this a size dependent damping term must be included in the 

Drude model.
10,1415

 Solving the equation of motion for a single electron gives the response of 

NPs to the incident electromagnetic radiation, multiplying this by number of electrons per unit 

volume yields the general expression for dielectric constant as follows 

																																							:(;) = 1 −
;.#

;(; + <=/)
																																							(1.2) 

Where, ;. is the plasma frequency, =/ is the bulk damping constant, 

;	<>	?ℎ,	8.?AB.C	DB,EA,8FG. The damping constant is related to the mean free path (l) of the 
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electrons in the nanoparticle by =/ =
0"
1

 , H2	 is the Fermi velocity.
12,13

 The bulk plasma 

frequency with density of electrons (n), effective mass(me) and vacuum permittivity(:3) is 

given by 

																																																																									;. =	I
4!!

5#-$
			                          (1.3) 

For small nanoparticles with sizes less than the bulk mean free path, the damping constant 

varies as a large number electrons experience surface scattering, which changes the effective 

path length (leff). 14,15
 In the case of small NPs, the effective damping constant in Equation 1.2 

modified as 

																																										=(C!22) 	= 	 =/ +
JH2
C!22

																				(1.4) 

A is a constant that depends on the interaction of electron and surface.
16,17

 The C!22 depends on 

the size and shape of the particles, and for various shaped particles this can be measured using 

4V/S formula. Here, V is the volume and S is surface area of the particle.
16,18

  The Drude model 

gives good description for the dielectric constant of the noble metals like gold and silver in the 

near IR region, but it fails near the UV-Visible region since there is an overlap of interband 

transitions there.
19,20

 Frequency dependent damping is observed with interband transitions. 

Adding an extra term corresponds to interband contribution (:6/(;)) in Equation 1.2 can 

resolve this.
20,21

 

																																							:(;) = :6/(;) + 1 −
;.#

;(; + <=(C!22))
																							(1.5) 

The electron surface scattering term plays an important role when the size of the nanoparticle 

is below the bulk mean path length of electrons i.e, 20 nm. There are various theoretical 
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calculations for other complex structures other than simple spheres and for particles of different 

size regimes. Rod shaped particles are better described by Gans theory.
22–24

 Particles with other 

shapes can be better described by the numerical methods such as discrete dipole approximation 

(DDA)
25,26

 or finite element calculation.
27

 In the DDA method any shaped particle is assumed 

to be a ensemble combination of small spheres of that shape. The effective field at the each 

sphere is taken as the sum of external field induced by other particles and incident 

electromagnetic field. This way any shape can be approximately calculated.
7,28

 

1.3 Effect of shape on surface plasmons 

The resonance of the surface plasmons is greatly dependent on the shape of the particles. 

Charge accumulated near the surface of the nanoparticle dictates the restoring force thereby 

resonance frequency.
2829

 A very simple example would be the case of rod shaped particles 

(Figure 1.3). For the rod shaped nanoparticles, charge is accumulated along the axis 

(longitudinal mode) and perpendicular to the axis (transverse mode). Since the charge 

accumulated along the axis is less, restoring force will be less therefore longitudinal mode will 

be red shifted as compared to the transverse mode which has a higher restoring force and high 

resonant frequency, i.e, lower wavelength region. In rods by changing the aspect ratio we can 

tune the surface plasmon peak from UV to near IR region. Tuning the plasmon peak into near 

IR region has applications in medicine (photothermal therapy (PTT)).
2,30–32

 Other geometries 

like bipyramids, stars, prisms, cubes etc can be made using chemical synthesis.
32

 Deviation 

from spherical particles usually gives plasmon resonances at longer wavelengths.
28
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Figure 1.3. Charge accumulation illustration in rod shaped particles, longitudinal and transverse 
surface plasmons respectively 

1.4 Effect of surrounding media on surface plasmons 

The optical properties of metal nanoparticles are sensitive to the surrounding medium. The 

dielectric function of the medium determines the wavelength of the incident light near the 

surface of the particle. This effects the electric field near the surface. In addition, the induced 

electric field of the NP induces polarization of the dielectric medium. This creates charge 

accumulation near the interface between metallic nanoparticle and dielectric medium, and this 

slightly compensates the charge accumulation due to conduction band electrons in the 

nanoparticle. So stronger the dielectric constant of the surrounding media, stronger the 

compensation (reduction of charge), leading to reduced restoring force of the charge carriers. 

This shifts the plasmon band to longer wavelengths or lower energy. Simply, as the refractive 

index increases near the surface, a red shift in the plasmon band is observed. Similarly, a blue 

shift (shift towards shorter wavelength) is observed if the refractive index of the medium 

decreases.
4
 

1.5 Plasmon coupling and orbital hybridization analogy 

When two nanoparticles come within the distance two times the radius, their near fields will 

interact resulting in large enhancements of local electric field at the junction of these closely 

spaced particles. This phenomenon is termed as plasmon resonance coupling.
32

 Plasmon 

coupling in nanoparticles is analogous to hybridisation model of atomic orbitals in molecules 
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(Figure 1.4).
33–35

 When two nanoparticles come close and interact, their plasmon bands 

hybridize resulting in a low energy (red shift) bonding plasmon mode (σ, π) and high energy 

(blue shift) antibonding plasmon mode (σ
*
, π

*
).

36,37
 Plasmon modes with a net dipole moment 

of zero correspond to dark states and not show up in the optical spectrum. This coupling leads 

to enhanced electric field in the junction of interacting particles.
38

 Coupled nanoparticles have 

generated significant interest due to the range of potential applications based on their optical 

response to incident radiation,
39

 including Surface Enhanced Raman Scattering (SERS),
40–42

 

two-photon absorption (TPA),
43

 four-wave mixing,
44,45

 solar light harvesting
46,47

 and optical 

switching.
46,48

 Many of these applications utilize hot electrons and therefore understanding hot 

electron relaxation dynamics in these systems is critical. 

 

Figure 1.4. Plasmon coupling model analogous to hybridization of atomic orbitals in molecules. 

 

1.6 Hot electron relaxation dynamics in nanoparticles post laser excitation 

Plasmon resonance dephasing occurs either by intrinsic damping process of the metals or 

surface scattering of electrons. This process leads to absorption of photons.
12,17

 The energy of 

the photons gets deposited to the electron cloud in metal nanoparticles that spread over 

conduction band.
49,50

 The energy can also be deposited in electron distribution by interband 

transitions (blue region to the LSPR band) and intraband excitation (red region of the LSPR 
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band).
51

 Information for initial excitation in the conduction band is different for different size 

and shaped particles. Once the electrons get excited, they quickly thermalize among themselves 

with few hundreds of femtoseconds.
51–54

 After this process, the electrons do not have any 

memory of how they are initially excited. Now the themalized electrons relax though coupling 

with the phonon modes of the crystal lattice. This process happens in few picoseconds.
49,54,55

 

The coupling between the hot electron system and phonon is well explained by a two 

temperature model (TTM).
50,56–58

 Electrons have a much higher heat capacity as compared to 

the phonon system. So, initially electrons are at a higher temperature and due to the temperature 

gradient, the generated energy then transfers to phonon system, which is at a lower temperature. 

The coupling energy between electron and phonon subsystem is given by following differential 

equation. 

																								M!(N!)
ON!
O?

= −P(N! − N1)																																(1.6)	 

																																																											M1
78%
79
= P(N! − N1)																																							(1.7)  

Where, M! and M1 are the temperature dependent electronic heat capacity (M!(N!) = =N!)
12,13

 

and lattice heat capacity, N! and N1 are the electronic and lattice temperature, 

=	<>	.	FS,DD<F<,8?	?ℎ.?	F.8	/,	O,B<T,O	,3U,B<1,8?.CCG	and g is electron phonon coupling 

constant.
56,57

 The initial electronic temperature effects the electronic heat capacity ,thereby 

electron-phonon coupling rate depends on the excitation pulse used.. The electron phonon 

coupling timescales of the various metal nanoparticles are well studied using transient 

absorption spectroscopy. The goal of these studies is to find the dependence of size and shape 

on electron phonon coupling rates.
49,55,59

 However, these studies are challenging because the 

relaxation times are highly dependent on excitation laser power. Researchers have been solving 

this problem by two different ways. Firstly, exciting the sample with very low power and 
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observing the dynamics.
49,60,61

 Secondly, exciting the sample with a series of pump powers and 

extrapolating the results to zero power.
30,31,55

 Both the methods give good estimation of the 

electron phonon coupling constant. Pump probe experiment show that typical time scale of 

electron phonon coupling in high conductive metals like gold, silver is around 1 ps, whereas 

for metals like platinum it is much faster due to a large electron-phonon coupling constant.
58,62

 

The optical excitation of metal nanoparticles with laser increases the lattice temperature from 

few kelvins to tens of kelvins.
63–67

 Raising the temperature of the lattice leads to expansion of 

the particle.
65,67,68

 The expansion coordinate of the particles consists of a linear combination of 

normal vibrational modes.
30,49,69

 The time scale for heating of particles greater than 10 nm is 

usually few tens of picoseconds which is faster than the periods of vibrational modes. This 

implies vibrational modes which corresponds to the expansion of the particle can be coherently 

excited.
30,49,70–73

 Transient absorption studies of coherently excited vibrational modes have 

been examined for different size and shaped nanoparticles.
47

  

After the electron-electron thermalization and electron-phonon coupling the energy is lost to 

the surroundings in two ways, heat transfer between interface and surrounding and heat 

dissipation in the surroundings.
49,59

 Interface conductance is given by Equation 1.8.  

																																											M!(N!)
:8&
:9
= − ;<

%=&>&
(N.(?) − N?(+, ?))                          (1.8) 

Where, G is interface thermal conductivity, W.	.8O	M. are density of the particle and heat 

capacity of the particle.
74

 N. and N?  are the temperature of the particle and temperature of the 

surrounding respectively. Heat diffusion in the surroundings for spherically symmetric particle 

is given by Equation 1.9.
74

 

																																																									:
!(A8')
:9

= +

C'
:(A8')
:9

																																																						(1.9)  



 36 

Here, YD= 
E(
	=(>(

 is thermal diffusivity. WD	, MD and ΛD are density, heat capacity and thermal 

conductivity of the surrounding. Solving Equations 1.8, 1.9 gives the rate of cooling of the 

particle.
75–77

 

The sequence of events post laser excitation of metal nanoparticle is shown in Figure 1.5. 

Typically dephasing occurs in 10s of femtoseconds, electron-electron thermalization occurs in 

hundreds of femtoseconds, electron-phonon coupling in 1-5 picoseconds and finally heat 

dissipation occurs in 10-100 picoseconds. The typical time scales vary depending on the size, 

shape and laser power used to excite the samples.
2,31,51,55,78

 

 

Figure 1.5. Sequence of events post laser excitation of metal nanoparticles. 

Researchers around the world have conducted experiments to find the correlation between size 

and shape dependency of these hot electron relaxation dynamics. At very low power the 

electron-phonon coupling time in metal nanoparticles is found to be less than 1 ps. This is of 

the same scale as electron-electron thermalization. Moreover, these timescales are probe 

wavelength dependent. Choice of probe wavelength is shown to effect the time scale of 
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electron-phonon coupling times. Due to all these factors there are lot of inconsistencies in the 

literature regarding the hot electron dynamics in these systems.
30,49,79

 

1.6.1 Size and shape dependence of hot electron relaxation dynamics in metal 

nanoparticles. 

Transient absorption studies performed on Ga and Sn revealed that the electron-phonon 

relaxation time decreases with decrease in size of the particle.
80,81

 This trend was attributed to 

enhanced electron-surface scattering for smaller particles.
82

 Meanwhile other groups have 

shown no dependence of size on the electron-phonon coupling time and some have shown 

electron cooling slows in small particles.
54,83–85

 Among vast number of studies, studies by 

Vallee and Del Fatti are widely accepted.
61,86

 Their studies at low perturbation regime with low 

noise data reveal that both electron-electron and electron phonon coupling times decreases i.e, 

they get faster in size regime below 10 nm. This faster coupling time scales was attributed to 

electron spill effect at the boundary of the nanoparticle of smaller sizes, which reduces the 

electron density, leading to reduced screening between electrons and increased interaction 

between electron and phonon subsystem.
61,87

 Hot electron relaxation dynamics of gold 

nanorods reveal that electron-electron and electron-phonon dynamics are similar to those of 

bulk gold. Some recent studies on gold nano shells reveal faster dynamics as compared to bulk 

gold.
88

 Overall these experiments reveal that electron dynamics of metal nanoparticles below 

the 10 nm size regime exhibit significant changes, but shape is not a very important factor.  

1.6.2 Hot electron relaxation dynamics in coupled nanoparticles 

Transient absorption studies have been majorly carried out on isolated nanoparticles of 

different sizes, shapes and materials. Coupled nanoparticles are of great interest due to their 

property of localizing the incident electric field much efficiently in the gap between the two 
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closely spaced particles and their applications in surface enhanced Raman scattering.
89–93

 Hot 

electron relaxation dynamics of thick films and large aggregates in solution showed fast 

relaxation dynamics,
60,94

 whereas aggregated hollow gold nanoparticles and gold necklaces 

showed slower dynamics.
88,95

 This discrepancies could be due to various environments they 

have been prepared in. In addition, the role of surface ligands and environment on hot electron 

relaxation dynamics is not well understood. Further, the optical response of coupled 

nanoparticles is very complicated due to their broad absorption and probe wavelength 

dependent dynamics.
49,78

   

1.7 Quantum dots 

Quantum dots (QD’s) are semiconductor nanoparticles of the size regime of few tens of 

nanometers based on the material. Generally, they consist of few thousands of atoms  

depending on the size forming a crystal lattice structure.
96–99

 Their morphology consists of 

inorganic core and organic surface molecules surrounding the core. The inorganic core is 

responsible for all the optoelectronic properties of the quantum dot whereas surface organic 

ligand molecules acts as a stabilizers providing colloidal stability. Quantum dots have 

properties intermediate to the bulk materials and the single molecules. The uniqueness in the 

properties of quantum dots comes from the dimension of the particles. Quantum dot properties 

can be described by particle in a three dimensional box with potential well model.
96–99

 Due to 

these properties, the charge carriers in QDs are confined to small spaces which are otherwise 

free in bulk materials. This confinement of charge carriers leads to many size and shape 

dependent optoelectronic properties. The research in quantum dots started in early 1980’s 

through work of L. Brus, A.I. Ekimov and A.L. Efros.
100,101

 Since then the research in this field 

turned multidisciplinary with various applications in biomedical,
102–104

 thermoelectrics,
105

 

optoelectronics,
106

 solar light harvesting,
107–110

 light emitting devices
111–113

 etc. Tunablity of 



 39 

properties with the function of size and shape combined with the manipulation of physico-

chemical properties made quantum dots an unique material with wide range of applications. 

The quantum confinement effect in quantum dots enables the size and shape dependent 

tunablity of optical, electronic and charge transport properties.
96–98

 Irrespective of the material, 

quantum dots show tunablity of size dependent optical properties in absorption and 

photoluminescence(PL).
114,115

 Just by decreasing the size of the quantum dots, we can have a 

blue shift in absorption maxima and photoluminescence of the QDs. With the advent of 

chemical synthesis from the past two decades, it is now possible to tune the optical properties 

of QDs from Ultraviolet (UV) region to although near infra-red (NIR) region.
102,114,115

 In 

addition, quantum dots shows broad two photon absorption i.e., a large absorption cross section 

with a high molar extinction coefficient, narrow photoluminescence band, high quantum yield 

of photoluminescence and high photothermal stability.
96

 Due to these wide range of superior 

optical properties, the quantum dots find applications in solar cells, lasers, light emitting 

devices, optical storage devices, chemical sensors, bio imaging sensors etc. 

1.8 Energetics of bulk semiconductor crystals 

To understand the quantum confinement effect in semiconductor nanocrystals, one needs to 

understand the basic band electronic structure of bulk semiconductors. The microscopic 

behaviour of electrons in crystalline solids i.e., periodic arrangement of atoms are considered 

to be in periodic electric potential field.
116–119

 In metals, the electrons are loosely bound and 

are free to move, but in insulators they are tightly bound. The electrons in semiconductors lie 

somewhat in between metals and insulators. The time dependent Schrodinger’s equation of 

single electron in a solid crystal in one dimension is given by 
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Where, m is mass of the electron, E is the allowed electron energy, V(x) is the potential energy 

felt by electron, a is the crystal lattice constant and Ψ(3) is the electron wave function.
116–119

 

Solving the Schrodinger equation using Bloch functions gives the energy of the electron in 

crystal lattice and thereby information of electronic band structure can be obtained.
116–119

 The 

energy of the electron obtained is similar to the free particle (Equation 1.14). Here, k is the 

wavenumber of the incident particle. 

																													] =
ℏ#e#

21
																																			(1.14) 

Semiconductors show threshold of photon absorption energy. This is defined as a band gap of 

the semiconductor which plays an important role in controlling its optical properties. 

Crystalline solids have large number of closely spaced energy levels which forms its energy 

bands. These bands are the collection of individual energy levels of electrons. Pauli exclusion 

principle does not allow the electrons to have same energy levels of closely spaced atoms in a 

crystalline solid. This results in formation of closely spaced energy levels forming bands.
120

 

The band formation model of metals, semiconductors and insulators is shown in Figure 1.6. 

The gap between the conduction band and valence band, which is termed energy gap, is the 

characteristic property of the bulk material. Fermi level is another important characteristic 

parameter in bulk materials. It is described as a hypothetical energy level which have 50% 
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probability of being occupied at a given time under thermodynamic equilibrium.
116–119

 The 

position of the Fermi level with respect to conduction band and valence band determines the 

nature of material and governs its opto-electronic properties. 

 

Figure 1.6. Electronic band structure of Conductor, Insulator, Semiconductor and Quantum dots. 

 

In conductors, valence band and conduction band overlap and the Fermi level lies in that 

overlap region. There is a huge energy gap between valence band and conduction band in 

insulators. The Fermi level lies within the bandgap in semiconductors and it can be populated 

by optical and thermal excitations and partial conducting behaviour is observed. Upon thermal 

and optical excitations, an electron and hole pair is generated. Due to coulombic attraction 

between these two charge carriers they are in a “bound state” and is called an “exciton”. In a 

crystal lattice these excitons are highly delocalized over several lattice sites, known as 

“Wannier exciton”.
116–119

 In its bound state, exciton is a electrically neutral quasiparticle. The 

motion of this exciton can be thought as similar to modified hydrogen atom which moves in 
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crystal within effective mass approximation.
116–119

 Excitons experience screened electrostatic 

coulomb force.  In the exciton bound state, the distance between the electron and hole is known 

as the “exciton-bohr radius (aB)” (shown in Figure 1.7). Exciton formed remains in a dielectric 

medium therefore exciton-Bohr radius can be determined by the bulk optical dielectric constant 

of the material. Exciton-Bohr radii of a bulk exciton is given by the following Equation 1.15. 
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Where, 1!
∗
 and 1N

∗
 are the effective mass of electron and hole respectively, e is the elementary 

charge, ":"	is the bulk dielectric coefficient or relative permittivity. The excitons generated can 

be normalized by a recombination event either by radiation which is in the form of photons or 

in the form of thermal energy which is in the form of phonons. 

 

Figure 1.7. (a) Schematic of exciton delocalized in crystal lattice (b) Exciton in bulk, where exciton-
Bohr radii is smaller than dimension of the material (c) Exciton in quantum dots, where exciton-Bohr 

radii is comparable to the size of the material. 
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1.9 Confinement effect in Nanocrystals 

 

Figure 1.8. Quantum confinement effect in quantum dots as a function of size. 

