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                          SUMMARY 

 
          Both photophysics and photochemistry are the branches of science dealing with the 

interaction between incident photons and molecules or materials. Photoinduced reactions are 

concerned with the changes initiated in the electronically excited molecules after absorption of 

suitable radiation in the UV-visible and near-infrared (NIR) region of the spectrum. Photon 

driven processes (physical or chemical) are the basic to the world we live in. In this thesis, I 

have discussed the photophysics of a class of prototype anticancer drugs which include 

sanguinarine (Sgr) and chelerythrine on (Chel) on metal nanoparticle’s surface. By light 

absorption when molecules excite to the higher energy electronic states, several transients or 

short-lived intermediates with unpaired spin are formed. Excited state transient absorption is a 

spectroscopic tool to detect those transients, to gather the information related to the intersystem 

crossing (ISC) during electronic transitions, the nature of the spin state of the transients, stability 

and time scale of generation of the transients, excited state electron transfer property, the mode 

of reaction in the photoexcited state and the nature of the complex generated with reaction 

between the photoexcited electron donor and acceptor molecules.  

          Nanoparticles are very interesting materials due to their great nanotechnological potential, 

unique and strongly size and shape-dependent electronic, chemical, optical and magnetic 

properties. I have discussed how the transient absorption technique can be used as a sensory tool 

for the detection of drug release (prototype anticancer drug sanguinarine) from a nano surface in 

presence of cellular components like (DNA and Chromatin) upon laser irradiation. The 

influence of the plasmonic and magnetic field of a nano surface on the modulation of 

intersystem crossing (ISC) i.e., singlet-triplet interconversion has also been discussed. The role 

of nanoparticle as external stimuli on the overall spin statistics in the excited electronic states of 

the small molecule anticancer drugs (sanguinarine and chelerythrine) which are adsorbed on the 

nano surface has been explained in details in this thesis. 
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CHAPTER-1 

Introduction 

 

OUTLINE: What does the chapter brief? 

• Different types of photophysical processes 

• The basic theory behind the photophysical processes 

• Role of solvent polarity on the photoinduced reaction 

• Effect of external magnetic field on the photophysics of a molecule 

• Overview of nanoparticle 

• Influence of nanosurface on the photophysics of the prototype anticancer drug 

molecules in a transient absorption perspective. 

• Anticancer drugs 

• Photodynamic therapy 
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          Both photophysics and photochemistry are the branches of science dealing with 

the interaction between incident photons and molecules or materials. Photoinduced 

reactions are concerned with the changes initiated in the electronically excited molecules 

after absorption of suitable radiation in the UV-visible and near-infrared (NIR) region of 

the spectrum. Photophysics deals with physical changes of molecules caused by the 

interacting photons while photochemistry mainly focuses on the chemistry involved 

after the interaction of molecules with photons.1 According to the Brhad-Devata, I:61 

“All that exists was born from the Sun” or in other words ‘photon driven processes 

(physical or chemical) are the basic to the world we live in’.2, 3 The origin of life is also 

a photochemical act.2 All the photobiological machinery for the production of food and 

for the propagation of life are run by the utilization of solar energy. This developing 

field of science is the key to understand many natural phenomena of photosynthesis, 

atmospheric chemistry, bioluminescence, vitamin D synthesis and so on.4, 5,6,7,8 The 

vision process is also a result of a series of photophysical and photochemical changes in 

our eyes.9,10 The relevance of photochemistry also lies in the cutting edge research areas 

like solar cell,11 water splitting reactions,12 synthesis of natural products like vitamin D2 

from ergosterol, production of anti-viral agents (Cubans),13 generation of antioxidants by 

photosulphonation14 and green synthesis of some polymer like caprolactam from Nylon 

615 or polyvinyl pyrrolidone (PVP) from vinyl pyrrolidone.16 Along with these the 

photophysical phenomena of fluorescence and phosphorescence are used widely in 

bioimaging and sensing.17,18 

As photophysics deals with the exciting molecular system on light irradiation, 

the understanding and application of electronically excited molecular systems has got a 

new horizon of interest after the advancement in laser technology. Advancement of 

photon source provides us with the opportunity to fabricate powerful tools or help us in 

generating newer concepts to study different biological and chemical phenomena with 
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different timescale (from ms to fs) and energy regime. There are different types of the 

laser such as diode laser with low energy to detect the rotational and vibrational 

transition19 of a molecule and pulsed laser to detect the faster phenomena like transient 

absorption, femtosecond fluorescence lifetime measurement etc.20 Considering the 

following frequency-time uncertainty relation 21 for a photon pulse of interest 

∆ ∆𝑡 ≥ 1
4𝜋⁄  ……………………………… (1.1) 

where ∆ is the frequency spread (uncertainty in frequency) and ∆𝑡 is the time spread 

(uncertainty in time). Hence, we can generate a shorter pulse by broadening the 

frequency spread or a longer pulse by contracting the frequency spread or in other words 

by using a shorter pulse (suitable for dynamical studies) we cannot do a better 

spectroscopy and by using a longer pulse (suitable for spectroscopy) we cannot perform 

a dynamics study.  

The reality of energy crisis in this modern era increases the relevance of research 

on photoinduced reactions, conversion and storage of solar energy22 The crisis of energy 

can be solved worldwide if the suitable photochemical reaction can be discovered and 

devices for the storage of this abundant source of light can be designed. The use of 

photochemistry in therapy is worth to mention too e.g., in photodynamic therapy23 the 

photosensitizer is first excited by laser then the photoexcited sensitizer molecule react 

with the surrounding triplet oxygen (3O2, ground state) to produce singlet oxygen (1O2, 

excited state) or react with the solvent medium or associated molecules in the system to 

generate free radicals. These generated free radicals then destroy the toxic cells, tumours 

or cancer cells through H-abstraction based DNA cleavage method24. However to 

understand any complex photo-induced reaction pathway it is very important to 

understand the photophysics and photochemistry of small molecules. In this thesis, I 

have discussed the photophysics of two small molecule prototype anticancer drugs i.e., 
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sanguinarine (Sgr) and chelerythrine (Chel) on the metal nanoparticle surface. For the 

sake of basic research, the fundamental study of the photoexcited molecule is essential 

in the field of photophysics as well as an understanding of the actual photophysical and 

photochemical pathway of a molecule is exciting by itself. In addition, photoinduced 

electron and energy transfer in the faster time scale (in the order of ns to fs second) have 

allowed us the proper understanding of energy landscaping among electronic and spin 

states of short-lived transients or intermediates in a photoexcited molecular system, 

modes of energy transfer, and complex reaction pathways.25 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: The Jablonski diagram26 which explains not only the relative energy spacing 

among different energy (electronic and vibrational) states but also shows possible 

photoinduced processes may initiate from the photoexcited molecular state. 

 

The photoexcitation of a molecule and the subsequent fate of the molecule after 

photoexcitation can be better understood by a Jablonski diagram27 as shown in Figure 
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1.1. By absorbing a photon, a molecule may initiate an electronic transition from ground 

electronic S0 state to higher energy S1 (1
st excited electronic state) or Sn (where n = 

2,3,………..) state. Energy relaxation of the excited state may happen through either 

radiative or non-radiative pathways.28, 29 For simplicity and relevant to my thesis work I 

will consider only the 1st excited singlet state throughout the discussion. With this 

restriction, the higher energy vibrational state (v=n, n0) of S1 electron can go to the 

lowest vibrational state (v=0, S1) through vibronic coupling.30From the v=0, Sn = S1 

state, electron can come back to the S0 state through a radiative transition we define the 

process as fluorescence. On the other hand, vibrationally cooled (v=0) excited electron 

(Sn = S1) can relax to the ground state (Sn = S0) via non-radiative heat transfer also 

familiarly known as collisional quenching. From the S1 state, there is another possibility 

by which the excited state electrons may pass on to the triple degenerate T1 state. 