Properties of the materials in bulk regime depends on chemical composition but not on their 

size and shape . When the size of the crystal lattice decreases to nanometer size regime, material 

properties depend on size, shape and surface area to volume ratio. This size dependence on 

material properties specifically arise when size of the particle is comparable to the exciton-

Bohr radius of the nanomaterial.
96–98

 As the size of the material decreases to the limit of exciton 

Bohr radius, the motion of the exciton is confined and it cannot extend beyond the boundary 

of the nanomaterial. This spatial confinement of excitons lead to quantum confinement of the 

exciton wave function. This spatial confinement changes the electronic structure of the 

nanomaterial as compared to bulk particle. The confinement results in quantization of energy 

bands and both density of states energy separation between them gets effected. The continuous 



 44 

electronic bands near the edge of valence band and conduction band become discrete quantized 

energy levels as shown in Figure 1.6. This Quantization effect in quantum dots is strongly size 

dependent (Figure 1.8).
96–98,121–125

 The energy difference between these discrete energy levels 

increases as the size of the particle decreases. As a result size dependent optoelectronic 

properties of the quantum dots is obtained.
96–98,122–125

 The quantum confinement effect in 

quantum dots allows us to tune the optical properties like absorption and photoluminescence 

(PL) in the wide range of optical spectrum just by keeping the composition of the material 

constant and by changing the size of the material. 

1.10 Electronic energy structure in semiconductor quantum dots 

 The simplest model used to describe the quantum confinement effect in semiconductor 

quantum dots is “particle in a three dimensional spherical box”, based on “effective mass 

approximation method”.
100,126–129

  This method gives an approximate solution for the size 

dependent electronic structure in quantum confined particles. Simply it gives the band gap of 

quantum dots as a function of its size. Within the quantum dots, coulombic and confinement 

potentials are operative on exciton. Based on all the considerations discussed above, Brus et.al 

showed the lowest energy electronic transition can be approximately calculated for CdE (E= 

S, Se) by following Equation 1.16,
100,127
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Where, ]O is the band gap of the bulk semiconductor, ]PQ42
! 		.8O		]PQ42

N 	 are the confinement 

energy potential of electron and hole respectively. ]PQR1 is the coulombic interaction of hole 

and electron, R is the radius of the quantum dot and : is the bulk dielectric constant. As the 
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size of the quantum dot decreases, the confinement potential energy increases by the factor 

1/R
2
. This leads to increase in band gap of quantum dots as compared to bulk material. The 

coulombic interaction effect is less compared to potential energy confinement with varying 

size.
100,127

 The electronic structure in quantum dots is described in terms of series of excitonic 

states.
98,130,131

 These discrete electronic states get manifested in optical spectra of QDs 

(absorption, photoluminescence). Other than lowest energy state of exciton, high energy states 

are also effected by the size induced quantum confinement effect as shown in Figure 1.9. 

 

Figure 1.9. Discrete atomic like states in conduction band and valence band of quantum dots. 
Complex structure of valence band is due to mixing of different hole sub bands. 
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1.11 Effect of surface on optical properties of quantum dots 

The optical properties of quantum dots are greatly dependent on their surface.
132–135

 With the 

decrease in the size of the quantum dots, surface to volume ratio increases and large number of 

atoms are at the surface. These atoms at the surface are different when compared to atoms 

inside the QDs. The inner atoms are completely bonded and complete their valency, whereas 

atoms at the surface are not. These unsatisfied valency sites of the atoms at the surface creates 

non bonded energy states in the band gap of quantum dots. These are known as “dangling 

bonds” (shown in figure 1.10).
132–135

  

 

Figure 1.10. Defect states formed in band gap of quantum dots due to lack of passivation of surface 
atoms 

These energy states which are present in the region between conduction and valence band of 

quantum dots often trap the excited charge carriers. This is a detrimental effect of optical 

properties in QDs. Trapping of charge carriers by these mid gap dangling bonds increases the 

chances of non-radiative recombination of charge carriers and decreases the 

photoluminescence quantum yield (PLQY).
136

 During the synthesis of quantum dots, long 
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chain stabilizing organic molecules (fatty acids, amines, thiols etc) are used to prevent 

aggregation and induce colloidal stability of quantum dots.
136

 These molecules passivate the 

surface dangling bonds by covering them to some extent. These ligand molecules attach to the 

surface by metal-ligand bonding.  However these organic molecules are in dynamic 

equilibrium with free organic molecules in the solution. Therefore perfect passivation of 

dangling bonds cannot be achieved. In addition, the surface of semiconductor nanocrystals are 

prone to oxidation and reduction.
137

 Oxidation of the surface generates defect states and it 

effects the photoluminescence(PL) and stability of QDs.
137

  

1.12 Excited states in semiconductor nanocrystals 

Excited state properties of the charge carriers in semiconductor nanocrystals govern their 

optoelectronic properties and device performance.
120

 Electron in the valence band of 

semiconductors can be excited by photons of energy equal or above the band gap. The 

semiconductor is now out of equilibrium and subsequent charge carrier relaxation dynamics 

occur through a variety of mechanisms. Huge number of theoretical and experimental studies 

of excited state dynamics in semiconductors have been studied.
138–140

 If the absorbed photon 

energy by the electron is greater than the band gap. The excess energy is stored as kinetic 

energy in carriers. Such carriers are not in equilibrium and cannot be described by Boltzmann 

statistics.
141

 The initial carrier distribution reaches equilibrium by rapidly interacting with each 

other through carrier collisions forming a quasi-equilibrium with Boltzmann like distribution. 

The carrier with extra kinetic energy at higher levels in conduction band as known as “hot 

carriers”. The carrier-carrier interaction is called carrier thermalization which typically 

happens at a fast time scales (<100 fs).
141

 After carrier thermalization hot carrier equilibration 

with lattice occurs through carrier phonon interaction. Phonons are typically optical vibrational 

modes of the material.
141

 This excess energy is lost to phonons though Auger process and other 
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separate interactions which will be discussed in coming sections. The carrier cooling process 

takes place until carriers heat the lattice and reach thermal equilibrium with each other.  

1.12.1 Carrier types 

1.12.1.1 Free carriers and excitons 

The bound electron-hole pair is an independent quasi particle with net neutral charge.
142

 This 

bound pair exciton has internal energy lower than unbound electron and hole with its binding 

energy of the order of meV in inorganic semiconductors. In order to use the excitons in 

photocurrent devices, excitons needs to be dissociated into their free charge carriers. This is a 

significant limitation in organic semiconductor materials since the dissociation of excitons is 

typically of the order of ~1eV which is huge.
143

 However, the excitons typically recombine 

giving a photon which has applications in light emitting devices. 

1.12.1.2 Hot carriers 

Hot carriers which were discussed in the earlier section shows a great promise in devices such 

as solar cells allowing to break the 33% Shockley-Queisser limit thereby increasing the 

efficiency of light harvesting materials manifold.
144

 It is typically very hard to examine hot 

carrier dynamics due to their typically short lifetimes and their unclear manifestation in optical 

measurements.
145146

 

1.12.1.3 Polarons 

In highly polar crystals or ionic crystals, the coulombic force of interaction between conduction 

electrons and lattice ions takes place resulting in strong electron-phonon coupling. In such 

cases, electrons are surrounded by huge number of virtual phonons.
147

 The electron push or 

pull the surrounding lattice ions depending on their charge. The electron and virtual phonon 
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can be treated as a special quasi particle called “polaron”. Polarons can have a strong influence 

on charge transport properties in semiconductor nanocrystals. The basic polaron theory and 

how it effects the carrier-carrier interaction is still being refined to the present day.
147

 

1.13 Recombination mechanisms in semiconductor nanocrystals 

Recombination of excited charge carriers plays an important role in determining the 

applications of quantum dots in various devices. It can be a limiting factor for devices such as 

light emitting diodes or solar cells. In this section, different charge recombination mechanisms 

in semiconductor nanocrystals will be discussed. 

Geminate recombination is the process where electron-hole pair which is bound by coulombic 

interaction(exciton) recombine. Their recombination is accompanied by the generation of 

photon. The carrier separation in excitons is required for charge carrier extraction for 

photovoltaic applications.
142

 Non geminate process is where the free carriers recombine i.e., 

free electron and free hole recombine either radiatively or non-radiatively. 

Trap assisted recombination process is where either one of the charge carrier or both the charge 

carriers gets trapped in the defect states formed in band gap region by surface dangling bonds. 

The trapped charge carrier often recombine non radiatively and  difficult to extract. Thus it is 

a undesirable mechanism. The trapped electron in the defect state can recombine with a hole 

of its trapped state.
120
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Figure 1.11. Schematic representation of various carrier recombination mechanisms. 

Stimulated emission is a special case of radiative recombination. When an incoming photon 

induces the recombination of excited electron with its hole instead of exciting an electron from 

valence band to conduction band, it does so with the emission of a photon of same phase, 

frequency, polarization and direction similar to incoming photon. This leads to amplification 

of the emitted light under a certain set of conditions. This phenomena is widely used in making 

laser system.
142

 The schematic mechanism is depicted in the Figure 1.11. 

Auger recombination process is a non-radiative process. For a Auger process to occur, three 

charge carriers are required.
120

 Either two holes and one electron or two electrons and one hole. 

During the recombination of one set of electron-hole pair, the energy released is transferred to 

the third particle sending it to higher excited states in its band. This high energy carrier then 

relaxes non radiatively by transferring its energy to a phonon subsystem.
148
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1.13.1 Hot exciton relaxation 

 

Figure 1.12. (a) Hot carrier relaxation in bulk materials through phonon emission (b) Phonon 
bottleneck in QDs (c) Auger assisted cooling by transferring its excess energy to hole. 

When excited with energy much higher than the band gap of the QDs, hot electrons are 

generated (carrier lies in the higher intraband states). In bulk semiconductors there are 

continuous closely spaced energy levels (shown in Figure 1.12). So the excess energy of the 

charge carriers can be lost via phonon emission. In QDs the intraband energy levels of electron 

in the conduction band are well separated with a gap of ~1eV. It cannot relax via phonon 

emission since phonon energies are typically in the range of few meV. Due to this hot electron 

has to relax through multiple phonon emissions which is a very slow process. This expected 

slow cooling of hot electrons in quantum dots is known as “Phonon bottleneck”.
149–155

 One 

predominated mechanism here is Auger assisted cooling. The hot electron by coupling with its 

hole transfers its excess energy.
149–151,156–158

 Holes having higher effective mass compared to 

electrons also have high density of states and it can easily relax through phonon emission. Then 

the decoupled electron relaxes slowly. In the absence of the hole, i.e., when hole is trapped the 

electron can relax through other mechanisms where it transfers its excess energy to vibrational 

mode of surface ligand. 
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1.14 Metal-semiconductor hetero nanocrystals 

Metal-semiconductor hetero nanocrystals are important class of materials . In these materials, 

metals are grown directly on the surface of semiconductor nanocrystals giving rise to exciton-

plasmon coupling effects.
159–166

 When these materials are excited the electron in the conduction 

band of the semiconductor jumps to metal nanoparticle leaving the hole behind. This charge 

carrier separation has a applications in photocatalysis, solar cell, water splitting etc. The studies 

on hetero nanocrystals was started from the work of Mokari et al. where they have grown Au 

tips CdSe rods and CdSe tetrapods.
161

 Since then various metals like Au, Ag, Pt, Co etc. have 

been grown on various semiconductor nanoparticles.
159,160,167–170

 TA measurements can be 

employed to study the charge separation and other recombination mechanisms in the hetero 

nanocrystal systems.
167,168,170–172

 

The thesis is organized as follows 

Chapter 2 contains synthetic procedures of gold nanoparticle assemblies, metal-

semiconductor heterostructures, TiO2 nanoparticles and phenothiazine porphyrin molecules. It 

also gives brief overview of the instrumentation of steady state spectroscopy and ultrafast 

transient absorption.   

Chapter 3, we report hot electron relaxation dynamics in GNP dimers and trimers, prepared 

by self-assembly using a dithiol linker. Surface modification of MNPs with these linker 

molecules yields functional assemblies. With dithiol linkers, it is possible to obtain assemblies 

with small interparticle spacings and consequently, greater plasmon coupling. Dimers and 

trimers formed in the solution phase are further purified using gel electrophoresis. 

Understanding the electron relaxation dynamics in these systems can be exploited for 
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optimizing the photochemical reactions and electron transfer reaction between metal 

semiconductor nanoparticles or molecular adsorbates.  

Chapter 4 presents studies of electron transfer dynamics in cubic shaped PbS-Au 

heterostructures using transient absorption spectroscopy. We analyzed the electron transfer 

rates and charge relaxation dynamics from 1Se and 1Pe states of conduction band from excited 

state absorption dynamics experiments from pump probe data. Ultrafast charge separation at 

the junction of the metal-semiconductor interface before Auger recombination and other 

relaxation channels is observed which is very crucial for the development of solar cells where 

multiple charge carriers created from the MEG can be extracted efficiently leading to overcome 

Shockley-Queisser limit. 

Chapter 5 presents ultrafast charge relaxation dynamics in CZTS-Au nano heterostructures at 

different pump fluence energies. Pump probe data of the transient absorption spectroscopy 

shows photoinduced absorption in the entire probe region suggests the domination of excited 

state absorption over ground state bleach. Transient absorption spectra in CZTS-Au 

nanostructures resulted in reduction of the optical density of the ESA suggesting an ultrafast 

charge transfer faster than the hot electron trapping process and within the instrument response 

function (200 fs). This ultrafast charge transfer process faster than the trapping process is 

crucial in optimizing the CZTS based nanostructures in photovoltaic applications. 

Chapter 6 , we have designed a A3B porphyrin sensitizer in which the three meso-positions 

were decorated with three phenothiazine moieties tethered to porphyrin core, and the other 

meso-position is functionalized with phenyl carboxylic acid which can play a dual role as 

acceptor and anchoring group. A series of phenothiazine-porphyrin systems in which 

phenothiazine tethered to porphyrin with different linkages such as phenyl, alkynyl, and 

phenoxyl alkyl linkages and carboxylic acid anchoring group to attach to the semiconductor 



 54 

nanoparticles such as TiO2 and the efficiency of photo-induced electron transfer and the solar 

energy conversion to electricity w.r.t. linker sizes were investigated. Efficient charge 

separation before the charge recombination and other undesired pathways is evident in the 

studied phenothiazine porphyrin dye in the presence of semiconductor TiO2 nanorods. In 

addition, tunability of electron injection and back electron transfer rates is observed with 

different spacers between porphyrin and phenothiazine moieties. 

  



 55 

 

 

 

 

 

 

  



 56 

2 Materials and methods 
 

2.1 Synthesis of gold nanoparticle assemblies 

2.1.1 Chemicals 

Gold(III) chloride trihydrate (HAuCl4.3H2O, >99.0%), bis(p-sulfonatophenyl) 

phenylphosphine (BSPP, 97%), 1-9 Nonanedithiol (DT, 95%), sodium citrate (SC, 

trisodiumcitrate dihydrate), tris base (tris(hydroxymethyl)aminomethane) and O-[2-(3-

mercaptopropionylamino) ethyl]-O-methyl-poly(ethylene glycol) (mPEG-SH (PEG5000), 

MW 5000) from Sigma Aldrich were used as received. 

2.1.2 Synthesis  

2.1.2.1 Synthesis of gold nanospheres 

Gold nanospheres were synthesized by the method of Lu et al.
173

 Briefly, sodium citrate (30 

mM, 1 ml) was added to ultrapure water (14 mL) and heated at 137 
o
C for 90 minutes. HAuCl4 

(100 µL, 25 mM) was added to the hot solution, followed by Tris base (500 µL, 0.1 M) after 1 

minute. After 20 minutes, the solution temperature was rapidly decreased to 100
o
C by 

transferring the flask to a preheated oil bath at this temperature. Two additional aliquots of 

HAuCl4 (25 mM, 100 µl) were added to the solution at an interval of 30 min. The solution was 

cooled to room temperature and the as-synthesized gold nanospheres were used as prepared for 

the subsequent steps. 
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2.1.2.2 Ligand exchange of gold nanospheres 

BSPP (90 mM, 50 µl) solution was added to 10 ml of synthesized Au spheres and kept 

overnight. The solution was concentrated by centrifuging at 7000 rpm for 20 minutes, the 

supernatant removed and the pellet redispersed in 250 µl of 90 mM BSPP buffer. 

2.1.2.3 Assembly of gold nanoparticles 

Gold nanoparticle (GNP) assemblies were prepared using the method of Bidault et. al. with the 

following modification.
174 NaCl (1 µL, 90 mM) solution and 1,9-nonanedithiol (1 µL, 0.1mM) 

were added to the 15 µl of the BSPP coated concentrated Au sphere solution in an eppendorf 

and left for 30 minutes. Ficol solution (4 µL, 2%) was added and the resulting suspension of 

thiol- linked assemblies were loaded in 2% agarose gel in 0.5x Tris- Borate-EDTA as running 

buffer. The gels were run at 8 V/cm for 45 minutes. The extraction procedure was carried out 

following published protocols to separate dimers and trimers.
175,176

 

2.2 Synthesis of PbS and PbS-Au nano heterostructures 

2.2.1 Chemicals  

Lead Chloride (PbCl2 ;99.9% trace metal basis), oleylamine (OLA, 70%), octadecene (ODE, 

90%), gold(III) chloride (AuCl3; 99.99%; trace metal basis), sulfur (S≥99.99% trace metal 

basis, dodecanethiol (DDT; 98%), dodecyl mercaptan (t-DDT; 99%) and tri-n-octylphosphane 

oxide (TOPO; >98%) are purchased from Sigma Aldrich. chloroform, isopropanol, 

tetrahydrofuran (THF), toluene, ethanol (99.7%; absolute) and methanol are obtained from 

Merck. Oleylamine (OAm; 70% technical grade) and octadecene (ODE, 90%, technical grade) 

are degassed and stored in a nitrogen filled glovebox prior to use. The remaining precursors 

and solvents are used without further purification. 
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2.2.2 Synthesis 

2.2.2.1 Synthesis of PbS nanoparticles: 

The synthesis is adapted from the procedure reported by Jian et al.
177

 PbCl2 (1 mmol, 0.28 g) 

is dissolved in 5 mL of oleylamine at 90 °C, forming a homogeneous and clear solution. 

Elemental sulfur (0.33mmol, 10.5mg for 7 nm) is dissolved in 2.5 mL of oleylamine, and the 

resulting sulfur solution is quickly injected into the optically clear Pb-oleylamine complex 

solution at 90 °C. The resulting mixture is heated to 220 °C and aged at that temperature for 1 

h, resulting in a black colloidal solution. The precipitate is washed twice with toluene/ethanol, 

centrifuged at 4400 rpm and retrieved by redispersing in toluene producing PbS nanocrystals 

which is then dispersed in toluene. 

2.2.2.2 Synthesis of Au shells on PbS nanostructures 

The PbS-Au nano heterostructures are obtained from Monash university, Australia. The 

detailed synthesis is reported elsewhere.
178

  

2.3 Synthesis of CZTS nanostructures 

2.3.1 Chemicals 

Copper(II) chloride dihydrate (CuCl2.2H2O; 99.99%), Copper (II) acetate (CuAc); 99%), zinc 

acetate (ZnAc; 99%) zinc chloride (ZnCl2, 99.99%), tin(II) chloride dihydrate (SnCl2.2H2O, 

99.99%) (ODE), oleylamine (OLA, 70%), Octadecene (ODE, 90%) gold(III) chloride (AuCl3; 

99.99%), dodecanethiol (DDT; 98%), dodecylmercaptan (t-DDT; 99%) and tri-n-

octylphosphane oxide (TOPO; >98%) were purchased from Aldrich. Chloroform, isopropanol, 

tetrahydrofuran (THF), toluene, and methanol were of analytical grade and obtained from 

various sources. Oleylamine and Octadecene were used after degassing and was stored in 
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nitrogen filled glovebox. The remaining precursors and solvents were used without further 

purification. 

2.3.2 Synthesis  

2.3.2.1 Synthesis of CZTS nanostructures: 

CZTS NCs are prepared by the protocol established by Alexey et al.
179

 In a typical synthesis, 

CuCl2·2H2O (5.4mmol), ZnO (4.8 mmol), and SnCl4·5H2O (1.8 mmol) is dissolved in THF 

(0.5mL). Afterward, distilled OLA (24 mmol, 6.43 g) and ODE (20 g) are added to the reaction 

mixture. The solution is heated under nitrogen to 175 °C and maintained at this temperature 

for ∼1 h. After purging with nitrogen, the mixture is cooled to 100 °C and 50 mmol of t-DDT 

and 5 mmol of DDT are added. The solution is then heated to 250 °C and maintained at this 

temperature for 1 h. The formation of NCs is noted by a gradual darkening of the reaction 

mixture at ∼135−145°C described in section 2.3.1. Final CZTS NCs are recovered by adding 

5mL ethanol in the solution at 80°C and washing with toluene/ethanol mixture. It is then 

centrifuged at 7000 rpm for 10 minutes, and the nanocrystal precipitate is dispersed in the 

toluene. The redispersed NC solution is then reprecipitated using the same 1:3 (v/v) solvent: 

anti-solvent ratio with the same centrifugation conditions. The procedure is repeated twice and 

is finally filtered and redispersed in the toluene. 