According to the spin selection rule (in any allowed electronic transition, the overall spin 

angular momentum of the system should not change),31 this S1 to T1 interconversion is a 

forbidden transition. Since the spin multiplicity (2S+1) of the S1 state is 1 whereas the 

spin multiplicity of the T1 state is 3 the transition from S1 to T1 is not allowed as S0. 

Since S1 to T1 interconversion is not an allowed process, this type of electronic transition 

can take place only by the enforcement of spin-spin coupling or spin-orbit coupling.32 

The process of S1 to T1 interconversion is called intersystem crossing (ISC). From T1 

state, an electron can go to the next higher energy triplet states (Tn) if the required 

amount of energy is provided during excitation. The process of T1 to Tn transition is 

called the transient absorption. Flash photolysis or pulsed laser photolysis is the 

spectroscopic tools generally used for the study of higher energy triplet states.33 The 

corresponding spectroscopy is called the excited state transient absorption spectroscopy 

and the experimental technique used is called the excited state transient absorption 

technique. The T1 to Tn transition is interrelated with the ISC process and any change in 
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the ISC will change the probability of T1 to Tn transition.34 So, from the excited state 

transient absorption spectroscopy study we can gather the information related to the ISC, 

the nature of the spin state of the photon excitation, generated transients or 

intermediates, stability and time scale of generation of the transients, excited state 

electron transfer property, the mode of reaction in the photoexcited state and the nature 

of the complex generated with reaction between the photoexcited electron donor and 

acceptor molecules.35 The electronic transition from the S0 to S1 state requires the time 

of the order of a femtosecond (fs) as shown in Figure 1.1. The relaxation of excited 

electron from S1 to S0 transition requires nearly nanosecond time but when electron goes 

to the T1 state, T1 to Tn transition takes place in the microsecond (s) range and 

relaxation of a triplet electron requires microsecond to millisecond (ms) or even longer 

to sec (s) time to comes back to the ground state (S0) depending on the pathway (Figure 

1.1) they relax. Phosphorescence based pathway is slower (in the millisecond to sec 

order).36 The electron of a photoexcited molecule can react with another molecule from 

the S1 state or from the T1 state. As the energy relaxation of an initial triplet electron is 

slower than an initial singlet electron to the final S0 state, the mode of reactions with 

another analyte molecule is different from that in S1 state.37,38,39 If the S1 to T1 

population or pathway can be perturbed by external factors the mode of reaction or the 

yield of reaction can be changed accordingly.40, 41 

         Nanoparticles are very interesting materials due to their great nanotechnological 

potential, unique and strongly size and shape-dependent electronic, chemical, optical 

and magnetic properties.42,43,44,45 For metal nanoparticles the degenerate energy bands of 

bulk metal split into discrete energy levels with increasing band gaps when their size 

goes smaller than the exciton Bohr radius (An exciton Bohr radius is a distance in an 

electron-hole pair. For example quantum dot (QD). A QD is a very small sized (2-10 

nm) semiconductor generally formed by 10 to 50 atoms and the size of the crystal is on 
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the same order as the size of the exciton Bohr radius. This unique size-dependent 

property causes the “band” of energies to turn into discrete energy levels. The exciton 

Bohr or Bohr Exciton radius can be mathematically expressed as: 𝑟𝐵 =
ℏ2𝜀

𝑒2 (
1

𝑚𝑒
+

1

𝑚ℎ
) 

where me and mh are the effective mass of hole and electron respectively. For example, 

the exciton Bohr radius for ZnO is about 2.34 nm and makes the nano-configurations 

more similar to molecules than bulk materials.46Moreover, due to the unique nature of 

the nanosurface they can be used as an efficient drug delivery vehicle47, 48,49.as well as a 

very good transmitter/receiver antenna for programmed molecular interactions.50 

Nanosurface has an interesting role to enhance the intensity of fluorescence emission, 

Raman signals, Faraday rotation,51,52,53Surface enhanced photothermal activity,53photo 

dynamic therapy,54etc. The role of nanosurface in the surface enhanced ground state 

absorption spectra, Raman spectra (SERS) and surface enhanced fluorescence spectra 

(nanosurface induced fluorescence enhancement and quenching) has been studied 

extensively but the role of nanosurface on the excited state transient absorption spectra 

is a very cutting-edge research area and needs to explore in details. A report by Tony E. 

Karam on “Enhanced Photothermal Effects and Excited-State Dynamics of Plasmonic 

Size-Controlled Gold−Silver−Gold Core−Shell−Shell Nanoparticles” where the excited-

state dynamics of the plasmonic nanoparticles are thoroughly studied using pump−probe 

transient absorption spectroscopy and the lifetime related with phonon−phonon 

scattering in core−shell−shell nanoparticles is compared with that of gold nanospheres 

and nanorods.55 Wen Yang, Kunhui Liu in their article “Aggregation-Induced 

Enhancement Effect of Gold Nanoparticles on Triplet Excited State” has explained that 

gold nanoparticles (AuNPs) by the excitation of localized surface plasmon resonances, 

affect strongly both the ground state as well as the excited state of adjacent organic 

molecules.56 They have also explained how the enhancement effect on triplet excited 

state formation results from the aggregation of gold nanoparticles and depend on the 
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aggregation size. These findings confirm the aggregation induced plasmon field 

interaction of AuNPs with excited state population dynamics. There are also recent 

reports on the evolution in excited-state properties of the metal nano clusters57 which 

offers new insight into the structure-dependent properties of the nanoclusters, and shows 

their great impact on the optical energy harvesting and photocatalytic applications.58A 

molecule irradiated close to a metal nanoparticle can be viewed as undergoing 

transmitter/receiver antenna interactions.59,60,50 Natalia L. Pacioniet al. has shown that 

the ground state and the excited state dynamics as well as the triplet yield of methylene 

blue (MB) changes significantly as a result of the MB-AuNP interaction. Besides the 

plasmonic materials, magnetic nano structures are also drawing great interest in the field 

of exited state dynamics. Adam E. Cohen has put forward a theory on the role of 

magnetic nanosurface on the intersystem crossing process (ISC) of a surface adsorbed 

molecule.61 There are also recent reports on “Correlation between Spin-Orbital Coupling 

and the Superparamagnetic Properties in Magnetite and Cobalt Ferrite Spinel 

Nanocrystals”.32 Zhiyuan Zhao et al. have studied the effect of interparticle interactions 

on the magnetization dynamics and related energy dissipation rates of spherical single-

domain magnetically blocked nanoparticles in static and alternating magnetic fields 

(AMFs) using Brownian dynamics simulations.62 

In this thesis the role of a nanosurface on the transient absorption (T1 to Tn transition) 

spectra of photoexcited molecules has been discussed along with how the transient 

absorption technique can be used as a sensory tool for the detection of drug release 

(prototype anticancer drug Sanguinarine) from a nanosurface in the presence of cellular 

components like (DNA and Chromatin) has been explained in details. The role of 

plasmonic and magnetic field of a nanosurface on the modulation of intersystem 

crossing (ISC) i.e., singlet-triplet interconversion has also been discussed and this is 

perhaps the first experimental application of the theory for the modulation of radical pair 
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dynamics by magnetic nanoparticles originally given by Cohen,56 for the specific case of 

a superparamagnetic system.63-68 The role of a nanoparticle as external stimuli on the 

overall spin statistics of the small molecule anticancer drugs (Sanguinarine and 

Chelerythrine) which are adsorbed on the nanosurface has been explained in details later 

in the subsequent chapters. Since the transient absorption phenomenon is inherently an 

absorption technique, this technique can be used as a universal sensory tool unlike the 

conventional fluorescence and SERS based technique69,70,71,72,73,74,75 as the transient 

absorption technique follows a linear relation between the O.D. of a molecule with its 

concentration which is not the case for fluorescence and SERS. Only a select number of 

molecules in a selective arrangement or in selective condition can show enhanced (or 

inherent) fluorescence and Raman activity. Following sections will be devoted to 

explaining different type of photoinduced reactions in details. 