2.3.2.2 Synthesis of CZTS-Au heterostructures 

The CZTS-Au nano heterostructures are obtained from Monash university, Australia. The 

detailed synthesis is reported elsewhere.
180

 



 60 

2.4 Synthesis of TiO2 nanorods 

TiO2 nanorods have been synthesized using a previously reported method.
181

 Briefly, 35 g of 

oleic acid is taken in a round bottomed flask and heated at 120
0
C with continuous stirring for 

one hour under nitrogen atmosphere. Vacuum and nitrogen is altered for every 15 minutes to 

remove moisture inside. 5 mmol of titanium tetraisopropoxide is added to the reaction mixture. 

After 5 minutes the solution turns from colourless to pale yellow. It is then followed by rapid 

injection of 2.5 mL of trimethyl amine. The reaction mixture turns to turbid with viscosity 

increasing gradually up to 90 minutes. Reaction mixture is then kept for overnight stirring 

followed by washing and redispersing in chloroform. 

2.5 Synthesis of Phenothiazine porphyrin 

Commercially available chemicals and reagents were procured from TCI, Sigma-

Aldrich, Spectrochem and Merck. Analytical reagent (AR) grade solvents were used for 

the reactions while laboratory reagent (LR) grade solvents were used for purifications 

and column chromatography. N, N-dimethylformamide, Dichloromethane, chloroform, 

acetonitrile and were dried in presence of calcium hydride under nitrogen atmosphere. 

Toluene and Hexanes were purified using sodium metal added benzophenone by 

refluxing overnight, distilled under vacuum and stored over 4Å molecular sieves. 

Triethylamine was distilled with NaOH pellets. Silica gel (100-200 mesh) was used for 

column chromatography. Thin-layer chromatography was performed on Merck-pre-

coated silica gel 60-F254 plates. Flash chromatography was performed for purification 

of all compounds. The reactions were carried out under nitrogen or argon atmosphere 

using dry and degassed solvents. Methyl-4-formylbenzoate, Phenothiazine, 

tetrakis(triphenylphosphane) palladium were purchased from sigma Aldrich. Zinc 

acetate (Zn(CH3COO)2.2H2O) and pyrrole were purchased from Otto chemicals. 

Sodium hydrogen carbonate (NaHCO3), potassium hydroxide (KOH), N-
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Sodium hydrogen carbonate (NaHCO3), potassium hydroxide (KOH), N-

Bromosuccinimide (NBS) were purchased from Spectrochem. 4-formylphenylboronic 

acid was procured from TCI Chemicals. The phenothiazine based precursor, 10-Hexyl-

10H-phenothiazine (Hexyl-PTZ),182 10-hexyl-10H-phenothiazine-3-carbaldehyde 

(2.2),183 3-bromo-10-hexyl-10H-phenothiazine (2.3),184 were synthesized according to 

the reported literature procedures. The A3B ester porphyrins were prepared by Adler 

Longo and Lindsey’s procedure.185186 (Please note the compound names mentioned in 

brackets are from scheme 2.1 and 2.2). 

(a)  Synthesis of formyl phenothiazines and their precursors 

10-Hexyl-10H-phenothiazine (Hex-PTZ, 2.1).182 A 250 mL round bottom flask was charged 

with phenothiazine (5g, 25.09 mmol), NaH (1.2 g, 30.1 mmol, 60%) and 120 mL of DMF. The 

mixture was stirred for 30 min and 1-bromohexane (4.97 g, 30.1 mmol) was then added. The 

mixture was stirred overnight at room temperature. The reaction mixture was quenched with 

ice water and extracted with ethyl acetate. The combined organic fractions were washed with 

brine and dried over Na2SO4. The solvent was removed under pressure and the residue was 

purified with silica gel column chromatography using petroleum ether as eluent to give the 

compound 2.1 as a viscous liquid (6.39 g, 90 %). 1H NMR (500 MHz, CDCl3): (in ppm): 

7.17- 7.14 (m, 4H, phenothiazine-H), 6.92 (t, 2H, J = 7.5 Hz, phenothiazine-H), 6.87 (d, 2H, J 

= 8.0 Hz phenothiazine-H), 3.85 (t, J = 6.8 Hz, 2H, -CH2), 1.82- 1.79 (m, 2H, -CH2), 1.44-

1.43 ( m, 2H, -CH2), 1.33- 1.30 (m, 4H, -CH2), 0.90- 0.88 (m, 3H, -CH3). HRMS (ESI) m/z: 

[M+H]+calcd for C18H22NS 284.1473, found 284 

10-hexyl-10H-phenothiazine-3-carbaldehyde (2.2):183 To a three-necked flask containing a 

mixture of POCl3 (1.26 mL, 8.47 mmol) and DMF (3.27 mL, 8.47 mmol) was added dropwise 

2.1 (2.0 g, 7.06 mmol) in DMF (50 mL) with dropwise in an ice bath with stirring. After the 
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addition was completed, the reaction mixture was heated to 90˚C for 12 hours. After cooling, 

the organic fraction was extracted with CH2Cl2 and dried using anhydrous sodium sulphate. 

The crude product obtained after evaporation of the solvent was subjected to silica gel column 

chromatography. The mixed solvent system of dichloromethane: pet ether (1:1 v/v) was used 

as an eluent to give titled compound 2.2 as a yellow solid. Yield: 1.17 g (78%). 1H NMR (500 

MHz, CDCl3) :  ( in ppm) : 9.78 (s, 1H, -CHO), 7.64 (d, 1H, J = 1.5 Hz, phenothiazine-H), 

7.57 (d, 1H, J = 1.5 Hz, phenothiazine-H), 7.16 (t, 1H, J = 7.7 Hz, phenothiazine-H), 7.12 (d, 

1H, J = 7.5 Hz , phenothiazine-H), 6.96 (t, 1H, J= 7.5 Hz, phenothiazine-H), 6.84 (t, 2H, J=8.5 

Hz, phenothiazine-H), 3.88 (t, 2H, J = 7.2 Hz, -CH2), 1.83-1.77 (m, 2H, -CH2), 1.46-1.40 (m, 

2H,-CH2), 1.31-1.30 (m, 4H,-CH2), 0.87 (t, 3H, J = 7.0 Hz, -CH3); ESI-MS m/z: [M+H]+ Calcd 

for C19H21NOS: 311.1344; Found: 312. 

3-bromo-10-hexyl-10H-phenothiazine (2.3).184 To a solution of 2.1 (3.2 g, 11.30 mmol) in 

DMF (50 mL) NBS (2.41 g, 13.56 mmol) in DMF (30 mL) was added dropwise for 30 min. 

The mixture was stirred overnight at room temperature. The reaction mixture was quenched 

with ice water and extracted with ethyl acetate. The combined organic fractions were washed 

with brine and dried over Na2SO4. The solvent was removed under reduced pressure and the 

residue was used for the next step without any further purification. 

4-(10-hexyl-10H-phenothiazin-3-yl)benzaldehyde (2.4):187 To 2.3 (3.00 g, 8.27 mmol) taken 

in Schlenk flask, 4-formylphenylboronic acid (1.48 g, 9.93 mmol), potassium carbonate (3.31 

g, 24.00 mmol), and tetrakis(triphenylphosphane)palladium (0.478g, 0.413 mmol) were added. 

A mixture of THF (15 mL) and distilled water (5 mL) was degassed and added to the reaction 

mixture. The reaction mixture was stirred and refluxed for 12 h under nitrogen. The progess of 

the reaction was monitored using TLC and the consumption of the limiting reagent 2.3 marked 

the completion of the reaction. The reaction was quenched using ice cold water and the 
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compound was extracted using DCM. The organic fraction was dried by passing over sodium 

sulphate and the solvent was evaporated to give the crude product which was subjected to 

further purification by silica gel column chromatography. The solvent system used to obtain 

the compound was petroleum ether: chloroform (1:1v/v). The compound 2.4 was obtained (1.5 

g, 46.75 %) as an orange viscous liquid. 1H NMR (500 MHz, CDCl3):  (in ppm)  (s, 

1H, -CHO), 7.91 (d, J = 8 Hz, 2H, phenyl-H), 7.69 (d, J = 8 Hz, 2H, phenyl-H), 7.44- 7.41 (m, 

2H, phenothiazine-H), 7.18-7.14 (m, 2H, phenothiazine-H), 6.93 (t, J= 7.7 Hz , 2H, 

phenothiazine-H), 6.88 (d, J = 8.5 Hz, 1H, phenothiazine-H), 3.87 (t, J= 7.2 Hz, 2H, -CH2 ), 

1.86- 1.80 (m, 2H, -CH2), 1.46- 1.42 (m, 2H, -CH2), 1.32- 1.30 (m, 4H, -CH2), 0.88-0.82 (m, 

3H, -CH3). HRMS (ESI) m/z: [M+H]+ Calcd for C25H25NOS: 388.1735; Found: 388.1735. 

4-((10-hexyl-10H-phenothiazin-3-yl)ethynyl)benzaldehyde (2.5) :To a degassed solution of 

2.3 (400.0 mg, 1.10 mmol) in dry Et3N (30 mL) were successively added [Pd(PPh3)2Cl2] (48.7 

mg, 0.063 mmol), PPh3(33.4 mg, 0.3309 mmol), CuI (0.19 mg, 0.209 mmol) and 4-

ethynylbenzaldehyde (287.3 mg, 2.20 mmol). The reaction mixture was refluxed under 

nitrogen until the complete consumption of bromide 2.3 (monitored by TLC). The reaction was 

quenched using ice cold water. The reaction was quenched using ice cold water and the 

compound was extracted using DCM. The organic fraction was dried by passing over sodium 

sulphate and the solvent was evaporated to give the crude product which was subjected to 

further purification by silica gel column chromatography. The solvent system used to obtain 

the compound was petroleum ether: chloroform (70:30 v/v). The compound 2.5 was obtained 

(163 mg, 36%) as orange viscous liquid.1H NMR (500 MHz, CDCl3): δ ( in ppm): 10.00 (s, 

1H, -CHO), 7.84 (d, 2H, J = 8 Hz, phenyl-H), 7.62 (d, 2H, J = 8 Hz, phenyl-H), 7.33-7.31 (m, 

1H, phenothiazine-H), 7.29-7.27 (m, 1H, phenothiazine-H), 7.24-7.22 (m, 1H, phenothiazine-

H), 7.15 (t, 1H, J1 = 7.5 Hz, J2 = 8.0 Hz, phenothiazine-H), 7.11(d, 1H, 7.0 Hz, phenothiazine-

H),6.93(t, 1H, J= 7.7 Hz, phenothiazine-H), 6.85(d, 1H, J = 8.0Hz, phenothiazine-H), 6.80 (d, 
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1H, J = 8.5 Hz, phenothiazine-H), 3.83( t, 2H, J= 7.2 Hz, -CH2), 1.82-1.75(m, 2H, -CH2), 1.42-

1.41 (m, 2H, -CH2), 1.31-1.29 (m, 4H, -CH2), 0.87-0.83 (m, 3H, -CH3). HRMS (ESI) m/z: 

[M+H]
+
Calcd for C27H25NOS: 412.1657; Found: 412.1734. 

H2-5-(4-methoxycarbonylphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-3-

yl)porphyrin[(PTZ)3-H2PCOOMe]: 10-hexyl-10H-phenothiazine-3-carbaldehyde 2.2 (1.5 g, 

4.81 mmol), and methyl-4-formyl benzoate (0.26 g, 1.60 mmol), was dissolved in propionic 

acid (48 mL) and nitrobenzene (8 mL) and the mixture was heated to reflux. Then a solution 

of pyrrole (0.465 mL, 6.421 mmol) in nitrobenzene (3 mL) was added dropwise slowly. The 

system was kept to reflux for another 8 hours till both the aldehyde get consumed. After the 

solvents were removed under reduced pressure,(vacuum distillation at 90°C, then 120°C, 140-

150°C) the residue was dissolved in CH2Cl2 (40 mL) and then poured into 10 mL NH3 solution 

and stirred overnight. The organic phase was washed with distilled water and dried with 

anhydrous sodium sulphate (extracted using chloroform), the solvent was removed and the 

residue was washed with petroleum ether, to remove the traces of nitrobenzene. The residue 

was dried by applying vacuum. Compound was purified by column chromatography (silica 

gel) using CHCl3/petroleum ether 1:1 v/v as eluent. Evaporation of the solvent yielded the 

purple coloured solid. Yield: 135 mg, 6.6%. 
1
H NMR (500 MHz, CDCl3): δ (ppm) 8.92-8.75 

(m, 8H, β-pyrrole-H), 8.43 (d, 2H, meso-o-carbomethoxyphenyl-H, J = 8 Hz), 8.29 (d, 2H, 

meso-m-carbomethoxyphenyl-H, J = 7.5 Hz), 7.97-7.94 (m, 6H, phenothiazine-H), 7.29- 7.28 

(m, 3H, phenothiazine-H), 7.23-7.20 (m, 6H, phenothiazine-H), 7.05 - 7.00 (m, 6H, 

phenothiazine- H), 4.11-4.08 (m, 9H, -CH2-H and -COOMe-H), 2.08-2.02 (m, 6H, -CH2-H), 

1.64 - 1.58 ( m, 6H, -CH2-H),1.46-1.39 (m, 12 H, -CH2-H), 0.97-0.94 (m, 9H, -CH3-H), (t, 9H, 

-CH3-H, 7.2 Hz), -2.77 (s, 2H, -NH proton). HRMS (ESI) m/z: [M+H]
+
calcd for C82H78N7O2S3 

1288.5379, found 1288.5369 
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H2-5-(4-methoxycarbonylphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-3-yl)phenyl 

porphyrin (PTZ-Ph)3-H2PCOOMe : 4(10-hexyl-10H-phenothiazin-3-yl)benzaldehyde 2.4 

(1.8 g, 4.64 mmol), and methyl-4-formyl benzoate (0.25 g, 1.54 mmol), was dissolved in 

propionic acid (46.90 mL) and nitrobenzene (7.74 mL) and the mixture was heated to reflux. 

Then a solution of pyrrole (0.45 mL, 6.19 mmol) in nitrobenzene (5 mL) was added dropwise 

slowly. The system was kept to reflux for another 8 hours till both the aldehyde get consumed. 

After the solvents were removed under reduced pressure,(vacuum distillation at 90°C, then 

120°C, 140-150°C) the residue was dissolved in CH2Cl2 (40 mL) and then poured into 10 mL 

NH3 solution and stirred overnight. The organic phase was washed with distilled water and 

dried with anhydrous sodium sulphate (extracted using chloroform), the solvent was removed 

and the residue was washed with petroleum ether, to remove the traces of nitrobenzene. The 

residue was dried by applying vacuum. Compound was purified by column chromatography 

(silica gel) using CHCl3/petroleum ether 90:10 v/v as eluent. Evaporation of the solvent yielded 

the purple coloured solid. Yield: 150 mg (6.5%). 
1
H NMR (500 MHz, CDCl3): δ (ppm) 8.94-

8.80 (m, 8H, β-pyrrole-H), 8.45 (d, 2H, meso-o-carbomethoxyphenyl-H, J = 8 Hz), 8.32 (d, 

2H, meso-m-carbomethoxyphenyl-H, J = 8.0 Hz), 8.25-8.23 (m, 6H, phenyl H), 7.90 (d, 6H, J 

= 7.2 Hz, phenyl H), 7.70-7.69 (m, 6H, phenothiazine-H), 7.21- 7.18 (m, 6H, phenothiazine-

H), 7.04-7.02 (m, 3H, phenothiazine-H), 6.97 – 6.92 (m, 6H, phenothiazine- H), 4.11 (s, 3H,-

COOMe-H), 3.94 (t, 6H, J = 7.0 Hz), 1.93- 1.87 (m, 6H, -CH2-H ), 1.52-1.49 (m, 6H, -CH2-

H), 1.38 – 1.35 ( m, 12H, -CH2-H), 0.93-0.89 (m, 9H, -CH3-H), -2.71 (s, 2H, -NH proton). 

HRMS (ESI) m/z: [M+H]
+
calcd for C82H78N7O2S3 1288.5379, found 1288.5369 

H2-5-(4-methoxycarbonylphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-3-yl)phenyl 

acetylene porphyrin (PTZ-PhAc)-H2PCOOMe: 4(10-hexyl-10H-phenothiazin-3-

yl)benzaldehyde 2.5 (1.65g, 4.00 mmol), and methyl-4-formyl benzoate (0.22 g, 1.33 mmol), 

was dissolved in propionic acid (40 mL) and nitrobenzene (6 mL) and the mixture was heated 
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to reflux. Then a solution of pyrrole (0.38 mL, 5.34 mmol) in nitrobenzene (2 mL) was added 

dropwise slowly. The system was kept to reflux for another 10 hours till both the aldehyde get 

consumed. After the solvents were removed under reduced pressure,(vacuum distillation at 

90°C, then 120°C, 140-150°C) the residue was dissolved in CH2Cl2 (40 mL) and then poured 

into 10 mL NH3 solution and stirred overnight. The organic phase was washed with distilled 

water and dried with anhydrous sodium sulphate (extracted using chloroform), the solvent was 

removed and the residue was washed with petroleum ether, to remove the traces of 

nitrobenzene. The residue was dried by applying vacuum. Compound was purified by column 

chromatography (silica gel) using CHCl3/petroleum ether 80:20 v/v as eluent. Evaporation of 

the solvent yielded the purple coloured solid. Yield: 115 mg (5.4%).
1
H NMR (500 MHz, 

CDCl3): δ (ppm) 8.88-8.80 (m, 8H, β-pyrrole-H),8.44 (d, 2H, meso-o-carbomethoxyphenyl-H, 

J = 8 Hz), 8.30 (d, 2H, meso-m-carbomethoxyphenyl-H, J = 8.0 Hz), 8.18 (d, 6H, phenyl H, J 

= 8 Hz), 7.89 (d, 6H, J = 7.7 Hz, phenyl H),7.46-7.43 (m, 6H, phenothiazine-H), 7.19- 7.15 

(m, 6H, phenothiazine-H), 6.95 (t, 3H, phenothiazine-H, J = 7.4 Hz), 6.88 (t, 6H, 

phenothiazine- H, J = 8.5 Hz), 4.11 (s, 3H,-COOMe-H), 3.88 (t, 6H, J = 7.2Hz, -CH2-H), 1.87- 

1.81 (m, 6H, -CH2-H ), 1.55-1.34 (m, 6H, -CH2-H), 1.33 – 1.31 ( m, 12H, -CH2-H), 0.91-0.89 

(m, 9H, -CH3-H), -2.79 (s, 2H, -NH proton). HRMS (ESI) m/z: [M+H]
+
calcd for 

C106H90N7O2S3 1588.6318, found 1588.6312 

General procedure for synthesis of A3B monoacid porphyrin: 

(0.05 mmol of ester porphyrin was dissolved in 30 mL of THF and subjected to base hydrolysis 

in the presence of a base KOH (5 mmol) in 5mL of water. The reaction mixture was refluxed 

at 80°C for 24 hours. After completion of the ester, the reaction mixture was cooled to room 

temperature. Aqueous 1M HCl (10 mL) was added to the reaction mixture. The reaction 

mixture was washed with aqueous saturated solution of NaHCO3 (50 mL) and then dried over 
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Na2SO4. The solvent was removed under vacuum and the resultant was subjected to silica gel 

column chromatography and separated using Chloroform : EtOAc 95:5. V/V as eluent. 