1.2 Types of Photoinduced reactions: 

1.2.1 Photoelectron transfer process (PET) 

 For the photoinduced electron transfer process, the basic concept lies in the 

understanding of electron donors and an electron acceptor. The electron transfer may be 

either be an oxidative or reductive type.76 In the case of oxidative electron transfer, one 

molecule (donor) gets excited from HOMO to LUMO by absorbing a photon and 

transfers the excited electron to the LUMO of another molecule (acceptor). In case of 

reductive electron transfer, one molecule (acceptor) gets excited from HOMO to LUMO 

(Figure 1.2) by absorbing a photon and then takes an electron to its HOMO from the 

HOMO of another molecule (donor).77 

 

Oxidative photoelectron transfer: A*+ B →A+ + B- (A: Donor, B: Acceptor) 

Reductive photoelectron transfer: A*+ B→A- + B+ (A: Acceptor, B: Donor) 

h 
A A

*
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Figure 1.2: The Oxidative and reductive electron transfer process. 

1.2.1.1 Encounter Complex Formation 

 After photoexcitation of a molecule in the liquid medium, an encounter complex 

may be formed. An encounter complex is like an intermolecular ensemble of excited 

state and ground state molecules (acts as donor and acceptor respectively) separated by a 

small distance and in case of a homogeneous mixture, there is a layer of solvents in 

between these donors and acceptor molecules. The structure of the encounter complex is 

determined by their size, shape, charge distribution on the reactants and their 

interactions with the solvent cage. The formation of the encounter complex can be 

explained by the ‘random walk’ hypothesis.78 According to this hypothesis, the 

molecular diffusion follows a series of one dimensional randomized zigzag steps. 

During this random walk, the photoexcited molecules may collide, separate or undergo 

further collisions. A typical collision for uncharged small organic molecule takes about 

10-9–10-10s.79 Quenching (deactivation of excited molecules) of the photoexcited 
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molecule may take place within the encounter complex depending on the nature of the 

reactants. Inside the encounter complex, the reactant molecules may undergo structural 

as well as electronic changes. The vibrational fluctuations determine the nuclear barrier 

of the pathways and have a frequency80of the order of 1012s-1. The lifetime of an 

encounter complex is sufficiently long enough for allowing the nuclear changes to take 

place. The nuclear reorganization is a very important aspect for successful electron 

transfer and it is the rate-limiting step of the quenching pathways. 

1.2.1.2 Role of Solvent polarity: Contact ion pair (CIP) and the solvent separated ion 

pair (SSIP) Formation 

 During electron transfer between molecules (donor and acceptor) two types of 

intermediates may be formed: one is contact ion pair (CIP) and another is solvent-

separated ion pair (SSIP) (Figure 1.3) depending on the polarity of a medium. In more 

polar solvent the formation of the SSIP is endothermic whereas the formation of the CIP 

is exothermic due to a difference in solvent stabilization81. The extent of formation of 

CIP and SIP also changes depending on the amount of solvent stabilization. The 

electronic coupling in CIP between the donor and acceptor is much more compared to 

that in SSIP the partners of photoelectron transfer remain in close proximity.82 
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Figure 1.3: Solvent polarity dependent excited state intermediate formation 

As CIP and SSIP are descendent of the same parental pair, they are called as ‘geminate’ 

ion pair. When SSIP are separated by the intervening solvent layer and separates them to 

a large distance, they are called free ions or solvated ions. These ionic species are totally 

independent of one another. They are analogous to stable free radicals or distinct, 

randomized, solvated long-lived species. When the interaction between the reactants is 

strong inside an encounter complex, an intermediate with a sufficiently long lifetime 

will be formed, which can undergo light emission. Such intermediates are called 

exciplex and have binding energy in the order of -5 to -20 kcal/mol. Inside the exciplex, 

reactant molecules show partial charge transfer character and depending on their 

magnitude of dipole moment their extent of charge transfer varies. In simplicity, an 

exciplex is an electronically structured, relatively stable and long-lived excited species. 

The electronic interaction in an exciplex is represented by the molecular orbital wave 

function as 

Ψ = C1Ψ (D*A) + C2 Ψ (DA*) + C3Ψ (D+A-) + C4Ψ (DA)………………………(1.2) 
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where the coefficients (Ci) represents the relative contribution of each state or wave 

functions. In this expression, the first two terms come from the oxidative and reductive 

reactant pairs respectively, the third term represents the contribution for the electron 

transfer pair and the fourth term is for the ground state interaction. If C3 » C2 or C1, the 

exciplex will have CT character and there will be a tendency to dissociate into radical 

ion pairs (RIPs) or “cage products” mainly in polar solvents. In the ground and excited 

states, the stability of the intermediates has been shown by the potential energy curves 

for a D-A pair as a function of D-A distances (R). The deeper minimum of D-A in the 

excited state corresponds to the considerable binding energy between the D and A in the 

excited states.83,84The binding energy of the excited state includes the ionization 

potential of D, electron affinity of A and the differential solvation energy of the charge 

transfer states arises from the difference in their dipole moments. The polarity 

dependence of such reaction is shown in the (Figure 1.4).85 

 

Figure 1.4: Variation of stability of the intermediates as we modulate the solvent 

polarity85 
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Figure 1.5: Potential energy curves for the electron transfer complexes in different 

solvent polarity as a function of intermolecular separation.83 

It is clearly visible from the above figure that the potential energy curve of the charge 

transfer state in a non-polar solvent is deeper (or steep) compared to that in a polar 

solvent (Figure 1.5). In polar solvent usually, there are two minima corresponding to the 

SSIP and CIP respectively. During the conversion from the SSIP to CIP, some of the 

solvent molecules have to be forced out and that makes an energy difference between 

the two states. The barrier height is difficult to obtain either theoretically or 

experimentally as it is likely to be dependent not only on the dielectric constant of the 

medium as well as on the specific interactions, like H-bonding of the solvent molecules, 

etc. Due to that the isoelectric (solvents with identical dielectric constant) protic and 

non-protic solvents may behave differently.86According to the Kirkwood-Onsagar 

continuum model,87 the solvent stabilization energy of the CIP can be expressed 

as:𝐸𝐶𝐼𝑃 =
µ2 (ε − 1)

ρ3(2ε − 1)
⁄ where µ is the dipole moment of the CIP,ρ is the radius 

of an equivalent spherical cavity and ε is the dielectric constant of the medium. The 

energy difference between CIP and SSIP is given by the following equation 85,83 
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E𝐶𝐼𝑃 - E𝑆𝑆𝐼𝑃 =   
𝑒2

2
 (

1

𝑟𝐷
+ 

1

𝑟𝐴
) (1- 

1

𝜀
 ) + 

𝑒2

𝜀 𝑑𝑆𝑆𝐼𝑃
 - 

µ2

𝜌3
 (

𝜀−1

2𝜀+1
) - ∆E𝑒𝑥 - 

𝑒2

𝑑𝐶𝐼𝑃
 

……………..(1.3) 

here e stands for the electronic charge, rD and rA are the radii of D and A, dSSIP and dCIP 

are the distances between D and A in SSIP and CIP respectively and ∆Eexis the energy 

required for exciplex formation. It is evident from the equation that at the high polarity 

of the medium the equilibrium between SSIP and CIP shifts towards SSIP.  