H2-5-(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-3-yl) porphyrin 

(PTZ)3-H2PCOOH (2.7): Yield : 85%. 1
HNMR (500 MHz, CDCl3): δ (ppm) 8.95- 8.78 (m, 

8H, β-pyrrole-H), 8.53 (d, 2H, meso-o-carboxyphenyl-H, J = 7.2 Hz), 8.35 (d, 2H, meso-m-

carboxyphenyl-H, J = 7.4 Hz), 7.98-7.95 (m, 6H,phenothiazine-H), 7.29-7.28 (m, 3H, 

phenothiazine-H), 7.24-7.21 (m, 6H, phenothiazine-H), 7.06-7.00 (m, 6H, phenothiazine-H), 

4.10 (t, 6H, -CH2-H), 2.09-2.03 (m, 6H, -CH2-H),1.64-1.58 (m, 6H, -CH2-H), 1.44-1.40 (m, 

12H, -CH2-H),0.97-0.94 (m, 9H, -CH3-H), -2.74 (s, 2H, -NH proton). HRMS (ESI) m/z: 

[M+H]
+
calcd for C81H76N7O2S3 1274.5223, found 1274.82 

H2-5-(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-3-yl) phenyl acetylene 

porphyrin (PTZ-PhAc)3-H2PCOOH (2.11):Yield: 80%
1
H NMR (500 MHz, CDCl3): δ (ppm) 

8.89-8.83 (m, 8H, β-pyrrole-H), 8.52 (m, 2H, meso-o-carboxyphenyl-H), 8.36-8.34(m, 2H, 

meso-m-carboxyphenyl-H), 8.20- 8.18 (m, 6H, phenyl H), 7.90 (d, 6H, J= 7.2 Hz, phenyl 

H),7.46-7.43 (m, 6H, phenothiazine-H), 7.19-7.13 (m, 6H, phenothiazine-H), 6.95 (t, 3H, 

phenothiazine-H, J = 7.4 Hz), 6.88 (t, 6H, phenothiazine- H, J = 8.5 Hz), 3.90-3.87 (m, 6H, -

CH2-H), 1.87- 1.83 (m, 6H, -CH2-H ), 1.47-1.43 (m, 6H, -CH2-H), 1.34 – 1.32 ( m, 12H, -CH2-

H), 0.91-0.90 (m, 9H, -CH3-H), -2.77 (s, 2H, -NH proton). 

General Procedure for the Synthesis of Zn Insertion 

(0.05 mmol of free base acid porphyrin was dissolved in chloroform, 10 equivalents of zinc 

acetate (Zn(CH3COO)2.2H2O) (0.5 mmol) in methanol was added to it and the reaction mixture 

was refluxed for 2 hours. The reaction mixture was cooled to room temperature, washed with 

water and dried over Na2SO4. 
The solvent was removed under vacuum. The resultant was 
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subjected to silica gel column chromatography and the desired product was eluted using 

Chloroform:EtOAc 90:10.v/v. The compound was recrystallized using chloroform and 

methanol.  

5-(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-3-yl) porphyrinato zinc 

(II) (PTZ)3-ZnPCOOH (2.8):Yield: 90%, 1
H NMR (500 MHz, CDCl3): δ (ppm) 8.90-8.74 

(m, 8H, β-pyrrole-H), 8.64-8.51 (m, 2H, meso-o-carboxyphenyl-H), 8.30 - 8.24 (m, 2H, meso-

m-carboxyphenyl-H), 7.93-7.72 (m, 6H, phenothiazine-H), 7.16-6.89 (m, 15H, phenothiazine-

H) , 4.06- 3.90 (m, 6H, -CH2-H),2.00-1.94 (m, 6H, CH2-H), 1.63-1.57 (m, 6H, CH2-H), 1.38-

1.32 (m, 12 H, CH2-H), 0.91-0.90 (m, 9H ,-CH3-H). HRMS (ESI) m/z: [M+H]
+
calcd for 

C81H74N7O2S3Zn 1336.4358, found 1337.4272. 

5-(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-3-yl) phenyl 

porphyrinato zinc (II): (PTZ-Ph)3-ZnPCOOH (2.10): Yield: 85%,
1
H NMR (500 MHz, 

CDCl3): δ (ppm) 9.00-8.87 (m, 8H, β-pyrrole-H), 8.43- 8.41- (m, 2H, meso-o-carboxyphenyl-

H), 8.31- 8.30 (m, 2H, meso-m-carboxyphenyl-H), 8.24 -8.23 (m, 6H, phenyl H), 7.89- 7.88 

(m, 6H, phenyl H),7.68 - 7.66 (m, 6H, phenothiazine-H), 7.19-7.14 (m, 6H, phenothiazine-H), 

6.98-6.90 (m, 9H, phenothiazine-H), 3.92-3.90 (m, 6H, -CH2-H), 1.89-1.87 (m, 6H, -CH2-H ), 

1.50-1.48 (m, 6H, -CH2-H), 1.34–1.30 ( m, 12H, -CH2-H), 0.92-0.90 (m, 9H, -CH3-H). HRMS 

(ESI) m/z: [M+H]
+
calcd for C99H86N7O2S3Zn 1564.5297, found 1564.5295. 

5-(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-3-yl)phenyl acetylene 

porphyrinato zinc (II)(PTZ-PhAc)3-ZnPCOOH (2.12): Yield: 80%, 
1
H NMR (500 MHz, 

CDCl3): δ (ppm) 8.80-8.74 (m, 8H, β-pyrrole-H), 8.38-8.36 (m, 2H, meso-o-carboxyphenyl-

H), 8.16-8.14 (m, 2H, meso-m-carboxyphenyl-H), 8.09-8.05 (m, 6H, phenyl H), 7.78-7.77 (m, 

6H, phenyl H), 7.34-7.31 (m, 3H, phenothiazine-H), 7.08- 7.04 (m, 6H, phenothiazine-H), 

6.84-6.83 (m, 3H, phenothiazine-H), 6.81-6.79 (m, 6H, phenothiazine- H), 3.80-3.78 (m, 6H, 
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-CH2-H), 1.75-1.73 (m, 6H, -CH2-H ), 1.49-1.47 (m, 6H, -CH2-H), 1.35 – 1.30 (m, 12H, -CH2-

H), 0.89-0.86 (m, 9H, -CH3-H). HRMS (ESI) m/z: [M+H]
+
calcd for C105H85N7O2S3Zn 

1636.5297, found 1637.5256. 

 

Table 2.1: Summary of synthetic details for free base porphyrin esters. 

Porphyrin 
Compound 

Pyrrole 

(mL) 

Methyl 4-
formyl 

benzoate 
(gm) 

Aldehyde 

(gm) 

Reaction 
Time 

(hr) 

Yield 

(%) 

(PTZ)3-
H2PCOOMe 

0.46 0.26 1.5 6 6.6 

(PTZ-Ph)3-
H2PCOOMe 

0.45 0.25 1.8 5 6.5 

(PTZ-PhAc)3-
H2PCOOMe 

0.38 0.22 1.65 8 5.4 

 

 

Scheme 2.1: Synthetic scheme for the aldehyde precursors. 
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Scheme 2.2: Synthetic scheme for phenothiazine porphyrin compounds . 

 

2.6 Steady state spectroscopic measurements 

2.6.1 Absorption 

Ultraviolet-visible (UV-VIS) absorption spectra of all the samples in solution phase are 

measured using JASCO V-530 instrument having a fixed band pass of 2 nm. A baseline 

correction with the solvent is done before taking the absorption spectra of the material. This is 

done to remove the absorbance effects that are not from the sample of interest. The wavelength 

range of the instrument is between 190 nm- 1100 nm. The Deuterium lamp is used for UV 
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range 190-350 nm and halogen lamp is used for visible region 330-1100 nm. Silicon photo 

diode is used as the detector. 

UV-VIS spectrophotometer measures the absorbance of the sample by measuring the intensity 

of the light (transmittance or reflectance) before and after the sample at different wavelengths. 

Intensity of the light decreases after passing through it due to absorbance by the sample. At a 

fixed path length of the sample (l), absorbance of the transparent sample solution depends on 

its concentration. The absorbance of the sample is given by Beer-Lamberts law (Equation 2.1) 

																																																														J = log+3(p3/p) = :. F. C            (2.1) 

Where A is the measured absorbance, I is the intensity of the light after passing through the 

sample, p3 is the incident intensity of the light at that particular wavelength. C is the 

concentration of the sample, “l” is the path length and ":" is the molar absorptivity constant of 

the sample which is the intrinsic property. The absorption efficiency of the sample depends on 

the wavelength of incident electromagnetic radiation. Wavelength dependence of ":" and 

absorbance (A) is known as absorption spectrum. A schematic is given in the following Figure 

2.1 
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Figure 2.1. Schematic layout of UV-VIS absorption spectrophotometer 

2.6.2 Spectrofluorimeter 

Fluorescence of the sample is measured using spectrofluorimeter. Spectrofluorimeter consists 

of a light source, photodetector, two monochromators (one for excitation and one for emission). 

Monochromator is a mechano-optic device that selects a narrow band of wavelengths from a 

wide range of wavelengths. A monochromator contains an entrance and exit slit, dispersion 

medium (prism) or diffraction medium (grating). The excitation monochromator selectively 

passes the narrow band of wavelength to excite the sample. The fluorescence from the sample 

reaches the detector via emission monochromator. To record the photoluminescence of the 

sample the excitation monochromator is constant while emission monochromator rotates to 

collect the different wavelengths to pass. This way intensity of the different emission 

wavelengths can be collected and emission spectra of the sample is recorded. The emission is 

collected at ninety degrees from the sample to minimize any transmitted or reflected excitation 

wavelength. A simple schematic of the spectrofluorimeter is shown in the Figure 2.2  
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Figure 2.2. Schematic layout of spectrofluorimeter 

Ratio of number of photons emitted by the sample to the number of photons absorbed gives 

the fluorescence quantum yield (QY,∅S) of the sample. QY is calculated with respect to a 

standard sample (reference sample) with known quantum yield keeping excitation wavelength 

same for sample and reference. QY of the sample is calculated using following Equation 2.2. 

																		∅2
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s

t?K-.1!
1 − 10GT')*&%$v

s
tA!2

1 − 10GT+$"
v
. i
9?K-.1!
9A!2

j
#

																		(2.2) 

Where, Asample and Aref are the absorbance of the sample at reference at excitation wavelength. 

Fsample and Fref are the integrated emission intensity, 9?K-.1! and 9A!2 are the refractive index 

of the solvent of sample and reference respectively. 

In this thesis, fluorescence of the samples are measured using Varian Cary Eclipse 

Spectrofluorimeter. Band pass of 5 nm is used for both excitation and emission. 
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2.7 Time resolved spectroscopy 

2.7.1 Time corelated single photon counting 

The nanosecond lifetime was measured using a DeltaFlex Time Correlated Single Photon 

Counting (TCSPC) spectrometer using 420 nm excitation light with full width half maxima 

(FWHM) of the Instrument Response Function as 80 ps. The excitation light was generated 

from a tunable Mai-Tai Laser with a repetition rate of 80 MHz which was scaled down to 1/10
th

 

i.e. 8 MHz with a pulse picker. A hybrid photomultiplier (HPPD) was used as a detector in the 

above setup. The decays were collected at magic angle (54.7°) polarization with respect to 

vertically polarized excitation light to eliminate the effects of rotational anisotropy. The decays 

were fitted to a sum of exponential functions shown below in Equation 2.3, by iterative 

reconvolution using Ez Time built in software package. 

p(?) = ∑ J6 . expz− ? {| } + ~6                 Eqn. (2.3) 

Where Ai and τ are the lifetime and amplitude of the i
th

 component and also ∑Ai =1. B is the 

background signal. 

2.7.1.1 Working principle 

The arrival time of single photon with respect to the reference laser pulse excitation is measured 

in TCSPC. The laser reference pulse acts as start signal and fluorescence light acts as stop 

signal. The time difference between start and stop signal is measured. This measurement is 

repeated millions of times and difference time is stored in the form of histogram. The decay 

curve of the histogram gives fluorescence lifetime of the sample. It is very important that in 

TCSPC only single photon is counted per laser pulse excitation event. Multi photon events 

cause erroneous results (“pulse pile up effect”) in histogram statistics.
188

 To ensure this, photon 

counting rate is kept as low as 5 % or lower in comparison to the rate of laser excitation pulse.  
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2.7.1.2 Instrumentation 

The schematic of TCSPC spectrophotometer is shown in Figure 2.3. A laser source of 8 MHz 

is used to excite the sample. Laser light is split initially into two parts. One part is used as a 

reference pulse and activates the capacitor called time to amplitude converter (TAC). This is 

analogous to the stopwatch where start pulse activates the stop watch and fluorescence light 

acts as a stop signal. The start pulse passes through the  vertical polarizer and excites the 

sample. The emitted photon from sample is again passes through emission polarizer at magic 

angle of 54.7
0 

with respect to vertical polarisation to eliminate rotational anisotropy. This 

finally goes through a monochromator and finally to photon counting photo multiplier tube 

(PMT). The amplified emission signal from PMT acts as a stop signal. The time difference 

between start and stop signal is stored as a voltage. This voltage is then converted to time by 

analog to digital convertor. The process where reference starts the TAC and emission stops the 

TAC is known as “forward” mode operation. However, forward mode has a disadvantage of 

TAC overuse. In the forward mode, due to inherent low counting rate of the photons, most of 

the times emission photon does not reach the detector, thereby resulting in overcharging TAC. 

To overcome this problem “reverse mode” operation is employed. In reverse mode, emission 

photon acts a “start” signal and reference acts a “stop” signal. The reference signal used in 

reverse mode is not an optical signal rather electric signal. The time delay between reference 

and emission signal is adjusted using a delay line. 



 76 

 

Figure 2.3. Schematic of the TCSPC spectrophotometer. 

The arrival time of the signal in TAC is important in TCSPC measurement. To measure the 

accurate arrival time of start and stop signal, constant fraction discriminator (CFD) is used. The 

leading edge of the discriminator introduces error due to variation of the signal strength. To 

overcome this, signal is divided into two parts, one of it is inverted and delayed by certain time. 

Then, the two signals are added. The resulting signal has a zero crossing point which is 

independent of signal strength.
189,190

 

2.7.2 Non-linear optics for Ultrafast spectroscopy 

Ultrafast time resolved spectroscopy deals with the study of molecular processes which occurs 

at sub picosecond timescale. Requirement of short laser pulses with temporal resolution of sub-

picosecond to sub-femtosecond is the core of ultrafast spectroscopy. This is realized with the 

advent of mode locked lasers almost 40 years ago. From then, shortening the laser pulses to 

attosecond regime now is the state of the art. The generation of such short pulses with different 

frequencies is based on the principles of non-linear optics. 
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Linear spectroscopy involves light matter interaction where induced polarization (P) of the 

matter is directly proportional to the applied electric field (E) of the light source used, � =

	:3	Ä],  This relation fails when we use high intensity laser pulses during ultrafast spectroscopy. 

Non-linear effects comes into place in such scenario and the resulting polarization is following. 

� = 	 :3	Ä] +	
+

#
Ä#]# +	 +

U	
Ä;]; +⋯(2.3) 

Here, Ä# and Ä; are second and third order nonlinear susceptibility. The typical values of Ä		 

and its higher orders are 1, 10
-12

 m/V and 10
-23

 m
2
/V

2 
respectively. Materials lacking centre of 

symmetry shows second order non-linear effects and third order non-linear effect can be shown 

by any material. Typical examples for second order non-linear crystals are Beta barium borate 

(β-BBO), lithium triborate (LBO), etc.) 

Generation of pump pulses of certain frequency depending on the absorption of the material of 

interest requires the tuning of the laser output wavelength. Non-linear interaction of laser with 

the crystals is used to generate pump and probe pulses. The typical non-linear processes used 

are second harmonic generation (SHG), difference frequency generation (DFG), optical 

parametric amplification (OPA), non collinear optical parametric amplification (NOPA). 

Conservation of energy (;) and momentum (k) has to be followed for the incident and exiting 

light fields on these non-linear materials. 

;; =	;+ + ;#. . . . . .2.4 

e; =	e+ + e#. . . . . . . . . .2.5 

These two conditions should be met for generation of ultrafast pulses in the non-linear crystals. 

This can be achieved by phase matching (Δk = 0) of the incident fields on the bi-refringent 

non-linear crystal at a certain angle. The simplest frequency conversion process of all is second 
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harmonic generation, where a single fundamental light is focused on the non-linear crystal to 

generate the light of double the frequency (;; = 2;+). When two pulses of different 

frequencies interact with the non-linear crystal with all the phase matching conditions, output 

field can be of light with frequency corresponding to sum of the frequencies of two incoming 

radiations ( ;; = ;+ +	;#). This process is typically known as sum frequency generation. 

With the right orientation and non-linear material, generation of light with frequency 

corresponding to the difference of the interacting two frequencies (DFG, ;; = ;+ −	;#) can 

also be achieved. Optical parametric amplification is the process where amplification of the 

seed pulse (signal pulse) takes place by a pump pulse of higher frequency resulting in reduced 

intensity of the pump pulse along with the idler pulse of remaining energy which is generated 

due to conservation of energy. 

The most prominent femtosecond laser used in ultrafast spectroscopy is titanium doped 

sapphire solid state lasers (Ti
3+

: Al2O3). Typically titanium sapphire crystals produce sub 100 

fs laser pulses. The central emission wavelength can be tuned from 600 to more than 1000 nm. 

This depends on pump source, cavity length and material. The laser pulse repetition rate is 

governed by the cavity length and its typically in the range of 80 MHz for Ti:Sapphire lasers. 

Generation of laser pulses in visible region is difficult using solid state lasers due to the 

complexity involved. The fundamental output of Ti:Sapphire is used to generate pulses of 

different frequencies using optical parametric amplification process discussed in the previous 

paragraph. One part of the frequency doubled beam of the fundamental of Ti:Sapphire using 

BBO crystal is overlapped with the super continuum white light generated in another BBO 

crystal. Depending on the orientation of the second non-linear crystal, seed pulse is amplified 

corresponding to the phase matching condition at a particular angle of the crystal. Addition of 

another non-linear crystal allows us to mix signal and idler beams generate difference 

frequency pulse signal in the infra-red region. 
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Interaction of high energy pulses with the transparent materials like sapphire or calcium 

fluoride, creates a self-phase modulation phenomena which is a third order non-linear response. 

The high intensity beam changes the refractive index of the medium (optical kerr effect)  

leading to spectrally broadened output pulse generating white light super continuum (SCG, 

super continuum generation). White light generated is used to generate seed pulse for OPAs 

and probe pulse in the transient absorption spectroscopy. The white light generated (spectral, 

temporal parameters) strongly depends on the initial central wavelength incident on Sapphire 

or CaF2 . All the non-linear processes discussed is shown in figure 2.4. 

 

Figure 2.4. Different non-linear process observed with high intensity pulses of femtosecond pulses for 
different frequency generation a) second harmonic generation (SHG), b) sum frequency generation 
(SFG) c) difference frequency generation (DFG) d) optical parametric amplification (OPA) and e) 

self- phase modulation (SPM). 

2.7.3 Transient absorption spectroscopy 

Transient absorption is a technique to study the excited state dynamics of a system. Two 

ultrafast femtosecond pulses (pump/probe) are incident on the sample with a time delay in 

between them. Initially, pump pulse is absorbed by the sample and excited state is generated. 

Within a small time, delay probe pulse is absorbed by the sample which is in excited state. 

Thus by varying the time delay between pump and probe pulse, we can study the relaxation 

dynamics of the charge carriers. The change in optical density (∆OD) of the sample is measured 

by taking the ratio of intensity of probe light transmitted from the sample in the presence and 
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absence of pump pulse as shown in Equation 2.6. Here, Ipump and Iwithout pump are the probe 

intensity transmitted in the presence and absence of pump pulse on the sample respectively.  

DOD= -log (Ipump/Iwithout pump)                 (2.6) 

There are three main components in transient absorption spectra (Figure 2.5). First, the ground 

state bleach component. Depopulation of the ground state by the pump pulse results in less 

ground state absorption of the probe pulse as compared to reference probe pulse where pump 

is not present. This results in the more transmission of probe light giving negative signal. 

Second, the excited state absorption. Excited states created by the pump pulse absorb the probe 

light resulting in less probe light transmitted as compared to sample in absence of pump pulse 

where there are no excited states to absorb. Thus excited state absorption component gives 

positive DOD. Excited state absorption (ESA) is manifested mainly in the infrared region due 

to intraband transitions. The positive signal just after the bleach is attributed to bi-exciton 

related level shifting effects.
150,151,191

  Finally, the probe pulse in the excited state ejects the 

electrons from the excited state resulting in stimulated emission. This leads to more probe pulse 

getting transmitted giving negative absorption signal.  
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Figure 2.5. Types of signal from pump-probe spectroscopy. Top panel shows excited state 

absorption giving positive ∆OD. Middle panel shows ground state bleach signal showing 

negative ∆OD. Bottom panel shows Stimulated emission signal showing negative ∆OD. 

 

The overall transient absorption spectrum is very complex as it consists of all the above three 

mentioned phenomena occurring simultaneously and it is difficult to distinguish them. The 

probe pulse is delayed with respect to pump pulse so that DOD at different time delays can be 

plotted. This gives us the dynamics of the excited state as a function of time. We can then fit 

the kinetic data to understand the timescales of the different phenomena occurring in the 

materials. Understanding these time scales is very important in optimizing device architecture. 

Transient absorption can give the rates of cooling, trapping, recombination and charge transfer 

at hetero junctions of metal-semiconductor interfaces.
149,150,192–194
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2.7.3.1 Instrumentation 

 

Figure 2.6: Schematic showing the generation of ultrafast femtosecond pulses. 

The pump probe setup where pump and probe pulses are generated is by a regenerative 

amplifier (Libra, Coherent, USA). Generation of femtosecond pulses schematic in Figure 2.6. 

A 1.7 W output of a second harmonic Nd:YVO4 is used to pump Ti:Sapphire laser to produce 

mode locked (100 fs, 300 mW, 80 MHz, 800 nm) which acts as a seed pulse for the regenerative 

amplifier. Before sending it to the amplifier it will be stretched in time to reduce the peak 

power. In Evolution (Coherent, USA) second harmonic (Q-switched, 1 kHz , ~200 ns) of the 

Nd:YLF is used as a pump for amplification in regenerative amplifier. After multiple passes in 

the amplifier when it reaches sufficient power, it is sent to compressor to compress the pulse 

using grating resulting in generation of 800 nm, 100 fs, 1 kHz , ~4 W ultrafast pulses. 
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Figure 2.7. Femtosecond transient absorption spectrophotometer setup. Light beam shown in red is 
the fundamental output of regenerative amplifier used to generate WLC. Blue beam is pump light 

used and probe light is shown in light yellow color. 

 

The generated pulse is then split into two parts for generating pump and probe pulse. 

Approximately 1.6W out of 4W is sent to TOPAS (Optical parametric amplifier) to generate 

desired pump wavelength to excite the sample. The wavelength range of TOPAS is 290-2600 

nm, A chopper is used to reduce the repetition rate of pump light to 500 Hz. The residual part 

is used to generate white probe light (380-780 nm), white light continuum (WLC). CaF2 crystal 

is rotated continuously to avoid the damage of the crystal. The probe light is further divided 

into two parts, one as a reference and other one overlaps with the pump light. The reference 

white light is used to remove shot to shot fluctuations. A magic angle condition is used to 

eliminate rotational anisotropy during measurements. The variation of pump fluence studies 

can be performed by using a variable neutral density filter in the path of pump light. The pump 

and probe light is focused on the rotating sample holder. Using the rotating sample holder 

minimizes the photodegradation of sample. The transmitted probe and reference light is 

collected using an optical fibre and sent to a Horiba CP140-104 spectrometer coupled with 

CMOS detector. 
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3 Enhanced Hot Electron Relaxation Rates in 
Small Discrete Gold Nanoparticle Assemblies 

 

3.1 Introduction 

Achieving a fundamental understanding of hot electron relaxation dynamics following 

excitation of noble metal nanoparticle (MNP) assemblies is essential to enable efficient 

utilization of harvested electromagnetic energy. Interaction of MNPs with electromagnetic 

radiation results in the collective oscillation of conduction band electrons across the 

nanoparticle, known as the localized surface plasmon resonance (LSPR) (refer to 1.1 for the 

overview of LSPR). Coupled nanoparticles (refer to 1.1) have generated significant interest 

due to the range of potential applications based on their optical response to incident radiation,
39

 

including Surface Enhanced Raman Scattering (SERS),
40–42

 two-photon absorption (TPA),
43

 

four-wave mixing,
44,45

 solar light harvesting
46,47

 and optical switching.
46,48

 Many of these 

applications utilize hot electrons and therefore understanding the hot electron relaxation 

dynamics in these systems is critical.  

Ultrafast transient absorption spectroscopy (UTAS) is one of the most useful techniques 

in this context. In this technique, high energy ultrafast femtosecond laser pulses generate the 

free conduction band electrons in MNPs to achieve a non-thermal Fermi-Dirac distribution.
31

 

A two temperature model is widely used to understand the subsequent ultrafast optical 

response.
47,49,195

 Free electrons, characterized by a small heat capacity, attain high temperatures 

rapidly upon absorbing energy from the ultrafast laser pulse. They are thermalized by electron-

electron scattering in <100 fs. The material lattice, which has a significantly higher heat 

capacity, remains at a lower temperature in this time period. The consequent temperature 

gradient drives the transfer of thermal energy from hot electrons to the material lattice, by 
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electron-phonon relaxation, typically over 1-4 picosecond (ps). Subsequently, energy is lost to 

the surroundings by phonon-phonon relaxation, usually over few hundreds of picoseconds (50-

300 ps). Electron-phonon and phonon-phonon coupling times are conveniently obtained from 

multiexponential fits to UTAS data, keeping in mind their dependence on laser fluence.
31

 The 

vast body of literature in this field contains differing opinions about the effect of size, shape, 

ligand and environment of MNPs on hot electron relaxation times. 
49,196,31,47,49,55,94,197–200

 The 

widely accepted work of Vallee and Del Fatti  explains faster electron-phonon coupling for 

MNPs with diameters less than 10 nm in the light of spill out of electrons from the material 

boundary, leading to a decrease in electron density and consequently, in electron screening.
49

  

Ultrafast dynamics in MNP aggregates is less explored than in MNP monomers. 

Femtosecond time-resolved electron diffraction to monitor the nonequilibrium dynamics of 

spherical gold nanoparticles (GNPs) enables visualization of hot spot regions in dimers using 

photoelectron emission spectroscopy. 
201

 High structural homogeneity within dimers is 

reflected in uniform plasmonic properties at the single particle level. There is no literature 

report on the effect of plasmon coupling on hot electron relaxation dynamics in small and 

ordered MNP aggregates. Large, random aggregates of GNPs are known to exhibit faster 

electron-phonon relaxation than monomers in solution phase.
94

  For pump powers of 90 

nJ/pulse, electron-phonon coupling times decrease from 1.86 ps in the GNP monomers 

(diameter of 13 nm) to < 1 ps in their aggregates. Similar enhancements in electron-phonon 

coupling rates have been observed for thick film assemblies of similarly sized GNPs. 

Delocalization of hot electrons over the large aggregates results in a greater degree of 

interfacial scattering, leading to shorter electron phonon relaxation times. In addition, electron 

phonon coupling is inversely proportional to the electron oscillation phonon resonance 

detuning (EOPRD). Hot electrons delocalized over larger aggregates decrease EOPRD, 

resulting in enhanced electron-phonon wave function overlap. 
60,94

  Little is known about the 
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effect of plasmon coupling on the phonon-phonon relaxation. While these findings suggest hot 

electrons are delocalised across multiple nanoparticles in the aggregate, the number of 

nanoparticles and/or effect of assembly morphology on this delocalization is unknown.  

In this chapter, we report hot electron relaxation dynamics in GNP dimers and trimers, 

prepared by self-assembly using a dithiol linker. Surface modification of MNPs with these 

linker molecules yields functional assemblies. Such MNP assemblies can also be prepared 

using DNA linkers,
202–204

 but interparticle distances are invariably significantly larger, and the 

nanoparticles significantly smaller in that case. With dithiol linkers, it is possible to obtain 

assemblies with small interparticle spacings and consequently, greater plasmon coupling. In 

the present study, dimers and trimers formed in the solution phase are further purified using 

gel electrophoresis.
205–207

 Understanding the electron relaxation dynamics in these systems can 

be exploited for optimizing the photochemical reactions and electron transfer reaction between 

metal semiconductor nanoparticles or molecular adsorbates.
208–211

 

3.2 Experimental section 

Synthesis of gold nanoparticles and assemblies is briefly described in Chapter 2. The structures 

of gold assemblies are characterized by transmission electron microscopy (TEM) and X-ray 

diffraction. UV-VIS absorption spectrum was recorded with JASCO V-530 UV/VIS 

spectrophotometer. Transient absorption spectrum was measured using  femtosecond pump 

probe spectroscopy measurements. Second harmonic of 800 nm fundamental of  mode locked 

Ti: Sapphire laser is used for the excitation of the samples. Pump pulse energy used for the 

transient absorption studies was 1 µJ/pulse. Probe region is maintained between 440-750 nm. 

The temporal resolution of the 400 nm excitation experiments were 200 femtoseconds. The 

path length of the rotating cells (glass) is 1mm. The concentration of all samples was 

maintained at 0.1 OD.  Kinetic traces were obtained in the interval of 1 nm from 420-700 nm 
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with an integration time of 2 seconds. The assemblies are sensitive to laser light and conditions 

of a slightly higher pulse energy (compared to previous reports on monomers) with a shorter 

integration time led to no detectable damage as determined by UV-Visible spectroscopy . Over 

exposure of the samples to the laser results in disintegration of the assemblies to monomers. 

Global analysis of the data is performed using principal component analysis in surface  minor  

pro software.
212

  Kinetic data obtained were fit to biexponential data to obtain electron-phonon 

and phonon-phonon coupling times. 

 

3.3 Results and discussion 

GNP monomers are synthesised according to reported methods with slight 

modification.
173,175

 SEM analysis of the synthesized monomers shows a size distribution of 22 

± 3 nm (shown in appendix Fig. A1). The high degree of monodispersity is crucial to obtain 

sufficient separation of the dimer and trimer samples assembled from the nanoparticles during 

purification of these assemblies by electrophoresis. The as-prepared citrate-capped GNPs are 

ligand exchanged with bis(p-sulfonatophenyl) phenylphosphine (BSPP). The formation of 

GNP assemblies is regulated by optimizing salt and dithiol concentrations in the solution. 

Alkane dithiols are well known for cross-linking MNPs to form their assemblies in solution, 

by virtue of the high affinity of sulfur for the gold surface. Dithiols have the added advantage 

that the degree of nanoparticle assembly in solution can be controlled to some degree by 

changing linker concentration.
213

 At the concentrations used here, a high percentage of the 

assemblies in solution exist as monomers, dimers and trimers, along with the presence of a 

small proportion of higher-order structures. The Na
+
 ion in the salt added to the solution 

modulates interparticle attraction, allowing the negatively charged nanoparticles to approach 

each other to a sufficiently close distance, so as to allow binding of the dithiol molecule to two 
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like-charged particles. At higher salt concentrations, uncontrolled aggregation of the 

nanoparticles occurs.  

Separation of the mixture of assemblies in solution, into dimer and trimer bands, is carried 

out using gel electrophoresis as shown in Figure 3.1. Monomers move fastest through the pores 

of the agarose, followed by dimers and then trimers according to the assembly size. The 

difference in speeds leads to formation of distinct bands of monomers, dimers and trimers. 

 

Figure 3.1. (a) Separation of dimers and trimers by gel electrophoresis. Each lane has 90 mM NaCl 
and 0.1 mM DT. (b) SEM images of gold nanodimers (i, ii) and  gold nanotrimers (iii, iv) 

 

The different bands formed in the gel are then cut and separated (Figure 3.1a). Homogeneity 

in size of GNPs is important to ensure the formation of narrow, well separated bands of 

monomers, dimers and trimers. In order to collect sufficient sample for spectroscopic 

measurements, a number of gel lanes across a number of gels are separated, with the samples 

combined and concentrated following this. The purity of the assemblies following deposition 

on a substrate (Figure 3.1b) are 65% for dimers and 55% for trimers. For the dimers, the 

remaining 35% are in the form of monomers while for the trimer band the other structures 

observed are 25% dimers and 20% of monomers. These values provide a lower limit for the 

purity of the assemblies, as some decomposition of the assemblies is expected to happen upon 
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deposition on the substrate, as a result of the strong local forces such as capillary forces, solvent 

pinning and Van der Waals attraction. As a result, it is most likely that the degrees of purity of 

dimers and trimers in solution are actually higher than those measured via deposition.
175

 For 

DNA-based self-assembly purified via electrophoresis, samples of dimers have been prepared 

with purities of > 90%, as indicated by cryogenic TEM.
214

 SEM images in Figure 3.1b(iii) 

show that the trimers formed here are composed of different orientations, including triangular 

and straight chain morphologies (zoom in views of different orientations of trimers are shown 

in appendix Fig. A2). 

 

Figure 3.2. Normalized extinction spectra of gold nanospheres, dimers and trimers 

Extinction spectra of dimers and trimers are dominated by the plasmon band at 515 nm, which 

is characteristic of the monomer. However, shoulders on the low energy side of the monomer 

resonance are also observed in these spectra (Figure 3.2), indicating longitudinal coupling 

between the nanoparticles. This coupling leads to enhancement in the electric field in the 

interparticle region between these assembled NPs.
215

  

To analyse hot electron relaxation dynamics in these assembled dimers and trimers of GNP 

solutions, transient absorption pump probe spectroscopy is employed. A 200 fs pump pulse 
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(fwhm) of 1 µJ/pulse at 400 nm is used as an excitation source. Dynamics are probed using 

white light in the 400-700 nm region.  

Transient absorption spectra of gold nanoparticle assemblies display three distinct features for 

monomers, dimers and trimers (Figure 3.3), which are assigned in accord with the existing 

model for hot electron relaxation.
31

 The positive band in 430-470 nm region is attributed to 

electronic interband transition, while that in the 570-700 nm region is due to the absorption of 

thermally excited free electrons, arising from the nonequilibrium electron distribution near the 

Fermi level according to a two-temperature model.
31

 The negative band at 515 nm is attributed 

to the depletion of the plasmons. The additional negative signal at 580 nm,  
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Figure 3.3. Pseudo color heat map (left), corresponding transient absorption spectra at different pump-
probe delay (right) of GNP monomers (a,b), dimers (c,d) and trimers (e,f). 

 

observed for dimers and trimers, but not monomers, is due to the bleach of the coupled plasmon 

longitudinal resonance. Following excitation with the pump pulse, the spectrum crosses the 

zero line at two points, one on the high energy side (480 nm) and the other at the low energy 

side (540-600 nm) of the plasmon bleach. The zero crossing point on the high energy side does 

not shift with the probe delay as observed in Figure 3.3. The zero crossing point on the lower 

energy side blue shifts with an increase in probe delay in all the three samples. A zero crossing 

point is observed at 550 nm in the time zero spectrum (spectrum measured just after the 

excitation at the probe delay of 0.24 ps) of the monomers.  Within 10 ps, this point shifts to 
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530 nm (Figure 3.3 (a, b)). There is no further shift at longer times. Similar trends are observed 

in the spectra for dimers and trimers. The zero crossing point in the spectrum shifts to 530 nm 

from 575 nm for dimers and 600 nm for trimers (Figure 3.3 (d, f)). The initial sudden rise in 

the temperature of the free electrons causes an asymmetric broadening of the spectra. Over 

time, energy is transferred to the lattice. This narrowing of the bleach signal is due to the 

cooling of the lattice and has been previously observed in gold momers.
216

  In addition, we can 

clearly see the shift in intraband excitation maxima from 575 nm for monomers to 625 nm for 

dimers and 650 nm for trimers. Close inspection of the temporal evolution of the transient 

absorption signals in all the three samples shows a considerable overlap of the surface plasmon 

bleach signal and intraband absorption signals.  It is clear that the transient absorption signal 

has contributions from plasmon bleach (negative) as well as excited state absorption (positive). 

The usual approach for analysis of hot electron relaxation, i.e, via TTM, fitting the TA data to 

a biexponential decay model at a certain probe wavelength, electron-phonon time (t1)  and 

phonon-phonon coupling time (t2)  are obtained. we find that the electron–phonon relaxation 

time (t1) varies with the choice of probe wavelength (Figure 3.4). A sharp dip in the time 

constants is observed at 490 nm for all the three samples. For longer wavelengths, the relaxation 

times progressively increase as the wavelength approaches 515 nm (the plasmon maximum) 

with a factor of two variance in the lifetimes observed across wavelengths to the red of this. 

The dip in the electron-phonon coupling time is greater for trimers and dimers as compared to 

monomers in the longitudinal bonding dipolar plasmon region. We interpret these changes in 

the time constants as a function of wavelength to the overlap of positive and negative signals 

in the region, i.e. the interband and intraband peak regions extend into the major bleach region.  
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Figure 3.4. Electron-phonon coupling timescales in gold assemblies at different probe wavelengths. 
Normalized TA spectra of Monomers, Dimers and Trimers at 0.24 ps are shown in a lighter shade for 

reference. Y-axis depicts the electron-phonon coupling time scales. 

 

Due to the significant overlap of negative plasmon bleach recovery signal and positive inter 

and intraband signals, conventional analysis of the transient signal at single wavelengths is 

inadequate to accurately describe the time constants for these systems, with largest errors for 

the coupled structures. Therefore, the data have been analysed globally using principal 

component analysis (PCA).
217

  Principal components which can describe the entire data with 

their corresponding eigenvalues, are obtained.  For all samples two major principal components 

(PC1, PC2) are obtained using PCA (Figure 3.5). 
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Figure 3.5. Principal component analysis for a) Monomers b) Dimers c) Trimers. Values in the 
parenthesis shows the eigen values of the corresponding principal component. 
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Table 3.1. PCA analysis 

Sample τ
e-ph

  (ps) a τ
ph-ph

  (ps) a 

Monomer 3.7±0.07 (85.7±7 %) 203.8±5.8 (14.3±3 %) 

Dimer 3.5±0.11 (88.3±5 %) 179.9±8.1 (11.7±2 %) 

Trimer 3.4±0.08 (84.8±6 %) 127.5±9.6 (15.2±9 %) 

aThe numbers in parenthesis are amplitudes in percentage. PCA denotes principle component analysis 

Their corresponding eigenvalues, showing their percentage significance to the overall signal is 

shown in parenthesis. PC3 and PC4 in all the samples are extremely noisy and clearly lack 

structure aside from a sharp peak around time zero, which is the coherent signal due to the 

overlap of pump and probe pulse. The combined contribution of PC3 and PC4 is less than 10 

% compared to PC1 and therefore can be neglected. The two major principal components (PC1 

and PC2) are fit to a biexponential decay model and the relaxation times are presented in Table 

1. The results of this analysis reveal enhanced electron-phonon and phonon-phonon coupling 

in dimers and trimers, as compared to monomers. This is reflected in a progressive decrease of 

electron-phonon relaxation time from 3.7 ps for monomers to 3.4 ps for trimers. Well 

controlled assemblies of dimer and trimer samples are associated with delocalisation of hot 

electrons only over one additional nanoparticle (monomer > dimer > trimer), yet a 9 % 

reduction in electron-phonon relaxation time is measurable. This is in contrast with the 55 % 

reduction in the electron-phonon relaxation time in uncontrolled random large aggregates,
94

 

where the larger measured reduction is likely due to the very high degree of aggregation in the 

sample. Very large scale delocalisation of hot electrons,  extending much further than the trimer 

systems measured here, is observed in these large aggregates.  
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Figure 3.6. Electron-phonon and Phonon-phonon coupling timescales in gold assemblies by PCA 
analysis. 