1.2.2 Excited State Proton Transfer (ESPT) 

 Besides electron transfer, excited state proton transfer and the movement of both 

positive and negative charge in hydrogen-bonded (HB) networks are very significant 

processes in chemistry and biology.88 ESPT is the key step for the acidic and basic 

solutions under laser excitation, fuel-cell operation, and signal transduction. The concept 

of ESPT was first coined by Agmon et al., Zundel et al., Tuckerman et al. and Voth et 

al. and their revolutionary works are now well established by the combination of 

experiment, theory and simulations.89,90-98Upon photoexcitation, photoacids (Photoacids 

are molecules which become more acidic upon absorption of light either by forming 

strong acids upon photodissociation or by dissociation of protons upon photoassociation 

(e.g., pericyclic ring closing)). For example, the triphenylsulfonium salts absorb at 233 

nm, which induces the series of reactions to generate acids) increase their acidity, 

whereas photo bases show an increase in their basicity.99, 100ESPT may be of two types, 

either intramolecular or intermolecular. When both (donor) acidic and basic (acceptor) 

moieties exist in close proximity within a molecule, intramolecular excited state proton 

transfer (intra-ESPT, time scale: 160-200~fs)101 is observed between them, otherwise 

the reaction is intermolecular (bimolecular or pseudo-unimolecular, inter-ESPT), such 

as in the case of excited state proton transfer to the solvent molecules.102, 103. The rate 

and hence the time scale of inter-ESPT could span from as low as tens of nanoseconds 
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for weakest photoacids to very short timescales of 100fs for the strongest photoacids 

synthesized so far104, 105. The dependence of inter-ESPT time scale on the strength of 

photoacids (−8.5 ± 0.4 < 𝑝𝐾𝑎 < 3) has been explained in details by Simkovitch et 

al.104Steps involved in excited state proton transfer in a polar or non polar solvent can 

easily be understood and measured by using a pump-probe spectroscopy and time 

correlated single photon counting fluorescence spectroscopy. Spray, D. B. et al.106 have 

clearly shown that the excited state proton transfer dynamics shows a clear two-step 

process. The first thing to happen after electronic excitation is the charge redistribution 

occurring in tens of picoseconds time scale which is followed by proton transfer on a 

pico to nanosecond timescale.106After that the elementary dissociation of the proton 

takes place whose rate coefficient is generally denoted by kd. The formula of 

dissociation rate co-efficient was first given by Marcus from the structure-reactivity 

correlation and later by Agmon and Levine from a mixing entropy argument.107-110The 

corresponding equation is:  

kd = 𝑘𝑑
0exp(- ∆G*/kBT)…………………………..(1.4) 

A solvated proton is produced in the solution after the dissociation. In water, the 

diffusion constant of a proton is 9.3×l0-5 cm2/s at room temperature and the hopping 

time is 1-2 ps which is at least 4.5 times larger than any other cation.111, 112 

1.2.3 Proton-Coupled Electron Transfer 

The coupling between electrons and protons plays a pivotal role in the biological  

processes like respiration, photosynthesis and enzyme reactions, and also in the 

chemical processes like chemical sensors, fuel cells, and various electrochemical 

devices.113-120 In proton-coupled electron transfer (PCET) reactions the electron and 

proton transfer processes may be stepwise or concerted. In a stepwise process, a stable 

intermediate is formed after a single electron or proton transfer, while in a concerted 
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process a single quantum-mechanical event with more than one intermediate arises from 

both electron and proton transfer. Because of the quantum mechanical nature of the 

proton, PCET reactions are termed as mixed electron-proton vibronic states rather than 

by purely electronic states. PCET is normally described by the non-adiabatic transitions 

between the reactant and product vibronic states.121 

 

Figure 1.6: Slices of the free energy surfaces for the ground state reactant (I) and product 

(II) vibronic states along the solvent coordinate.121 

Rate constant expression for excited state proton transfer reaction is122:  

k = ∑ 𝑃µµ ∑
⃒𝑉µ𝜈⃒.

2

ℏ𝜈 √
𝜋

𝜆µ𝜈𝑘𝐵 𝑇
exp [−

(∆𝐺µ𝜈
0 +𝜆µ𝜈)2

4𝜆µ𝜈𝑘𝐵 𝑇
]………………………(1.5) 

where 𝑃µis the Boltzman probability for the reactant state µ, 𝑉µ𝜈 is the vibronic coupling 

between the reactant and product vibronic state µ and ν, 𝜆µ𝜈 is the solvent reorganization 

energy for states µ and ν, ∆𝐺0is the free energy of reaction for states µ and ν.   

1.3 Magnetic Field Effect: Link between charge transfer and spin dynamics: 

During photo-induced charge transfer (electron, proton or proton-coupled 

electron transfer), radical ion pair (RIP) or radical pair (RP) containing unpaired 

electrons are produced. Due to the production of species with unpaired spin, the reaction 

dynamics can be manipulated by applying an external magnetic field (MF).123-

129Generally the electronic spin multiplicity of the excited state [Singlet (2S+1) = 1 or 

Solvent coordinate 
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Triplet (2S+1) = 3] is conserved during the electron transfer and a memory of this initial 

spin multiplicity is maintained in the resulting RIP until the latter undergoes further 

reactions. The RIP is like a "spin selective microreactor" and the nature of the products 

formed is dependent on the initial spin states.130The subsequent charge recombination 

process is also spin selective; i.e., the singlet RP recombines to produce the singlet state 

and the triplet RP recombines to yield the triplet state. The spin multiplicity of the RIP is 

however not stationary and can develop coherently between the S and T configurations. 

By influencing this spin evolution in the presence of an externally applied MF can thus 

alter the fate of a photoelectron transfer reaction without utilizing any chemical energy. 

The information about the magnetic properties of the intermediates; the spin multiplicity 

of the precursors, spin-spin exchange interactions21 and reaction rates for spin-dependent 

pathways can be obtained from the measurement of MF effects on the RIP. For a 

qualitative understanding of the MF effect on the photoinduced charge transfer 

reactions, mechanistic description of different spin states, the spin inter-conversions, and 

MF behaviour are given below.  

1.3.1 Vectorial Representation of Singlet and Triplet RIPs 

A spinning charged electron possesses a magnetic moment and in presence of an 

external magnetic field (MF), angular momentum component of the electron can either 

be parallel (+ 1
2⁄ ћ, α spin) or antiparallel (+ 1

2⁄ ћ, β spin) with the direction of the 

external field. In a RIP, the spins of the individual electrons can interact with each other 

and the resultant spin states can be either triplet (spin multiplicity 3), when the two 

unpaired spins reorient themselves either in parallel (T+, αα), perpendicular 

(T0,1
√2

⁄  (𝛼𝛽 + 𝛽𝛼)) or anti parallel (T-, ββ) to the axis of the magnetic field or singlet 

state (spin multiplicity 1) when the direction of the electronic spin are opposite (paired) 
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to each other (S,1
√2

⁄  (𝛼𝛽 − 𝛽𝛼)).When no external magnetic field is applied the three 

T states (T0 and T±) remain degenerate.126, 130, 131 

 

 

Figure 1.7: Vector representation of electron spin moment in presence of external 

magnetic field (up) and the Singlet and Triplet spin states (bottom) of a RIP.132 

The S and T state has an energy difference of 2J where J is the exchange integral that 

preserves the electron indistinguishability. J depends on the separation distance between 

two radical pair as, 

2J = 2J0exp (-aR)…………………………..(1.6) 

Where R = inter radical distance, a = rate of decrease in J with R.  
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Figure 1.8: Energies of Singlet and triplet RIPs and their pathways in solutaion.133 

 

The energy difference between S and T is shown in the potential energy diagram. 

Immediately after the formation of the RIP the inter radical distance is so small that the 

exchange between the spin state becomes difficult due to the large energy gap. After 

several diffusive motions when the distance between the radical pair is infinite the term 

exp(-aR) becomes zero and hence 2J~ 0 (zero energy gap), the S-T interconversion 

becomes possible. However, when the separation distance between the radical pair is 

large enough, a spin correlation may break down. To observe the magnetic field effect, it 

is thus very important to maintain the separation distance between two radical pairs so 

that 2J becomes zero for a sufficiently long time and can undergo S-T interconversion. 