 

A progressive and surprisingly larger decrease in the phonon-phonon coupling time is 

observed, from 203.8 ps for monomers to 179.9 ps for dimers and 127.5 ps for trimers (Figure 

3.6). This indicates that in addition to effective electronic coupling, a significant phonon-

phonon coupling (wavefunction overlap) occurs in closely spaced pure aggregates. Notably, 

the dimer sample also contains a proportion of monomers. Similarly, the trimer sample contains 

a proportion of dimers and monomers. Therefore the determined lifetimes of pure dimers and 

trimers can be expected to be, if anything, slightly shorter.  

Electron-phonon coupling time shows the strength of coupling between the electron oscillation 

frequency and the phonon modes of a given metal nanoparticle. This is termed as “Electron 

Oscillation frequency-Phonon Resonance Detuning”. Smaller the detuning, stronger the 

coupling. The effectiveness of electron phonon coupling depends on the overlap of electron 

oscillation frequency with that of the phonon spectrum.
218

 Our results suggest that the coupling 
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between the closely spaced particles leads to higher spectral overlap between electron 

oscillation and phonon spectrum thus enhancing the electron phonon coupling rate in dimers 

and trimers.
60

 On the basis of the analysis we conclude that hot electron relaxation time in the 

assembled particles can be controlled if one can carefully assemble the particles with high 

precision and obtain a sample with high purity. Single particle hot electron relaxation studies 

in these systems would further demonstrate the feasibility of such precision plasmonics in 

optical devices. 

3.4 Conclusion 

In summary, ultrafast transient absorption investigation have been performed on controlled 

spherical gold nanoassemblies in solution phase using pump-probe spectroscopy. A plasmon 

coupled band in the extinction spectra of dimers and trimers is observed on the low energy side 

of the plasmon resonance resulting from longitudinal coupling of nanosphere assemblies. 

Traditional kinetic fits at the plasmon bleach maximum shows an enhanced electron-phonon 

coupling rate in trimers. Probing the kinetics at a chosen plasmon coupled maximum is 

difficult, due to significant overlap of plasmon bleach and excited state intraband excitation 

signals. This disadvantage has been circumvented by employing global analysis. Hence, it has 

been established that electron-phonon and phonon-phonon coupling processes in dimers and 

trimers are faster than those in monomers. This is attributed to greater overlap of electron 

oscillation and phonon spectra in the regions of enhanced electric field known as hot spots in 

the assemblies.  This shows that hot electron lifetime can be tuned in assembled nanoparticles 

which could potentially find application as saturable absorbers in optical switches and other 

optical devices.  
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4 Ultrafast charge separation dynamics of 
cubic PbS-Au nano heterostructures 
 

4.1 Introduction 

Semiconductor nanocrystals are of great interest in the past couple of decades in the scientific 

community for their applications in light emitting diodes, photovoltaic devices, photocatalysis 

etc.
219–226

 The quantum confinement effect in quantum dots makes the excited electron hole 

pair in a bound state known as “exciton”. Photoexcitation of narrow band gap materials with 

excitation energy much larger than the band gap leads to formation of electron hole pair in 

higher energy states. The excess energy stored in the exciton is transferred to the electron in 

the valence band creating an additional exciton pair via coulomb interaction instead of losing 

excess energy to phonon vibrations. This process is termed as “multiple exciton generation 

(MEG)”.
227–231

 The ability of these narrow band gap materials for MEG makes them best 

candidates for photovoltaic devices. MEG helps to overcome the theoretical Shockley-Queisser 

limit of these devices and enhances the solar conversion efficiency.
144

  

Narrow band gap materials like lead selenide (PbSe) and lead sulphide (PbS) have gained 

attention in the recent past due to their ability to generate multiple excitons in a single 

nanocrystal per absorbed high energy photon in ultraviolet and visible region. The broad 

absorption band up to near IR region from all the way to UV region makes these materials 

suitable for efficient solar energy conversion. MEG in the lead chalcogenide nanomaterials 

often lead to a fast non radiative relaxation of charge carriers termed as “Auger recombination”. 

In Auger recombination, the recombination energy of one of the exciton is taken by the charge 

carrier (electron/hole) pushing them to higher energy level in the respective conduction/valence 
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band. This process is typically very fast in the range of tens of picoseconds. In order to extract 

the multiple excitons in these materials, charge carriers needs to be separated before Auger 

recombination. 

Metal-semiconductor hybrid hetero nanostructures offer a possibility to extract the charge 

carriers very efficiently before Auger recombination process making them one of the best 

materials for solar energy conversion and photocatalysis.
232–239

 Advances in solution processed 

synthesis of nanocrystals equipped the scientific community to synthesize wide range of 

heterostructures by carefully controlling the sizes of metal and semiconductors in 

heterostructures. These structures include metal tips on CdSe and CdS nanorods, gold attached 

PbS, Au, Pt attached CdSe hybrid particles, Au-PbS core-shell nanoparticles etc. 
161,177,240–243

 

Ultrafast electron relaxation dynamics in these hybrid metal-semiconductor nanostructures are 

measured using combination of fluorescence upconversion and transient absorption 

spectroscopy. An ultrafast sub femtosecond (6 fs) electron transfer is observed from CdS 

nanorods to gold in CdS-Au heterostructure.
235

 Ultrafast hot electron transfer as well as band 

edge electron transfer was observed previously in CdSe-Au systems.
232

 

Multiple exciton generation was observed in PbSe and PbS nanoparticles using transient 

absorption studies.
244

 Typically MEG was observed when excitation energies of photon is three 

to four times the band gap of the material. Gesuele et al measured the transient bleach dynamics 

corresponding to both 1Se-1Sh and 1Pe-1Ph transitions and observed the carrier multiplication 

from both the states.
245

 Ultrafast sub picosecond intraband electron relaxation dynamics and 

carrier multiplication were observed by El-Ballouli et al in PbS nanoparticles.
246

  Yang et al 

measured the electron relaxation dynamics in PbS-Au heterostructure.
177

 These initial studies 

did not reveal much of electron transfer dynamics from PbS to Au due to lack of spectral 

information in IR region where band edge of PbS nanoparticles lies. However typical 
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timescales they have observed are as follows. A fast 3.5 ps component was attributed to 

exciton-exciton annihilation post trap state saturation and a slower 29 ps component attributed 

deep trap state recombination. 
177

 Later Okuhuta et al synthesized PbS-Au heterostructure with 

varying gold size and studied the electron transfer dynamics from PbS to Au following the 1S 

bleach dynamics.
247

 These studies reveal an ultrafast electron transfer component from the 

reduction bleach yield. In addition, they have found a slow carrier transfer with time constants 

ranging from 110 to 1.9 ps with the increase of gold nanoparticle diameter.  

In the present chapter, we have synthesized cubic shaped PbS-Au heterostructures and studied 

the electron transfer dynamics using transient absorption spectroscopy. We analyzed the 

electron transfer rates and charge relaxation dynamics from 1Se and 1Pe states from excited 

state absorption dynamics experiments.  

4.2 Experimental section 

Synthesis of PbS and PbS-Au nano heterostructures is briefly described in Chapter 2. The 

structures of PbS and PbS-Au nanostructures are characterized by transmission electron 

microscopy (TEM) and X-ray diffraction. UV-VIS absorption spectrum was recorded with 

JASCO V-530 UV/VIS spectrophotometer. Transient absorption spectrum was measured using  

femtosecond pump probe spectroscopy measurements. Second harmonic of 800 nm 

fundamental of  mode locked Ti: Sapphire laser was used for the excitation of the samples. 

Pump fluence used for the transient absorption was 70-300 µJ/cm2. Probe region is maintained 

between 440-750 nm. The temporal resolution of the 425 nm excitation experiments was 300 

femtoseconds. 
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4.3 Results and discussion 

TEM images of the synthesized PbS nanoparticles are shown in Figure 4.1a. The average 

diameter of the synthesized spherical PbS nanoparticles was measured to be around 7 ± 0.5 nm 

from the Image J ensemble analysis. Figure 4.1b shows the TEM image of the PbS-Au hetero 

nanostructures. Analysis of the TEM images after Au coating on PbS shows the change in the 

shape of the particle from spherical to cubic. This suggests the deposition selective growth of 

Au on cubic phase  nanoparticle.
177

 The thickness of the gold coating is found to be in the range 

of 3 nm from the TEM images.  

 

Figure 4.1 a) TEM image of the synthesized PbS nanocrystals b) PbS-Au nano heterostructures. 

 Steady state absorption spectra of PbS and cubic PbS-Au heterostructure is shown in Figure 

4.2. The absorption spectra of PbS shows the broad absorption in the visible to NIR region with 

a shoulder near 550 nm. However, we could not observe the excitonic peak of PbS quantum 

dot which usually appears in the 1000-1700 nm based on the size of the nanoparticle. The band 

gap of the material was obtained from the literature reports where Moreels et al systematically 

investigated the size dependent optical properties of the PbS nanoparticles.
248

 Both 
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experimental and theoretical data match well and the relation of band gap (E0) to the size (d) 

of the PbS nanoparticle seemed to follow the equation E0 = 0.41+(1/(0.0252d
2
 + 0.283d)). From 

the size range estimated from TEM images, the synthesized 7 nm PbS particles corresponds to 

the band gap of 0.77eV which is around 1610 nm approximately. The localised surface plasmon 

peak was not observed for PbS-Au nanostructure in the absorption spectra. This is consistent 

with the literature where plasmon peak was not observed for the Au coverage less than 2 nm.
20

 

Stronger coupling of electronic states between metal and semiconductor often lead to 

broadening of the absorption spectra.
247

 No photoluminescence was observed from the samples 

suggesting very low quantum yield which could be due to high density of deep trap states 

formed during synthesis. 

 

Figure 4.2. Steady state absorption spectra of PbS and PbS-Au hybrid nano heterostructure. 

The probe region we relied here is in visible region (430-780 nm) due to unavailability of probe 

in the IR region. Due to the experimental limitation of our transient absorption spectrometer 

we could not excite the samples with excitation energy corresponds to band edge which is 

around 0.77 eV. The excitation energy of 425 nm corresponds to 2.9 eV was used for the 
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excitation of samples in the present study. The excitation energy employed in the current study 

is more than three times of the band gap of the material. The transient absorption measurements 

are performed at very low pump fluence (70-300 µJ/cm
2
) in order to have less than one exciton 

per nanocrystal (Nabs<1) by adjusting the absorbance at excitation wavelength and 

experimental pump fluence J (photons/cm
2
) by using the formula <Nabs> = Jσa, σa is the 

absorption cross section at excitation wavelength.
248–251

 Samples were stirred rigorously using 

magnetic bead during the experiments to avoid unnecessary multi photon absorption and 

photobleaching.     

Figure 4.3 shows the transient absorption spectra of PbS and cubic PbS-Au hetero 

nanostructures excited at 425 nm and probed at 430-780 nm region. The spectra clearly shows 

a positive excited state absorption band with two distinct peaks at 520 nm and 650 nm. The 

transient absorption spectra of PbS-Au nanoparticles is broadened compared to  the two distinct 

sharp peaks present in PbS nanoparticles. This could be due strong intermixing of the electronic 

levels at the interface of PbS and Au. It is well documented in the literature that in lead 

chalcogenide nanoparticles (PbSe, PbS), if the excitation photon energy is larger than the band 

gap, the excess kinetic energy stored in the exciton transfers its energy to the electron in the 

valence band creating an additional exciton pair (MEG).
252

 The energy threshold for the 

multiple exciton generation is found to be around three times the band gap by V. Klimov and 

co-workers.
227

 Gesuele et al have shown that on exciting the PbS samples with photon energies 

of 2Eg and 4Eg, electron initially occupies higher energy level in the conduction band, then 

relaxes to the lower lying electron levels at 1Pe and 1Se.245
 They have systematically 

investigated the bleach dynamics of 1Se-1Sh and 1Pe-1Ph transitions and categorically inferred 

carrier multiplication or multi exciton generation from both the transitions. Many research 

groups have shown in the past when a quantum dot has more than one exciton, the major 

relaxation process is governed by Auger recombination process, where the recombination 



 106 

energy of one exciton is used by the third carrier (electron/hole) that is excited to a higher 

energy excited state.
227

 This process typically happens in a few picoseconds, leaving the 

nanocrystal with single exciton which then can relax to trap state or via radiative 

recombination.
155,227,244,245,252,253

 With this literature background, we attribute the two peaks at 

520 nm and 650 nm in transient absorption spectra to be ESA from 1Se and 1Pe levels to higher 

excited levels. 

 

Figure 4.3. (a) Transient absorption spectra at different probe delay of PbS quantum dots and of (b) 
PbS-Au quantum dots  

The carrier relaxation dynamics from both 1Se and 1Pe are inferred from the kinetic decay 

traces at 520 nm and 650 nm for PbS and PbS-Au nanoparticles. Figure 4.5 shows the kinetic 

fit data of the ESA dynamics of PbS and PbS-Au from the 1Se state on the left panel and from 

1Pe state on the right panel. The analysis of the rise time for both the transitions reveal 

instantaneous filling of both 1Se and 1Pe from the initially excited electron in the higher level. 

As discussed earlier, with excitation photon energy greater than 3Eg, the relaxation dynamics 

is mostly governed by Auger recombination. The excitation energy used in the current  study 

corresponds to 3.7 times the band gap the synthesised PbS particles. The kinetic fit data of the 

ESA from the 1Se level in PbS nanoparticles (Table 4.1) have shown bi-exponential nature 

with time scales of 4.4 ps and 56 ps. We attribute the 4.4 ps component to Auger recombination 
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rate and with the increase in pump fluence from 70-300 µJ/cm
2
, faster Auger rate has been 

observed.  Considering very low PL and decay of ESA intensity to zero within 300 ps, we 

attribute the second component of 56 ps to the non-radiative recombination of the charge 

carriers. However, in the presence of gold the transient decay kinetics of 1Se band is fitted with 

a fast 0.36 ps component in addition to the other two components of 4.9 ps and 63 ps for lowest 

pump fluence. We attribute this 0.36 ps component to the fast electron transfer from the 1Se 

level of conduction band to the gold creating charge separation. This kind of ultrafast charge 

separation at the junction of the metal-semiconductor interface before Auger recombination 

and other relaxation channels is very crucial for the development of solar cells where multiple 

charge carriers created from the MEG can be extracted efficiently leading to overcome 

Shockley-Queisser limit. The schematic of the dynamics from 1Se level in shown in Figure 4.4. 

Table 4.1 Kinetic fitting parameters of the ESA from the 1Se level in PbS and PbS-Au nanoparticles at 
different pump fluence obtained from transient absorption spectroscopy. 

Pro
be 

Pump 
fluence 
(µJ/cm

2) 

Sample τ
1
  (ps) a

1
 τ

2
  (ps) a

2
 τ

3
  (ps) a3 

520 
nm 

ESA 
(1Se) 

70 
PbS -- -- 4.4±0.09 0.61±0.06 53±11 0.39±

0.02 

PbS-Au 0.36±0.09 0.54±0.05 4.9±0.07 0.10±0.01 63±10 0.36±

0.03 

150 
PbS -- -- 4.2±0.08 0.70±0.07 58±12 0.3±0.

02 

PbS-Au 0.42±0.08 0.42±0.04 5.1±0.09 0.23±0.03 67±11 0.35±

0.04 

300 
PbS -- -- 3.5±0.07 0.65±0.06 37±9 0.35±

0.04 

PbS-Au 0.42±0.07 0.65±0.06 4.4±0.07 0.09±0.02 43±6 0.22±

0.02 
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Figure 4.4. Schematic of the ESA dynamics from 1Se level in the PbS and PbS-Au hetero 
nanostructures. 

 

Table 4.2. Kinetic fitting parameters of the ESA from the 1Pe level in PbS and PbS-Au nanoparticles 
at different pump fluence 

Probe 
Pump 
fluence 

(µJ/cm2) 
sample τ

1
  (ps) a

1
 τ

2
  (ps) a

2
 

650 

nm 

ESA 

(1Pe) 

70 

PbS 9.5±3 0.63±0.06 133±13 0.37±0.03 

PbS-Au 10.3±2.2 0.61±0.07 222±40 0.39±0.02 

150 

PbS 7±1.5 0.68±0.07 117±9 0.32±0.02 

PbS-Au 9.2±1.2 0.52±0.04 189±22 0.48±0.04 

300 

PbS 6.4±0.3 0.65±0.02 82±6 0.35±0.02 

PbS-Au 4.2±0.4 0.60±0.03 96±16 0.40±0.05 
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Figure 4.5. Kinetic decay profile comparison of PbS and PbS-Au heteronanostructures from 1Se level( 
left panel, a,c,e) and from 1Pe level (right panel, b,d,f) 
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Figure 4.6. Schematic of the ESA dynamics from 1Pe level in the PbS and PbS-Au hetero 
nanostructures. 

The kinetic fit data of the ESA from the 1Pe level in PbS nanoparticles (Table 2) have shown 

bi-exponential nature with time scales of 9.5 ps and 133 ps for the lowest fluence. We attribute 

the 9.5 ps component to Auger recombination rate and with the increase in pump fluence from 

70-300 µJ/cm
2
, faster Auger rate has been observed 9.5 ps to 6.4 ps.  Figure 4.5 (b,d,f) shows 

the comparison of kinetic fit decay profiles of the both PbS and PbS-Au hetero nanostructures 

from 1Pe state. It is evident that at all pump fluence in the presence of gold, the ESA optical 

density decreases, implying an ultrafast charge transfer process faster than our instrument 

response function i.e 300 fs. The longer non radiative transfer component at each pump fluence 

seems to be slower in PbS-Au as compared to PbS samples. This could be due to decreased 

overlap of electron and hole wave function due to the charge separation at the gold interface, 

PbS interface.  The schematic of the dynamics from 1Pe level in shown in Figure 4.6. 
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4.4 Conclusion 

In summary, we have explored the ultrafast electron relaxation dynamics of cubic PbS-Au 

hetero nanostructures using transient absorption spectroscopy at very low pump fluence. 

Exciting the samples with more than 3 times the band gap is known to generate multiple 

excitons with a single photon in PbS quantum dots. In this context, we have systematically 

studied the ESA dynamics from 1Se and 1Pe level. A 0.36 ps electron transfer component is 

observed from 1Se level to gold and an ultrafast component faster than the instrument response 

function is observed from 1Pe level. This kind of ultrafast charge separation at the junction of 

the metal-semiconductor interface before Auger recombination and other relaxation channels 

is very crucial for the development of solar cells where multiple charge carriers created from 

the MEG can be extracted efficiently, leading to overcome the Shockley-Queisser limit. 
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5 Excited state charge separation dynamics in 
CZTS-Au nano heterostructures 
 

5.1 Introduction 

Metal-semiconductor hybrid heteronanostructures are the unique class of materials for solar to 

chemical and solar to electrical energy conversion applications. 
159,254–262

 Cost effective, high 

performance and environmentally friendly hybrid nano heterostructures are of particular 

interest in the solar energy conversion devices. Currently highly efficient photovoltaic devices 

are dominated by copper indium gallium selenide (CIGS) and cadmium telluride (CdTe). Quest 

for other green and earth abundant materials to circumvent toxic nature of cadmium and low 

abundance of indium, tellurium in the earth’s crust, has picked up the momentum. One such 

green alternative material is copper zinc tin sulphide (CZTS)
263–266

 which has gained a lot of 

attention because of  its high absorption coefficient (>10
4
 cm

-1
), high mobility, non-toxicity, 

and  direct band gap of 1.5 eV.
267,268

  The other material such as CZTSxSe1-x based materials 

have also been studied for photovoltaic applications and found to have efficiencies up to 12.6%. 

Metal nanoparticles, in particular plasmonic metals has a unique property, called as localized 

surface plasmon resonance which localizes the incident electric field thereby enhancing the 

overall light absorption, making them suitable candidates for photocatalytic and solar energy 

conversion. CZTS, when combined with the plasmonic metals such as Au and Pt, generates 

heterostructures like CZTS-Au and CZTS-Pt. These materials have gained attention for their 

use in the water splitting and other photocatalytic applications.
269

 Also, heterostructure such as 

CZTS-Au is used in solar cells and is found to achieve 25% increase in the photoelectric 

conversion efficiency .
270
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In order to further optimize the device performance, understanding the photo physics of the 

excited charge carriers in these metal-semiconductor heterostructures is important. CZTS 

nanocrystals is known to have large surface area due to which a large number of trap states are 

present.
271,272

 Most of the excited charge carriers are found to relax via trap mediated 

recombination. Pundsack et al have shown that the excited state in CZTS NCs are non-emissive 

and very short typically relaxing within 20 picoseconds.
271

  

Various strategies are being explored to efficiently use the excited carriers in these systems 

before they relax to ground state non radiatively. Kaur et al have recently shown an ultrafast 

charge transfer in the heterojunction of CZTS/CdS system.
272

 In this chapter we discuss the 

ultrafast charge relaxation dynamics in CZTS-Au nano heterostructures at different pump 

energies. 

5.2 Experimental section 

Synthesis of CZTS and CZTS-Au nano heterostructures is briefly described in chapter 2. The 

structures of CZTS and CZTS-Au nanostructures are characterized by transmission electron 

microscopy (TEM) and X-ray diffraction. UV-VIS absorption spectrum was recorded with 

JASCO V-530 UV/VIS spectrophotometer. Transient absorption spectrum was measured using 

femtosecond pump probe spectroscopy measurements. Second harmonic of 800 nm 

fundamental of  mode locked Ti: Sapphire laser is used for the excitation of the samples. Pump 

excitation used was 0.5-1.3 ÇJ/pulse. Probe region is maintained between 440-750 nm. The 

temporal resolution of the 400 nm excitation experiments were 200 femtoseconds. 

5.3 Results and discussion 

Optical studies have been carried out on the samples CZTS NRs and CZTS@Au nanocrystals 

obtained from Monash University. Figure 5.1a  depicts the normalized absorption spectra of 
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CZTS NRs and CZTS-Au heterostructures. Absorption spectra (Figure 5.1a) match well with 

the reported literature on these systems and shows a broad absorption in the entire visible 

region.
271

 Tauc plot (Figure 5.1b) shows that the band gap of the synthesized CZTS NRs to be 

~1.6 eV.  

 

Figure 5.1. (a) Absorption spectra of CZTS NRs and CZTS@Au heterostructure at room temperature. 
(b) Tauc plot of CZTS nanorods. 

 

 

Figure 5.2: HR TEM images of CZTS@Au heteronanostructures. 
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High resolution TEM images of the synthesized CZTS-Au heteronanostructures shown in 

Figure 5.2 shows the average size of the CZTS nanorods to be around 10nm. Bohr exciton 

radius of the CZTS nanocrystals have been found out to be 2.5-3.3 nm by previous studies.
273

 

This indicates that the synthesized CZTS NRs are not in the quantum confinement regime. No 

photoluminescence was observed from the particles in the visible region of the spectrum, 

placing the quantum yield of the particles to be very low. This suggests that the majority of the 

charge carriers recombine non radiatively after excitation. Extraction of excited hot electrons 

before trapping into non emissive states is crucial for realizing the application of these materials 

in photovoltaics. Transient absorption spectroscopy is one such technique where we can follow 

these very fast non-emissive relaxation processes. 

Transient absorption studies were carried on these samples at different pump energies (0.5, 1, 

1.3 µJ pump energy per pulse). Optical density of both CZTS and CZTS-Au NRs is maintained 

constant at the excitation pump wavelength of 400 nm for all the measurements.  Figure 5.3 

shows the Transient absorption spectra and kinetic decay data measured at 630 nm of the CZTS 

NRs. 

Although the transient absorption for CZTS NRs shows similar features as compared to 

reported literature of 5 nm CZTS nanocrystals there is change in peak maximum (red shift of 

about 70 nm) which is due to change in the size of the nanocrystal.
271

 Here, we must note that 

excited state absorption is dominating the ground state bleach signal giving rise to only positive 

signal. Even after adjusting good optical density in the absorption of the sample, we could get 

only few mOD for transient absorption measurements which is due to domination of excited 

state absorption (ESA) over ground state bleach signal throughout the visible probe region. The 

high density of trap states could possibly favour the excited state absorption over ground 
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Figure 5.3 (a, c, e) Transient absorption spectra of CZTS NRs at different pump energies 0.5!J/pulse, 
1!J/pulse, 1.3!J/pulse respectively. (b,d,f)  Kinetic data of the CZTS NRs measured at 645 nm at 

pump energies 0.5!J/pulse, 1!J/pulse, 1.3!J/pulse respectively. 

 

state bleach in the entire region probed. The blue shift in the transient absorption spectra peak 

maxima of 645 nm is evident at higher excitation intensities. This is due to the interband 

relaxation of the hot electrons within the first conduction band. Since the excitation energy is 

higher than the band gap of the CZTS NRs, initially electrons populate the higher energy levels 

in the conduction band. They store the excess energy in the form of kinetic energy. Typically 

these electrons are of higher temperature than the band edge electrons. These higher energy 

electrons are termed as hot electrons. As the time passes hot electrons relax to the lower levels 

in the conduction band and require higher energy to undergo the excited state absorption from 
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that state resulting in slight blue shift of the ESA. The kinetic fit data (shown in Table 5.1) of 

the ESA at 645 nm reveals a fast component of 0.4 ps in CZTS NRs followed by a 

comparatively slower 1 ps component and finally with a slightly longer 30 ps component. We 

attribute the fast component of 0.4 ps to hot electron trapping and 1 ps component to cold 

electron trapping after interband relaxation. Low quantum yield observed in these materials 

suggest that the recombination of the excited charge carriers mostly through non radiative 

recombination. Due to this reason and the absence of any residual bleach signal we attribute 

the 40 ps component to non-radiative recombination channel. Negligible effect of pump 

fluence on the excite state dynamics rules out the possibility of Auger processes.  

Table 5.1 Time Constants, and Normalized Amplitudes for Triexponential Fits of CZTS NRs 
Pump−Probe Data excited at 400 nm pump pulse. 

Pulse 
energy 
(ÇJ/puls
e) 

Wavel
ength 
(nm) 

τ
1
  (ps) a

1
 τ

2
  (ps) a

2
 τ

3
  (ps) a3 

0.5 645 0.38±0.08 0.77±0.09 1.5±0.2 0.12±0.02 38.4±3.15 0.11±
0.02 

1 645 0.42±0.06 0.69±0.07 1.3±0.3 0.22±0.03 40.1±3.25 0.09±
0.01 

1.3 645 0.39±0.03 0.58±0.05 1.4±0.14 0.31±0.04 47.28±4.68 
0.11±
0.02 

 

Maintaining the same OD as CZTS NRs at excitation pump wavelength 400 nm and keeping 

all the other variables similar, transient absorption studies were performed on the CZTS-Au 

heteronanostructures (shown in Figure 5.5).  By following the relaxation dynamics of excited 

state absorption, it is found out that fast trapping of the hot electrons into shallow trap states is 

completely eliminated and significant decrease in the OD (shown in Figure 5.4 and figure 5.5 

) of the ESA signal suggesting that there is an ultrafast charge separation happening at the 

heterojunction of CZTS and gold. This ultrafast hot electron transfer from CZTS to gold occurs 
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faster than the instrument response function which is about 200 fs, which makes it difficult to 

extract that component in decay kinetics.  

 

Figure 5.4.  Reduction of the photoinduced absorption optical density in CZTS-Au as compared to 
CZTS NRs. 

 

 

Figure 5.5. (a, c) Transient absorption spectra (b, d) Kinetic data at 645 nm of the CZTS-Au NRs 
measured at pump energies 1!J/pulse, 1.3!J/pulse respectively. 
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The kinetic fit data (shown in Table 5.2) of the ESA at 645 nm reveals a 1 ps component which 

is cold electron trapping after interband relaxation. It is then followed by 70 ps non emissive 

recombination channel. The very clear change in the second component of 40 ps in CZTS to 

70 ps in CZTS-Au heterostructure could be due to the charge separation at the interface which 

makes the charge carriers free as compared to bound exciton state in CZTS NRs. This reduction 

in overlap of electron and hole wave function at the interface results in a slower non emissive 

recombination channel. 

This effective charge separation at the interface of CZTS and gold is crucial for developing the 

efficient photovoltaic devices since electrons are being transferred to the gold faster than the 

trapping process in bare CZTS nanoparticles. The overall hot carrier relaxation dynamics in 

CZTS NRs and CZTS-Au heteronanostructures is schematically shown in Figure 5.6. 

Table 5.2. Time Constants, and Normalized Amplitudes for Triexponential Fits of CZTS-Au hetero 
nanostructure Pump−Probe Data excited at 400 nm pump pulse. 

Pulse 
energy 

(ÇJ/pulse) 

Wavelength 
(nm) 

τ
1
  (ps) a

1
 τ

2
  (ps) a

2
 τ

3
   

 
a3 

0.5 645 -- -- -- -- -- 
-- 

1 645 1.1±0.2 0.85±0.06 73.7±14 0.15±0.03 -- 
-- 

1.3 645 0.9±0.2 0.82±0.07 73.4±11 0.1±0.02 > 1 ns  

0.08±

0.01 
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Figure 5.6. Schematic showing the hot electron relaxation dynamics in CZTS NRs and CZTS-Au 
heteronanostructures. 

 

5.4 Conclusion 

In summary, Ultrafast excited state dynamics in CZTS NRs and CZTS-Au nano 

heterostructures have been measured using pump probe spectroscopy for the first time. The 

observed photoinduced absorption in the entire probe region suggests the domination of excited 

state absorption over ground state bleach. Excited state dynamics of CZTS NRs reveal a very 

fast hot electron trapping process within 0.4 ps followed by 1 ps cold electron trapping and 

finally 40 ps component corresponding to the non-radiative recombination. Transient 

absorption spectra in CZTS-Au nanostructures resulted in reduction of the optical density of 

the ESA suggesting an ultrafast charge transfer faster than the hot electron trapping process 

and within the instrument response function (200 fs). This ultrafast charge transfer process 
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faster than the trapping process is crucial in optimizing the CZTS based nanostructures in 

photovoltaic applications. 
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6 Ultrafast charge separation at the interface of 
Phenothiazine porphyrin/TiO2 interface 

 

6.1 Introduction 

Insight of multistep electron transfer processes, involving sequential electron/hole 

transfer between energetically well‐positioned molecular entities following redox gradient 

eventually generating long-lived charge separated states is crucial for efficient conversion of 

light energy and building optoelectronic devices.
274,275

 The dynamics of interfacial sequential 

electron transfer between molecules adsorbed on semiconductor nanoparticles has attracted 

research attention, especially in the context of dye sensitized solar cells  and photocatalysis.  

Electron transfer rates are comprehensive and complicated by heterogeneity of films.
276277278

 

This has motivated understanding of electron transfer dynamics in well-designed systems 

comprising of molecules bound to semiconductor nanocrystals (NCs) dispersed in solution 

providing a platform for detailed investigations of the kinetics.
279,280

 

Among various sensitizers studied, porphyrin based dyes have an edge over the 

previously studied organometallic and metal free organic dyes, due to the high molar extinction 

coefficient, tunablity of optical and electronic properties and synthetic viability which allows 

to functionalize these chromophores at multiple sites making them a good alternative.  The 

core of the porphyrin macrocycle can be functionalized with different substituents on the meso 

position to obtain the desired architecture such as A4, A3B, A2B2, and A2BC and tune the 

optoelectronic properties. A3B  architecture has have gained significant attention because of 

the loss of symmetry which further disturbs the delocalized π electrons creating a dipole 

moment which allows tuning the photophysical and electrochemical processes. In addition, 

A3B architecture provides us an opportunity to place bulky groups at meso position that hinders 

π– π stacking which in turn minimizes aggregation and promotes the solubility. 
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Basic design of donor -acceptor conjugates connected by either covalent bonds or 

supramolecular approaches demonstrating sequential electron transfer includes chromophores 

linked in the fashion (secondary donor)–primary donor–acceptor.
281,282

 In such conjugates, 

when the primary electron donor is selectively excited, a radical cation and anion is generated 

on the donor and acceptor respectively due to primary electron transfer. It is then followed by 

a secondary electron transfer, as a consequence of which the hole is shifted to the secondary 

electron donor, consequently, creating a long lived charge separated state.
283,284

A variety of 

photo/redox-active entities such as triphenylamine, ferrocene,
285,286

 tetrathiofulvalene,
287,288

 

phenothiazine,
185,289

 and etc., have been employed as terminal secondary electron donors with 

the idea to promote secondary electron transfer leading to generation of a long lived charge 

separated state.
285

 Among these, phenothiazine (PTZ), a hetero-anthracene chromophore 

containing two electron-rich heteroatoms—nitrogen and sulfur, have been in spotlight as it is 

endowed with remarkable structural, electrochemical and photophysical properties imparting 

strong electron donating ability and high propensity to form stable radical cations.
290

 In 

addition, the nonplanar butterfly conformation in ground state imparts anti aggregation 

character making them useful candidates in dye sensitized solar cells
291–293

 and organic light 

emitting diodes
292294

 Phenothiazine based dye sensitized solar cells have shown increased solar 

conversion efficiency in the literature. Recently, Li and co-workers have designed double 

anchored phenothiazine sensitizers having a tetraphenylethylene moiety at the N-10 with 

various π-spacers reported a device efficiency of 9.79% using liquid redox electrolyte.
185

 

Despite several reports on investigations of electron transfer dynamics of electron 

injection and charge recombination dynamics on organic and inorganic dye-sensitized TiO2 

nanoparticles.
295296

 Role of relative distance, orientation, and the nature of the linkages 

connecting the secondary electron donor are scarce.  



 126 

Phenothiazine appended porphyrins forming cyclic dimer have been used to form 

inclusion complexes with fullerenes.
297

 Previously, aluminium porphyrin and fullerene based 

supramolecular triads have been employed to study the sequential charge separation in the axial 

direction.
289

 Also, porphyrin functionalized with up to four phenothiazine moieties having 

utility in photodynamic therapy
298

 and photonic devices
299

 have been reported. In addition, 

porphyrins appended with up to three phenothiazine units having high photon-to-current 

conversion efficiency have been reported.
300–302

 However, to the best of our knowledge, no 

results involving the synthesis of covalently-connected phenothiazine substituted acid 

porphyrins adsorbed on TiO2 nanorods as acceptor and study of ultrafast interfacial sequential 

electron events with respect to linker size have been reported till date.  

In the present work, we have designed A3B porphyrin sensitizers in which the three meso-

positions are decorated with three phenothiazine moieties tethered to porphyrin core, and the 

other meso-position is functionalized with phenyl carboxylic acid which can play a dual role 

as acceptor and anchoring group (scheme 2.1). A series of phenothiazine-porphyrin systems in 

which phenothiazine tethered to porphyrin with different linkages such as phenyl, alkynyl, and 

phenoxyl alkyl linkages (Scheme 2.2) and carboxylic acid anchoring group to attach to the 

semiconductor nanoparticles such as TiO2. The efficiency of primary and secondary photo-

induced electron transfer w.r.t. linker sizes were investigated. Here, we report the effect of 

spacer (via direct, phenyl and phenyl acetylene linkage) connecting the hole shifting agent, 

phenothiazine (PTZ), on photoinduced charge stabilization in phenothiazine porphyrin 

conjugates. Here, phenothiazine entity acts as hole shifting agent. The synthesized moieties 

were characterized by optical absorption and emission. More importantly, here phenothiazine 

not only acts as a chromophore that can absorb light from 200 – 350 nm but also behaves as a 

secondary (sacrificial electron donor) or p-type material, and decreases the rate of charge 

recombination, which thereby, increases the lifetime of the charge separated state necessary 
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for the light capture. Using femtosecond transient absorption techniques, evidence for charge 

separation, and kinetics of charge separation and recombination were obtained. Details of these 

findings are summarized below. 

6.2 Experimental 

Synthesis of phenothiazine porphyrin compounds and TiO2 nanorods is briefly described in 

Chapter 2. The structure of TiO2 nanorods are characterized by transmission electron 

microscopy (TEM) and X-ray diffraction. UV-VIS absorption spectrum was recorded with 

JASCO V-530 UV/VIS spectrophotometer. Transient absorption spectrum was measured using  

femtosecond pump probe spectroscopy measurements. Second harmonic of 800 nm 

fundamental of mode locked Ti: Sapphire laser is used for the excitation of the samples. Pump 

fluence used for the transient absorption studies was 50 µJ/cm
2
. Probe region is maintained 

between 350-500 nm. The temporal resolution of the 550 nm excitation experiments were 300 

femtoseconds. 

6.3 Results and discussion 

The synthesis of phenothiazine substituted acid porphyrins was initiated with the preparation 

of formyl functionalized phenothiazine, (Scheme 2.1). For this, PTZ was treated with 1-

bromohexane in the presence of NaH and DMF to yield 2.1 which was further reacted with 

POCl3 and DMF to yield 2.2, aldehyde precursor. Also 2.1 was reacted with N-

bromosuccinimide followed by Suzuki coupling reaction with 4-formylboronic acid and 

sonogashira coupling reaction to yield 2.4 and 2.5 respectively in good yields.  All the NMR 

and mass data is given in the appendix after the last chapter. The synthesis of A3B Zn (II) 

phenothiazine porphyrins involved three steps. Firstly, A3B ester porphyrins were prepared by 

Adler Longo and Lindsey’s procedure.
298,303

 One pot reaction involved the condensation of 

aldehyde precursors (3 eq) 2.2, 2.4, 2.5, and methyl 4-formyl benzoate (1 eq) with pyrrole (4 
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eq), in presence of mixed solvent system propionic acid, acetic acid and nitrobenzene upon 

reflux at 135°C. In the second step, A3B acid porphyrins were obtained (PTZ)3-H2PCOOH, 

(PTZ-Ph)3-H2PCOOH and(PTZ-PhAc)3-H2PCOOH by base hydrolysis of the ester precursors 

(PTZ)3-H2PCOOMe, (PTZ-Ph)3-H2PCOOMe and (PTZ-PhAc)3-H2PCOOMe in presence of 

KOH. Further to obtain A3B acid Zn (II) phenothiazine porphyrin dyes, metallation of the free 

base acid porphyrins was done upon treating with zinc acetate in methanol to yield the 

phenothiazine porphyrins (PTZ)3-ZnPCOOH, (PTZ-Ph)3-ZnPCOOH and (PTZ-PhAc)3-

ZnPCOOHin good yields (Scheme 2.2). All phenothiazine-porphyrin compounds were found 

to be soluble in most of the solvents such as CHCl3 and DCM etc. indicating absence of 

aggregation within these macrocycles due to non-planar phenothiazine. This enabled us to 

perform the photophysical studies with greater ease. The phenothiazine porphyrin sensitizers 

were characterized using 
1
H NMR, ESI-HRMS and various spectroscopic techniques and 

electrochemical methods. Figure 6.1 shows the different structural moieties on which the 

current studies have been performed. XRD pattern (shown in Figure 6.2b) of the synthesized 

TiO2 NPs shows anatase phase and all the peaks matches with the literature confirming the 

pure crystalline phase of the particles.
181

 

 

Figure 6.1. Schematic showing porphyrin moieties with different linkers used in the study. code 
names for easy representation are given underneath each compound. 
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Figure 6.2. (a) Absorption spectrum of TiO2 NRs in chloroform and (b) XRD pattern of the synthesized 
TiO2 NRs. 

 

 

Figure 6.3. TEM image of the TiO2 NRs with the average length of the rods around 12 nm. 
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Figure 6.4. Absorption (a,c,e) and emission spectra (b,d,f) of (PTZ)3-ZnPCOOH, (PTZ-Ph)3-

ZnPCOOH and (PTZ-PhAc)3-ZnPCOOH moieties respectively with different dye to TiO2 

NR ratios. 

Phenothiazine porphyrin with acid moieties are mixed with TiO2 NRs and stirred for 10 

minutes. Carboxylate having high affinity to the surface attaches to the TiO2 NRs forming dye-

NR conjugates. To observe the electron transfer from excited dye molecules to nanorod 

systems, fluorescence quenching experiments have been performed. Optical density of the 

soret band at 420 nm of porphyrins is fixed at 1. Figure 6.4 shows the Absorption (a,c,e) and 

emission spectra (b,d,f) of (PTZ)3-ZnPCOOH, (PTZ-Ph)3-ZnPCOOH and (PTZ-PhAc)3-
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ZnPCOOH moieties respectively with different dye to TiO2 NR ratios. Approximate TiO2 

nanorod concentration is found out by drying the sample and by assuming them to be 

monodisperse cylindrical rods. Calculations were done using density and surface area of the 

nanorods. Dye to nanorod concentration varied from 4:1 to 1:2.  