Out of three different triplet states (T0 and T±) of the triplet multiplicity, it is important 

to note that the S and T0 (perpendicular triplet) interconversion requires a spin rephasing 

of the two spin vectors with respect to the each other whereas interconversion between S 
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andT±(parallel and antiparallel) require a spin flip or change in electronic spin 

momentum.  

1.3.2 S-T intersystem crossing (ISC) and mechanism of MF effect 

There are several pathways by which singlet-triplet ISC takes place. These are the 

hyperfine-coupling mechanism (HFC), spin-orbit coupling (L-S coupling), ∆g 

mechanism, relaxation mechanism,134-141triplet-triplet, and triplet-doublet mechanism 

and level crossing mechanism.134-141 Among all these mechanisms HFC, L-S coupling, 

∆g mechanism will be discussed elaborately as these are relevant to the experimental 

work discussed in the subsequent chapters.  

1.3.2.1 The Hyperfine Coupling Mechanism 

The HFC originates from the dipole-dipole interaction between electron spin and nuclear 

spin states. In the absence of externally applied magnetic field and at a larger inter-

radical separation where 2J=0 the four spin states S, T+, T- & T0 remain degenerate and 

the interconversion between S and T0 or S and T± becomes possible by HFC mechanism. 

Hyperfine coupling provides sufficient torque requires for the spin rephrasing 

(interconversion between S & T0) and spin flipping (interconversion between S and T). 

Spin flipping is accompanied by a corresponding change in the nuclear spin and 

preserves the total spin angular momentum (𝛼𝑒𝛽𝑁 − 𝛼𝑁𝛽𝑒 = 0, where e and N 

represents electron and nucleus respectively). The efficiency of ISC is governed by the 

extent of nuclear spin and electronic spin hyperfine coupling interaction.135, 138-140 The 

rate constant for intersystem crossing kISC dependes on HFC as: 

kISC = 
gβBav

ћ
…………………………..(1.7) 

where Bav denotes the local magnetic field, g is the electronic g factor,β is the Bohr 

magneton.  
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When an external magnetic field is applied the T+ and T- sublevels differs in 

energy from T0 because of Zeeman splitting, decreasing the probability of S 

to T±transitions. This, in turn, leads to an increase in the population of the initial spin 

states. To evaluate this effect an external magnetic field in the order of 100mT (0.01T) is 

sufficient. In an external field beyond this range, the Zeeman interaction exceeds the 

magnitude of hyperfine coupling and the effect should saturate (Figure1.11). The field 

at which half the saturation reaches is represented as B1/2. B1/2 is the measure of 

Hyperfine coupling interaction present in a system. 

 

Figure.1.9: Magnetic Field effect due to hyperfine mechanism.132 

1.3.2.2 Spin-Orbit coupling (L-S coupling) 

The role of Spin-Orbit coupling (SOC) in magnetic field effect (MFE) is unique in the 

sense that it can simultaneously enhance or quench the intersystem crossing (ISC) 

effect.142,143SOC is helpful in mixing states differing in spin and orbital part of the wave 

function. Thus, whereas stationary states with sufficient spin-mixed character do not 

arise unless there is an orbital degeneracy. SOC can effectively make the excited states 

nonstationary by inducing ISC processes where the spin and orbital mixing occur 

simultaneously.144 This is due to a difference between the g factors of the two electrons 

in the RIP. The different Larmor frequencies of the two radicals bring about a periodic 

dephasing and rephasing of the transverse spin components corresponding to periodic 
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transitions T0↔S of the RP. The rate of these transitions increases linearly with the 

magnetic field. The difference in the g-factors arises if SOC is more efficient in one 

radical of RPs. i.e., the Δg mechanism is actually related to the SOC.  

 

Figure1.10: Vector cones of total angular momentum 

 

1.3.2.3 ∆ g Mechanism 

The Larmor precession frequency of an electronic spin vector in presence of an external 

magnetic field, B0, is given by ω = gβeh
-1B0, where g is the lande splitting factor and βe 

is the Bohr magneton. In presence of a homogeneous external magnetic field the 

difference in processional frequencies (∆ω) for the electron in a radical pair is related to 

the g factor as: 

                                ∆ω = ∆gβeh
-1B0…………………………..(1.8) 

where ∆g is the difference in electronic g factor and the spin evolution occurs after a 

time t = π/∆ω.When the exchange interaction (J) is negligible in comparison to the 

magnetic interaction the kISCisgivenbykISC=∆ω/π, where ∆ω is in radian s-1, kISC= 

3×106∆g B0, B0 is in Gauss and kISC in s-1. An effective S-T0 mixing will occur when 

kISCτ≥ 1. For ∆g = 10-3, τ = 10-9sce, the external field strength should be in the order of 
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106 G to get a significant MFE. Thus ∆g mechanism is termed a high field effect and the 

lifetime of a RIP plays an important role in the S-T transitions. Now if by any means we 

can increase the ∆g value then the ∆g mechanism will be effective at the low external 

magnetic field also. In this light, we have explored the role of single domain super 

paramagnetic nanosurface to control the ISC rate in the latter part of this thesis.  

1.4 Nanoparticles: An Overview 

 

 

 

 

 

 

 

 

 

Figure1.11: Metal nanoparticles with different shape and sizes. 

‘Nano’ is a prefix used to describe ‘one billionth’ of something.145 The term ‘nano’ was 

first introduced by Nobel laureate Richard P Feynman in 1959. It is well known that the 

smallest chemical entity of any matter is an atom. Atom has its dimension in Angstrom 

(Å or 10-10 m) order i,e., bellow 1 nm. A molecule consists of atoms has dimension 

around 1 nm. On the other hand, infinite arrays of bound atoms beyond submicron range 

form a bulk material.146 The nano regime falling in between, deals with particles of 1 

nm-100 nm, represents a collection of few (about 10 to 106) atoms or molecules per 

particle 147. Nanomaterials can be considered to be a link between atomic scale materials 
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and bulk materials. Nanotechnologies are used for the development and manipulation of 

materials at the nanometer length scale, either by scaling up from single groups of atoms 

(the bottom up synthetic approach) or by reducing bulk materials to smaller sizes (the 

top down synthetic approach).148 Nanotechnologies are now widely used in different 

areas as diverse as drug development, water decontamination, information and 

communication technologies, and the production of stronger and lighter materials149, 150. 

When the size of the bulk materials get reduced to the nanoscale, they often exhibit 

novel and unpredictable characteristics such as extraordinary strength, chemical 

reactivity, electrical conductivity, superparamagnetic behaviour151that are not common 

at the micro- or macro scale. The nanomaterials may be made of plasmonic, magnetic, 

organic, inorganic and semiconductor materials. In this thesis, I shall be discussing the 

plasmonic, magnetic and magnetoplasmonic nanomaterials mostly. There are many 

reports that have described the role of plasmonic and magnetic nanomaterials in the field 

of chemistry, physics, biology, and medicine.152 This thesis explores the role of 

plasmonic, magnetic and magnetoplasmonic nanomaterial to control the excited state 

dynamics of prototype anticancer drug molecules. 

Depending on the particle size, nanomaterials may be classified into the following 

groups:  

(1) A ‘Cluster’ is a collection of around 150 units of atoms or molecules with a size 

generally below 2 nm and having a property close to their constituent atoms or molecules 

for atomic and molecular clusters respectively.153 

(2) ‘Quantum dot’ is a particle showing a size quantization effect in at least one 

dimension. 
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(3) ‘Nanoparticles’ or ‘Nanomaterials’ are characterized to have dimensions in the range 

of 3-100 nm. They may be polycrystalline, noncrystalline, single crystallite or an 

aggregate of crystallites.147 

(4) ‘Nanocrystal’ is a particle which is a single crystal in the nanometer regime.  

(5) ‘Nanostructured or Nanoscale materials’ are materials having at least one dimension 

in the nanometer range. When the material has all three dimensions in the nanometer 

range, it is a 3D nanoparticle e.g., nanocube, nanoflower, nanosphere, etc. If it has two 

dimensions in the nano-regime, it is a 2D nanoparticle e.g., nanoplate, nanofilm, etc. 