 

Figure 6.5.  Comparison of the TCSPC data of porphyrin compounds and its dye:nanorod  

conjugate with 1:1 ratio of (PTZ)3-ZnPCOOH (Top panel, Ex/Em- 420/616 nm), (PTZ-Ph)3-

ZnPCOOH (middle panel, Ex/Em- 420/607 nm), (PTZ-PhAc)3-ZnPCOOH (bottom panel, 

Ex/Em- 420/609 nm). 

 

The fluorescence quenching in the all four samples have shown gradual quenching and then 

saturating at 1:2 dye to NR concentration. To understand the nature of fluorescence quenching 

we have performed time resolved fluorescence quenching of the four porphyrin samples along 

with their NR conjugate at 1:1 ratio respectively by using time corelated single photon counting 
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(TCSPC) experiments (shown in Figure 6.5). TCSPC experiments were conducted with the 

excitation of soret band of the porphyrin molecules at 420 nm and the fluorescence decay was 

observed at first soret band maximum. (PTZ)3-ZnPCOOH molecule shows a single exponential 

decay with a lifetime of 1.1 ns, whereas other two phenothiazine porphyrin molecules shows 

lifetime of 1.5 ns approximately. However, in the presence of TiO2 NRs, conjugates shows a 

fast fluorescence decay component in the range of 96-354 ps (shown in Table 6.1). This fast 

component can be attributed to electron transfer from the singlet S1 state of the porphyrins to 

the conduction band of TiO2 NRs. 

Table 6.1. Fit parameters for the decay of the direct connected dye and its NR conjugate at 1:1 ratio 
using TCSPC. 

Ex/Em Sample τ1  (ps) a1 τ2  (ns) a2 
Chi 
sq 

420/616 

nm 

(PTZ)3-

ZnPCOOH 
-- -- 1.09± 0.003 1 1.04 

With NR 96±9 0.08±0.02 1.11± 0.005 0.92±0.09 1.10 

420/607 

nm 

(PTZ-Ph)3-

ZnPCOOH 
-- -- 1.51± 0.005 1 1.2 

With NR 354±29 0.14±0.05 1.38± 0.007 0.86±0.07 1.10 

420/609 

nm 

(PTZ-

PhAc)3-

ZnPCOOH 

-- -- 1.54± 0.005 1 1.2 

With NR 343±62 0.06±0.01 1.44± 0.009 0.94±0.09 1.16 

 

In order to clearly understand the overall picture and various non radiative processes like 

charge transfer, intersystem crossing etc., transient absorption measurements have been 

performed on all the samples and their respective nanorod conjugates at 1:1 ratio. Excitation 

of the porphyrin samples with soret band peak maximum wavelength of 420 nm lead to the 

photobleaching of the samples very quickly due to the very high extinction coefficient. So we 

relied on Q-band excitation with 550 nm and observed the ground state bleach recovery 



 133 

dynamics in the region of 350-500 nm. Transient absorption spectra shown in Figure 6.6 clearly 

indicates a strong bleach signal of the soret band at 420 nm immediately after excitation. In 

addition a weak photoinduced absorption signal is observed at the red and blue end of the 

bleach signal with peak maxima at 380 nm and 460 nm. The analysis of the decay profile 

(Figure 6.7) of the bleach signal at 420 nm of the dye samples suggests that relaxation dynamics 

has been best fitted with three exponentials with the time constants of 300-500 ps, 1300-1500 

ps and a component greater than 7 ns. Considering the amplitude of the 1300-1500 ps 

component which falls in the range of quantum yield of the dye samples which is around 3%, 

this component can be attributed to radiative recombination. Persistence of the bleach recovery 

beyond 7 ns suggests that the transfer of excited electron in the S1 band in the charge separated 

state to a long lived state such as a triplet state. The third component in the bleach recovery 

which is 300-500 ps can be attributed to non-radiative recombination channel. The analysis of 

the decay profiles of  the dye-nanorod conjugates has shown an additional fast bleach recovery 

pathway. The fast recovery channel with the timescale of 4.4 ps, 25 ps , 68 ps is observed 

for(PTZ)3-ZnPCOOH, (PTZ-Ph)3-ZnPCOOH and (PTZ-PhAc)3-ZnPCOOH respectively. This 

fast recovery can be attributed to the back electron transfer (BET) of the injected electrons in 

the TiO2 nanorods to the S0 state of the porphyrin dye. Decrease in the amplitude of the long 

component of 7 ns in the presence TiO2 NRs as observed in Table 6.2 suggests that the fast 

electron transfer pathway competes with the electron transfer to the long lived state. 

Analysis of the TCSPC data along with the transient absorption studies reveals the 

overall charge separation and charge relaxation dynamics of the dye-NR conjugates. BET 

timescales observed faster than the electron injection rate from the S1 state to conduction band 

of TiO2 suggests the presence of an additional fast electron injection from the S1 state which is 

faster than our instrument response function of 300 fs. Overall charge injection and BET 

dynamics shows that (PTZ-PhAc)3-ZnPCOOH compound shows promise as the best sensitizer 
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among the compounds examined with its faster electron injection and slower back electron 

transfer. The overall charge recombination dynamics in shown in Figure 6.8. 

 

Figure 6.6. Transient absorption spectra at different probe delay of a) (PTZ)3-ZnPCOOH, b) (PTZ)3-
ZnPCOOH/TiO2,  c) (PTZ-Ph)3-ZnPCOOH, d) (PTZ-Ph)3-ZnPCOOH/TiO2 , e) (PTZ-PhAc)3-

ZnPCOOH, f) (PTZ-PhAc)3-ZnPCOOH/TiO2. 
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Figure 6.7. Comparison of the kinetic decay profiles of the bleach signal data of porphyrin 
compounds and its NR conjugate with 1:1 ratio of a) (PTZ)3-ZnPCOOH, b) (PTZ-Ph)3-ZnPCOOH 

and c) (PTZ-PhAc)3-ZnPCOOH. 
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Table 6.2. Fit parameters for the kinetic decay profile of the ZnP dye and its NR conjugate at 1:1 ratio 
using pump probe spectroscopy. 

Pump 
fluence 
(µJ/cm2) 

Sample τ1  (ps) a1 τ2  (ps) a2 τ3  (ps) a3 τ4 
(ps) a4 

50 

(PTZ)3-
ZnPCOOH -- -- 520±30 0.13±0.01 1300±200 0.10±0.03 >7ns 0.77±0.03 

With NR 4.4±1.2 0.37±0.03 540±30 0.30±0.03 1330±110 0.02±0.01 >7ns 0.31±0.01 

(PTZ-Ph)3-
ZnPCOOH -- -- 710±30 0.21±0.02 1450±60 0.04±0.01 >7ns 0.75±0.02 

With NR 25.7±4 0.32±0.02 380±40 0.23±0.04 1360±60 0.10±0.02 >7ns 0.35±0.03 

(PTZ-PhAc)3-
ZnPCOOH -- -- 360±40 0.66±0.03 1580±80 0.04±0.02 >7ns 0.30±0.02 

With NR 68±10 0.19±0.02 300±30 0.02±0.01 1670±110 0.31±0.02 >7ns 0.48±0.03 

 

Figure 6.8. Schematic showing the charge separation and charge relaxation dynamics of dye-NR 
systems. 
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6.4 Conclusion 

Successful binding of phenothiazine porphyrin dye moieties on the surface of TiO2 nanorods 

has been demonstrated. Fluorescence quenching studies reveal that maximum quenching of the 

fluorescence occurs at 1:1 dye to nanorod ratio. TCSPC and transient absorption studies have 

been performed to understand the electron transfer and charge recombination dynamics from 

the S1 state of the dye-NR systems. A two-step electron injection has been observed. An 

ultrafast (< 300 fs) hot electron injection from the higher vibrational levels of S1 state to TiO2 

nanorods has been observed in addition to a slower electron injection in the range of 96-354 ps 

is observed. Bleach recovery of the dye-NR systems shows that a fast back electron transfer 

phenomena is also present in the time scales of 4-68 ps. This study shows that efficient charge 

separation before the charge recombination and other undesired pathways is evident in the 

studied phenothiazine porphyrin dye in the presence of semiconductor TiO2 nanorods. In 

addition, tunability of electron injection and back electron transfer rates is observed with 

different spacers between porphyrin and phenothiazine moieties.    
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7 Conclusions and future directions 
 

Ultrafast charge carrier relaxation dynamics in noble metal nanoparticles and quantum dots 

have been of immense interest to material scientists around the world due to their wide range 

of applications. While surface plasmon resonance of various metal nanoparticles and exciton 

dynamics in quantum dots are well studied, considerable interest has been generated to study 

the ultrafast dynamics in controlled metal nanoparticle assemblies, metal-semiconductor 

heterostructures and nanoparticle-dye conjugates. In the present thesis we try to focus on 

understanding of hot electron relaxation dynamics in these systems. 

Third chapter focusses on hot electron relaxation dynamics in GNP dimers and trimers, 

prepared by self-assembly using a dithiol linker. Surface modification of MNPs with these 

linker molecules yields functional assemblies. Such MNP assemblies can also be prepared 

using DNA linkers, but interparticle distances are invariably significantly larger, and the 

nanoparticles significantly smaller in that case. With dithiol linkers, it is possible to obtain 

assemblies with small interparticle spacings and consequently, greater plasmon coupling. In 

the present study, dimers and trimers formed in the solution phase are further purified using 

gel electrophoresis. Understanding the electron relaxation dynamics in these systems can be 

exploited for optimizing the photochemical reactions and electron transfer reaction between 

metal semiconductor nanoparticles or molecular adsorbates. A plasmon coupled band in the 

extinction spectra of dimers and trimers is observed on the low energy side of the plasmon 

resonance resulting from longitudinal coupling of nanosphere assemblies. Traditional kinetic 

fits at the plasmon bleach maximum shows an enhanced electron-phonon coupling rate in 

trimers. Probing the kinetics at a chosen plasmon coupled maximum is difficult, due to 

significant overlap of plasmon bleach and excited state intraband excitation signals. This 
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disadvantage has been circumvented by employing global analysis. Hence, it has been 

established that electron-phonon and phonon-phonon coupling processes in dimers and trimers 

are faster than those in monomers . This is attributed to greater overlap of electron oscillation 

and phonon spectra in the regions of enhanced electric field known as hot spots in the 

assemblies.  This shows that hot electron lifetime can be tuned in assembled nanoparticles 

which could potentially find application as saturable absorbers in optical switches and other 

optical devices.  

Fourth chapter presents studies of electron transfer dynamics in cubic shaped PbS-Au 

heterostructures using transient absorption spectroscopy. We analyzed the electron transfer 

rates and charge relaxation dynamics from 1Se and 1Pe states of conduction band from excited 

state absorption dynamics experiments from pump probe data. We followed the kinetic decay 

profiles of PbS and PbS-Au nanostructures. A fast 0.36 ps electron transfer component is 

observed from 1Se level to gold and an ultrafast component faster than the instrument response 

function is observed from 1Pe level. This kind of ultrafast charge separation at the junction of 

the metal-semiconductor interface before Auger recombination and other relaxation channels 

is very crucial for the development of solar cells where multiple charge carriers created from 

the MEG can be extracted efficiently leading to overcome Shockley-Queisser limit. 

Fifth chapter presents ultrafast charge relaxation dynamics in CZTS-Au nano heterostructures 

at different pump fluence energies. Broad absorbance is observed for CZTS nanostructures in 

the entire visible region. Pump probe data of the transient absorption spectroscopy shows 

photoinduced absorption in the entire probe region suggests the domination of excited state 

absorption over ground state bleach. Excited state dynamics of CZTS NRs reveal a very fast 

hot electron trapping process within 0.4 ps followed by 1 ps cold electron trapping and finally 

40 ps component corresponding to the non-radiative recombination. Transient absorption 
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spectra in CZTS-Au nanostructures resulted in reduction of the optical density of the ESA 

suggesting an ultrafast charge transfer faster than the hot electron trapping process and within 

the instrument response function (200 fs). This ultrafast charge transfer process faster than the 

trapping process is crucial in optimizing the CZTS based nanostructures in photovoltaic 

applications.  

In the final chapter we have designed a A3B porphyrin sensitizer in which the three meso-

positions were decorated with three phenothiazine moieties tethered to porphyrin core, and the 

other meso-position is functionalized with phenyl carboxylic acid which can play a dual role 

as acceptor and anchoring group. A series of phenothiazine-porphyrin systems in which 

phenothiazine tethered to porphyrin with different linkages such as phenyl, alkynyl, and 

phenoxyl alkyl linkages and carboxylic acid anchoring group to attach to the semiconductor 

nanoparticles such as TiO2 and the efficiency of photo-induced electron transfer and the solar 

energy conversion to electricity w.r.t. linker sizes were investigated. More importantly, Here 

phenothiazine not only acts as a chromophore that can absorb light from 200 – 350 nm but also 

behaves as a secondary (sacrificial electron donor) or p-type material, and decrease the rate of 

charge recombination, which thereby, increases the lifetime of the charge separated state 

necessary for the light capture. Fluorescence quenching studies reveal that maximum 

quenching of the fluorescence occurs at 1:1 dye to nanoparticle ratio. TCSPC and transient 

absorption studies have been performed to understand the electron transfer and charge 

recombination dynamics from the S1 state of the dye-nanoparticle systems. A two-step electron 

injection has been observed. An ultrafast (< 300 fs) hot electron injection from the higher 

vibrational levels of S1 state to TiO2 nanorods has been observed in addition to a slower electron 

injection in the range of 96-354 ps is observed. Bleach recovery of the dye-nanoparticle 

systems shows that a fast back electron transfer phenomena is also present in the time scales 

of 4-68 ps. This study shows that efficient charge separation before the charge recombination 
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and other undesired pathways is evident in the studied phenothiazine porphyrin dye in the 

presence of semiconductor TiO2 nanorods. In addition, tunability of electron injection and back 

electron transfer rates is observed with different spacers between porphyrin and phenothiazine 

moieties. 

7.1 Future directions 

To increase the stability of the separated dimers, silica coating on these dimers is employed 

using stober’s method. Preliminary results (Figure 7.1) have shown a good silica encapsulation 

of dimers. The yield of separated silica coated dimers were found to be around 75%. Further 

studies to encapsulate trimers is underway. Silica coated gold nanoparticle assemblies would 

be more robust to perform ultrafast transient absorption studies. In addition, studying the 

ultrafast dynamics of single particles of the encapsulated assemblies would uncover the 

individual properties much better than ensemble studies. 

 

Figure 7.1. SEM images of (a,b) Silica coated gold nanodimers. 

 

Photo conversion efficiency (PCE) of CZTS-Au, cubic PbS-Au, Dye-nanoparticle conjugates 

is still limited in our work due to several reasons such as limited state of the art facilities. Such 

studies would give us a complete picture in terms of application of these systems. Synthetic  
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modification of the surface of the synthesized CZTS rods and bare PbS to improve the quantum 

yield would be interesting as we observed a negligible photoluminescence from these samples. 

Starting with better quantum dots before growing metal structures on it would have huge effect 

in reducing the non-radiative channels thereby improving the better charge separation and PCE.  
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Appendix 

 

Fig. A1. SEM data of synthesized gold nanoparticle monomers in silica (left), Histogram of 

the size distribution analysis of gold monomer NPs (right) showing average size of 22 nm. 

 

 

Fig. A2. SEM data of gold nanoparticle trimers of different orientations. 
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Fig. A3.1H NMR spectrum of 10-hexyl-10H-phenothiazine (2.1) in CDCl3. 

 

 

 

 

 

 

 

 

 

 

       Fig. A4.1H NMR spectrum of 10-hexyl-10H-phenothiazine-3-carbaldehyde (2.2) in CDCl3. 
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Fig. A5.1H NMR spectrum of 4-(10-hexyl-10H-phenothiazin-3-yl)benzaldehyde (2.4) in CDCl3 
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Fig. A6. 1H NMR spectrum of 4-((10-hexyl-10H-phenothiazin-3-yl)ethynyl)benzaldehyde (2.5) in 
CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A7. 1H NMR spectrum of H2-5-(p-methoxycarbonylphenyl)-10,15,20-tris(10-hexyl-10H-
phenothiazin-3-yl)porphyrin  (PTZ)3-H2PCOOMe, in CDCl3 
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Fig. A8. 1H NMR spectrum of H2-5-(p-methoxycarbonylphenyl)-10,15,20-tris(10-hexyl-10H-
phenothiazin-3-yl) phenyl porphyrin  (PTZ-Ph)3-H2PCOOMe in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A9. 1H NMR spectrum of H2-5-(p-methoxycarbonylphenyl)-10,15,20-tris(10-hexyl-10H-
phenothiazin-3-yl)phenyl acetylene porphyrin  (PTZ-PhAc)3-H2PCOOMe in CDCl3. 
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Fig. A10. 1H NMR spectrum of H2-5-(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-
3-yl) porphyrin (2.7) (PTZ)3-H2PCOOH ,in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A11. 1H NMR spectrum of H2-5-(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-
3-yl) phenyl acetylene porphyrin (2.11) (PTZ-PhAc)3-H2PCOOH in CDCl3. 
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Fig. A12. 1H NMR spectrum of 5-(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-3-
yl) porphyrinato zinc (II) (2.8) (PTZ)3-ZnPCOOH,in CDCl3. 

 

Fig. A13 . 1H NMR spectrum of 5-(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-3-
yl) phenyl porphyrinato zinc (II) (2.10) (PTZ-Ph)3-ZnPCOOH, in CDCl3 
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Fig. A14 . 1H NMR spectrum of 5-(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-3-
yl) phenyl porphyrinato zinc (II) (2.12) (PTZ-PhAc)3-ZnPCOOH, in CDCl3 
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Fig. A15. HRMS (ESI+) spectrum of 10-hexyl-10H-phenothiazine (2.1) in CHCl3. 

 . 

Fig. A16. HRMS (ESI+) spectrum of10-hexyl-10H-phenothiazine-3-carbaldehyde (2.2) in CHCl3 
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Fig. A17. HRMS (ESI+) spectrum of 4-(10-hexyl-10H-phenothiazin-3-yl)benzaldehyde (2.4) in 
CHCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A18. HRMS (ESI+) spectrum of 4-((10-hexyl-10H-phenothiazin-3-yl)ethynyl)benzaldehyde 
(2.5) in CHCl3. 
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Fig. A19. HRMS (ESI+) spectrum of H2-5-(p-methoxycarbonylphenyl)-10,15,20-tris(10-hexyl-10H-
phenothiazin-3-yl)porphyrin  (PTZ)3-H2PCOOMe, in CHCl3 
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Fig. A20. HRMS (ESI+) spectrum of H2-5-(p-methoxycarbonylphenyl)-10,15,20-tris(10-hexyl-10H-
phenothiazin-3-yl)phenyl acetylene porphyrin  (PTZ-PhAc)3-H2PCOOMe in CHCl3. 

 

Fig. A21. HRMS (ESI+) spectrum of H2-5-(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-
phenothiazin-3-yl) porphyrin (2.7) (PTZ)3-H2PCOOH ,in CHCl3. 
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Fig. A22. HRMS (ESI+) spectrum of 5-(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-
phenothiazin-3-yl) porphyrinato zinc (II) (2.8)(PTZ)3-ZnPCOOH,in CHCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A23. HRMS (ESI+) spectrum of -(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-phenothiazin-
3-yl) phenyl porphyrinato zinc (II) (2.10)(PTZ-Ph)3-ZnPCOOH in CHCl3. 

  



 158 

 

 

Fig. A24. HRMS (ESI+) spectrum of -(4-Carboxyphenyl)-10,15,20-tris(10-hexyl-10H-
phenothiazin-3-yl) phenyl porphyrinato zinc (II) (2.12)(PTZ-PhAc)3-ZnPCOOH in CHCl3. 

(Note: NMR and mass data is recorded by Dr. Kanika Jain (credit))  
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