Materials with only one active nano-dimension are called a 1D nanoparticle e.g., 

nanowire, nanofibre, etc.154 

 

 

Figure1.12: Nanomaterials with different shape and size."Reprinted (adapted) with 

permission from Self-assembly of noble metal nanocrystals: Fabrication, optical property, 

and application, Nano Today (2012) 7, 564-585, DOI.org/10.1016/j.nantod.2012.10.008, 

Elsevier, Copyright year (2012).” 
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1.4.1 Plasmonic nanomaterials and their Interesting properties 

 

Metal nanoparticles that are enriched with free moving surface electrons are 

called plasmonic nanomaterials. They can interact with photons through excitation of 

localized surface plasmon resonance (LSPR). LSPR is the coherent collective oscillation 

of valance electrons and is produced when an incident electromagnetic field matches 

with the natural frequency of surface electrons oscillating against the restoring force of 

positive nuclei. When the size of a particle is much smaller than the wavelength of 

incident light (𝑑𝑁𝑎𝑛𝑜 ≤
1

10
𝑃ℎ𝑜𝑡𝑜𝑛), the particle-light interaction can be described by the 

dipole approximation.155The resultant electron oscillation generates an oscillating dipole 

that radiates an electromagnetic field. This field interacts with the electric field 

associated with incoming photons. When the frequency of oscillation matches with that 

of incoming pan hoton the electrons starts resonating. At the resonance condition the 

intensity enhancement of the electric field is 102-103 times more on a single nano 

particle and 104-105 times more in between two nanosurface separated by a distance of 

around 1 nm, compare to that of the incoming photon flux. Due to the very high field 

density in between two nanosurface the inter-nano space is called hot spot. Such a hot 

spot can exhibits multiple dipole resonances with higher wavelength than that of isolated 

individual nanoparticles. This field might be very important for the activation and 

amplification of chemical transformations (especially the photochemical reactions). Due 

to the high field, the rateof energetic charge-carrier formation increases a lot. Plasmonic 

nanoparticles are the ideal platforms for many applications that require enhanced light–

matter interactions due to the enhanced oscillating electromagnetic field, localized near 

the surface of the metal nano structure and in the hot spot in between two nano 

structures. As for example, plasmonic metal nanoparticles are useful platforms for 

enhancement of excited state electronic population, surface-enhanced Raman 

spectroscopy, molecular sensing, single-molecule spectroscopy, solar energy 
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conversion156-160 and surface enhanced fluorescence etc. Field localization and 

enhancement also play a major role to numbers of novel applications in optical imaging, 

nanoelectronics, biomedicine, photovoltaics, photocatalysis and many others161 

 

Figure 1.13: Schematic of plasmon oscillation in spherical plasmonic nanoparticle 

showing the displacement of the conduction electron charge cloud relative to the 

nuclei."Reprinted (adapted) with permission from Metal nanoparticle photocatalysts: 

emerging processes for green-organic synthesis, Catal. Sci. Technol., 2015, DOI: 

10.1039/C5CY02048D, Copyright (2016) 

1.4.2 AuNP as a drug carrier 

In recent years AuNPs as Drug Delivery vehicle is an interesting field of research that 

has attracted the attention of innumerable researchers. For controlled and site-specific 

drug delivery, the release of biologically active medicament at a certain speed and at a 

specific location is required. Conjugates of AuNPs with drug molecules have an 

important role in the therapy of endocellular diseases.162, 163The conjugation of the 

antibiotics or anticancer, antifungal, anti-inflammatory, etc. can bind to the AuNPs via 

ionic and covalent bonding or by physical adsorption.164It is observed that the efficiency, 

as well as time scale for effective drug delivery for some drugs, are highly influenced by 

adsorbing them on the surface of nanoparticles.165In addition to that for site-specific 

drug release, AuNP carrier plays an important role. For example, anticancer drug 

doxorubicin (DOX) attached to 30 nm AuNPs through a pH-sensitive linker, releases the 

drug only when the AuNP-DOX complex comes to an acidic environment or inside 
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acidic organelles. This effect enhances the therapeutic effects of drug-resistant tumour 

cells.166 The surface of AuNPs can be modified by polyethene glycol (PEG), thiolated 

PEG, Polyethyleneimine (PET) etc.  as a pacer to increase its stability. AuNPs attached 

with coumarin-PEG-thiol were found to be rapidly internalized inside the cells by the 

non-specific endocytosis mechanism.167Bhattacharya et al. showed that AuNPs 

conjugated with the PEG-amines and folic acid by noncovalent bonds can be easily 

targeted to the folate receptors of cancer cells.168AuNP can also be used as gene 

delivery, protein delivery and vaccine delivery vehicle.169 

1.4.3 Magnetic Materials 

1.4.3.1 Magnetic property or magnetic behaviour of nanomaterials 

Depending on the response to an externally applied magnetic field, the 

magnetism of materials is classified into five different categories and these are 

diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic. 

Diamagnetic Materials: Diamagnetic materials are the materials which show negative 

magnetic susceptibility. Diamagnetic materials have a relative magnetic permeability 

(v) less than or equal to 1 and therefore the magnetic susceptibility which is defined as 


𝑣

= 𝜇𝑣 − 1 is less than or equal to 0. Diamagnetism is observed in materials with filled 

electronic sub-shells where the magnetic moments are paired and overall moment 

cancels each other. Externally applied magnetic field then deforms electron orbital 

motion, leading to negative magnetic susceptibility. This means that diamagnetic 

materials (e.g., quartz SiO2) with negative susceptibility (χ< 0) repealed by magnetic 

fields170. Since diamagnetism is a weak property, its effects are not observable in 

everyday life. Common diamagnetic materials like water has a magnetic susceptibility, 


𝑣

= −9.05 × 10−6. Since χv is derived from the ratio of the internal magnetic field to 

the applied field, it is a dimensionless value. A list of notable diamagnetic materials is 

shown below: 
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Materials Pyrolytic carbon Bismuth silver Carbon (graphite) copper 


𝑣

× 10−5 -40.9 -16.6 -2.6 -1.6 -1.0 

In that sense, the superconductors may be considered to be the perfect diamagnetic 

materials with
𝑣

= −1 𝑜𝑟 𝜇𝑣 = 0as they expel all magnetic fields due to the Meissner 

effect.171 

Paramagnetic Materials: The materials which show a net magnetic moment and a 

short-range ordering of its magnetic moments under the influence of an external 

magnetic field are called paramagnetic materials. Constituent atoms or molecules of 

paramagnetic materials have permanent magnetic moments (dipoles), even in the 

absence of an applied field. The permanent magnetic moments attributed to the unpaired 

electrons in atomic (often the 3d or 4f shell electrons) or molecular electron orbitals. In 

the absence of an external magnetic field, these dipoles do not interact with each other 

and are randomly oriented due to the thermal agitation, resulting in zero net magnetic 

moment. In presence of an external magnetic field, the atomic or molecular dipole tend 

to align along the direction of the applied magnetic field and results in a net moment 

parallel to the externally applied field. Classically, such types of alignment can be 

explained by the torque exerted by an applied field on the atomic or molecular dipole 

which tries to align the dipoles parallel to the applied field. If there is sufficient energy 

exchange between neighbouring dipoles, they will interact, and may spontaneously align 

or anti-align and form magnetic domains, resulting in ferromagnetism (permanent 

magnets) or antiferromagnetism, respectively. Paramagnetic and antiferromagnetic 

behaviour can also be observed in ferromagnetic materials above their Curie and Néel 

temperature respectively and at these temperatures, the available thermal energy 

overcomes the interaction energy between the spins. In general, the paramagnetic 

susceptibility is very low and has value in the order of 10−3 to 10−5 but the susceptibility 
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may be as high as 10−1 for synthetic paramagnets such as ferrofluids.172-176 A list of 

notable paramagnetic materials is shown below: 

Materials Tungsten Caesium Aluminium Lithium Magnesium Sodium 


𝑣

× 10−5 6.8 5.1 2.2 1.4 1.2 0.72 

 

Ferromagnetic Materials: Materials with aligned atomic magnetic moments of equal 

magnitude possess ferromagnetism and their crystalline structures allow the direct 

coupling interaction between the moments strongly enhances the flux density (e.g., Fe, 

Ni, and Co).The spontaneous magnetization is not observed in materials in the absence 

of an externally applied magnetic field, due to the presence of domains in the material 

and each of them have their own direction of magnetization. When an external magnetic 

field is applied, the domains in which the magnetization is more nearly parallel to the 

external magnetic field, grow at the expense of the domains which are in less favourable 

alignments. When the externally applied field is withdrawn, a part of the induced 

domain alignment is conserved and the material starts acting as a permanent magnet. 

These types of materials hold very high magnetic susceptibility. 

Antiferromagnetic Material: In these materials, the uncompensated electron spins 

which are accompanying with the neighbouring cations orient themselves, below a 

temperature that is known as the Néel temperature, such that their magnetizations 

neutralize one another and makes the overall magnetization zero. Example of such 

materials is metallic manganese, chromium, and manganese oxide (MnO). The 

susceptibilities of these materials are low and the value is around ~10-3 but when the 

temperature is close to Néel point the antiferromagnetic coupling breaks down and 

makes the materials paramagnetic. 

Ferrimagnetic Materials: In these materials, the magnetic moment of one crystal sub-

lattice is anti-parallel to the other. Sub-lattices of these materials contain two different 



32 | P a g e   

types of ions with a different magnetic moment for two types of atoms as most of these 

materials are made up of cations of two or more types. Due to that, the net magnetization 

of these materials is not equal to zero. The examples of such materials are different types 

of ferrite-spinel-like NiFe2O4, CoFe2O4, Fe3O4 (or FeO.Fe2O3), CuFe2O4 etc. Magnetic 

behaviour of different materials and their ensemble arrangement of magnetic dipoles are 

shown in Figure 1.16. 

 

Figure1.14: (A) Change of magnetic susceptibility with temperature for different 

magnetic materials (B) Ensemble orientation of the magnetic dipoles in different 

materials (C) Magnetization vs H plot of different types of bulk magnetic materials. 

1.4.3.2 Magnetism from Bulk to nano: Superparamagnetism 

Due to the movements of the charged particles like electrons, holes, protons, and 

ions (positive and negative), the magnetic effects are observed in materials. A spinning 

electric-charged particle creates a magnetic dipole, which is called magneton. In ferro or 

ferrimagnetic materials, magnetons are associated in groups. All magnetons are aligned 

in the same direction by the exchange forces inside a magnetic domain or Weiss domain. 

This concept of domains differentiates the ferro or ferrimagnetism from paramagnetism. 

The domain structure of a ferro or ferrimagnetic material determines the size 

dependence of their magnetic behaviour. When the size of a ferro or ferrimagnetic 
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Figure 1.15: Magnetization behaviours of ferromagnetic and superparamagnetic NPs in 

the presence and absence of an external magnetic field (b) Relationship between 

nanoparticle size and the magnetic domain structures. Ds and Dc are the 

‘superparamagnetism’ and ‘critical’ size thresholds.177 

 

the material is reduced below a critical value, it becomes a single domain. It can be 

assumed that the lowest free energy state of ferromagnetic particles has non-uniform 

magnetization for larger particles and has uniform magnetization for particles smaller 

than a certain critical size. The former ones are called multi-domain particles, while the 

latter is referred to as single domain particles.178-180According to the magnetic domain 

theory, the critical size of the single domain is dependent on several factors including 

the shape of the particles, the value of the magnetic saturation, exchange forces, the 

strength of the crystal anisotropy and surface or domain-wall energy. The response of 

ferro or ferrimagnetic materials in the presence of externally applied magnetic field can 

be shown by a hysteresis loop, which is characterized by two main parameters: 
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remanence and coercivity. Both are related to the thickness of the hysteresis loop as 

well as the size of the particle. It has been found that as the particle size is reduced, the 

coercivity increases to a maximum and then decreases toward zero (Figure 1.17B and 

1.18). A particle becomes superparamagnetic when the coercivity of a single-domain 

particle becomes zero. Such superparamagnetism is influenced by the thermal effects 

too. In absence of external magnetic field even only thermal fluctuations can 

spontaneously demagnetize a previously saturated assembly of superparamagnetic 

particles. That is why these particles have zero coercivity and have no hysteresis. 

Nanoparticles become magnetic in the presence of an external magnet but return to a 

nonmagnetic state when the external magnetic field is removed. This property gives the 

unique advantage of working in the field where the switching on-off of the magnetic 

field effect needs to be observed. There are a number of crystalline materials of Fe, Co, 

or Ni that exhibit ferro and ferrimagnetism. The ferrite oxide-magnetite (Fe3O4) is 

widely used in the form of superparamagnetic nanoparticles as it is the most magnetic of 

all the naturally occurring minerals on earth. 

 

Figure1.16: Schematic illustration of the coercivity-size relations of small magnetic 

particles.177 
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1.4.4 Magneto-plasmonic nanomaterials 

 

Figure 1.17: Schematic illustration of the magnetoplasmonic material 

Magneto-plasmonic nanoantennas are novel nanostructures that hold the promise to meet 

the expectations both from plasmonic and magnetic materials in the nano-regime. In 

contrast to conventional plasmonic (non-magnetic) or magnetic (non-plasmonic) 

nanostructures, the constituents of magneto-plasmonic materials are ferro or 

ferrimagnetic metals such as nickel, cobalt, iron and their alloys or oxide attached with a 

plasmonic moiety like Au or Ag. The magneto-optical activity of such material becomes 

effective when we apply an external magnetic field.181Magneto-optical activity is 

classified according to the relative orientations of the wave vector of light k and the 

magnetic field H, where light can either travel along the field direction (k || H) or 

perpendicular to it (k ⊥ H).182It is already reported that enhanced Faraday rotation is 

observed in gold-coated maghemite (γ -Fe2O3) nanoparticles52 which is not obtained in 

either uncoated maghemite or only in gold nanoparticles or in a mixture of Au and 

maghemite particles which corresponds to a near-field enhancement of the Faraday 

rotation due to the spectral overlap of the surface plasmon resonance in plasmonic Au 

with the electronic transition in maghemite. The optical response of a magneto-plasmonic 

nanoparticle can be manipulated by regulating the shape and size of the plasmonic moiety 

and the magnetic response can be tuned by changing the magnetic material as reported by 

several other groups. 52, 183-185Such metamaterials may be advantageous in optical data 

storage, small magneto-optic devices, as well as in optical sensing and imaging of 

magnetic fields and magnetic domain structures 186, 187. This group of material are 
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attractive for therapy and diagnostics (theranostics) applications too.188, 189Moreover, the 

magnetoplasmonic behaviour may bridge the gap between nanoplasmonics and magnetic 

spintronics which lead to the development of new hybrid magneto-photonic 

nanotechnologies186The details of the relevance of such material with this thesis have 

been explained in details in Chapter 6. 

1.5 Biomolecules (Ct-DNA and Chromatin): 

The term biomolecule is generally used for components that are present in organisms 

and play an important role for some typically biological process such as cell division, 

morphogenesis, and development. Biomolecules include small molecules such as 

primary metabolites, secondary metabolites as well as large macromolecules (or 

polyanions) such as nucleic acids (DNA, RNA), chromosome, chromatin, proteins, 

carbohydrates, lipids etc190. In the thesis, I have mainly worked on DNA and Chromatin. 

 

Figure 1.18: Schematic illustration of DNA and Chromatin. 

 

1.6 Anticancer Drugs: 

 Anti-cancer drugs are also named as chemotherapeutic agents or anti-neoplastic 

agents. These drugs act upon rapidly dividing cancer cells to destroy them. When the 

drugs are used alone is called single-drug therapy191 and when several drugs are used at 
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once is called combination therapy.192Anti-cancer drugs may be of different types, they 

can be an alkylating agents (as for example cis-platin, carmustine, procarbazine 

chlorambucil,etc.), they may be antimetabolites like methotrexate, cytarabine, 

gemcitabine, etc.), anti-microtubule agents (like paclitaxel, vinblastine, etc.), 

topoisomerase inhibitors (like etoposide, doxorubicin, etc.) or cytotoxic agents (as for 

example bleomycin, mitomycin, etc.).193, 194The term chemotherapy is very often 

paralleled with the term anticancer drugs, although more accurately chemotherapy refers 

to the use of chemical compounds to treat the disease generally. 

1.6.1 Anticancer Drug and Reactive Oxygen Species Generation 

 Reactive oxygen species (ROS) are a set of highly reactive molecules comprising 

singlet oxygen (1O2), superoxide (O2
•−), hydroxyl radical (OH•) etc. They have crucial 

roles in controlling both physiological functions and tumor.195-197Elevated rates of 

reactive oxygen species (ROS) generation have been detected in almost all cancers, 

where they promote many aspects of tumour development and progression. 

 

Figure1.19. Mechanism of tumour destruction by PDT. "Reprinted (adapted) with 

permission from (Role of Reactive Oxygen Species (ROS) in Therapeutics and Drug 

Resistance in Cancer and Bacteria Allimuthu T. Dharmaraja Journal of Medicinal 

Chemistry 2017 60 (8), 3221-3240DOI:10.1021/acs.jmedchem.6b01243).Copyright 

(2017)." 
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Production of ROS is elevated in malignant tissues compared to the benign tissues as a 

result of increased metabolic rate, oncogene activation, and defective vasculature. As 

anticancer drugs can produce species with unpaired electrons,198they can be used to 

detoxify the in situ generated radicals in carcinogenic cells199. For being the source of 

unpaired spin, the spin dynamics of the anticancer drugs is also a very interesting 

phenomenon. To understand the underlying mechanism and the working principle of the 

drugs it is important to understand their electron transfer and spin trajectorial fate in the 

presence of external stimuli (like light or magnetic field). The anticancer drugs can be 

carried by nanosurface as a selective carrier of them for controlled and selective 

targeting in presence of different cellular or intracellular components. So, nanosurface 

originated or modulated photophysics of the drug molecules are interesting as well as 

important for the development of modern drug modality and is worth to explore. 

1.6.2 Sanguinarine and Chelerythrine as prototype anticancer drugs 

 Sanguinarine (Pseudochelerythrine) is a benzophenanthridine alkaloid derived 

from rhizomes of Sanguinaria canadensis L.(bloodroot) and other poppy fumaria 

species. It is a cationic molecule and it exists in two isomeric forms, one is the iminium 

form and other is alkanolamine form. There is an equilibrium between the two forms. 

The molecule converts to an iminium ion form at pH less than 6 and to an alkanolamine 

form at pH more than 7.200 Sanguinarine is a constituent of argemone oil which is 

responsible for the disease “epidemic dropsy”.201 Sanguinarine shows several 

pharmacological effects, with outstanding antimicrobial and anti-inflammatory 

activities202,203 and is a budding compound in cancer therapy that includes apoptosis in 

several cancer cells via different mechanistic pathway.204-210 Sanguinarine can also act as 

an effective inhibitor in the NF-κBactivation. NF-κB is a nuclear factor, more 

specifically it is a pleiotropic transcription factor whose activation results in viral 
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replication, inflammation and growth modulation. NF-κB is considered a major target 

for drug development due to its activity in pathogenesis,.211 

 Binding of sanguinarine with different DNA and RNA structures and especially 

its inhibitory activity for the enzyme topoisomerase is responsible for its pronounced 

anticancer activity.212-216 At the present time, only a small number of agents are known 

to hold the potential for selective elimination of carcinogenic cells leaving the normal 

cells unaffected. By modulating the apoptotic pathway, sanguinarine may be able to 

affect the steady-state cell population and thus may have a potential for the development 

as an agent against skin cancer and perhaps against other cancer types as well.217 

  

 

 

Chelerythrine is a natural benzophenanthridine alkaloid with strong nucleic acid binding 

ability.218 Structurally, chelerythrine is very closely related to sanguinarine. Unlike 

sanguinarine which is found in the green biomass of Chelidonium majus219, 

Chelerythrine mainly occurs in its roots (of Chelidonium majus). It has two isomeric 

forms, one is positively charged iminium form and another is neutral alkanolamine form. 

The pKa value of the molecule is 8.58.220 The iminium form or the charged form has 

nucleic acid binding moiety220 and the alkanolamine form or the neutral form has an 

affinity to functional proteins. This molecule is a selective, potent and cell-permeable 

protein kinase C inhibitor in vitro.221-224 This small molecule has inhibitor activity 

towards antiapoptotic Bcl-2 family members and that has opened up new therapeutic 

opportunities with this molecule. It has inhibitory effects on various tumours.225-229 

Recently this molecule has been shown to induce necroptosis in TSC2-deficient cells via 

an oxidative stress-induced mechanism.230 

Molecular Structure: 

Sgr (13-Methyl-[1,3] benzodioxo [5,6-

c][1,3]dioxolo[4,5-i]phenanthridin-13-ium 
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1.7 Principle of Photodynamic Therapy: 

Photodynamic therapy is a therapeutic technique where the excited triplet state of 

a photosensitizer (PS) molecule is used to treat carcinogenic cells, tumours, acne, 

bacterial infection231-234 etc. Upon laser irradiation, the PS is excited to higher energy 

and short-lived singlet state, 1PS*. After that, the 1PS* may decay back to the ground 

state or it can undergo intersystem crossing to form a relatively long-lived excited triplet 

state (3PS*). The mechanism of tumour destruction may follow either type I or type II 

pathway. (Figure 1.20) 

 

Figure 1.20: Schematic representation of photodynamic therapy 

The 3PS* then directly interact with a substrate, (e.g., a molecule or cell membrane) and 

transfer a proton (H+) or an electron (e-) to form a radical anion or cation with unpaired 

spin which then reacts with environmental oxygen 3O2 (itself a triplet in the ground 

state) to yield oxygenated products like hydroxyl radicals, superoxide anion radicals, 

and hydrogen peroxides. This pathway is called a type I reaction pathway. On the other 

hand, the energy of the 3PS* can be directly transferred to ground state oxygen that is 

Molecular Structure:Chelerythrine (1,2-

dimethoxy-12methyl[1,3]benzodioxolo[5,6-

c]phenanthridin-12-ium)  
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3O2, to form singlet oxygen 1O2 (type II reaction). The by-products produced as a result 

of both type I and type II reaction pathway are responsible for the killing of toxic cells 

and therapeutic efficiency of PDT. As both ‘type I’ and ‘type II’ go through the 

formation of a triplet precursor, the therapeutic efficiency of PDT is dependent on the 

yield of the triplet state. There are several recent reports on the enhancement of PDT 

activity by nanosurface.235-238 In this thesis, a superparamagnetic nanosurface is used to 

enhance the triplet production of surface adsorbed anticancer drug sanguinarine by 

increasing the ISC rate. So the superparamagnetic nanosurface may be a useful tool 

towards the PDT. 
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CHAPTER-2 

Methodology and Experimental Set Up 

2.1 Materials: 

Almost all the chemicals were purchased in purified form from Sigma Aldrich inc 

and used without any further purification. Milli-Q water with a resistivity of 18.2MΩ.cm 

is used for all the preparation steps. Name, specification and company name of the 

chemicals are tabulated below. 

Reagent Name Specification Company 

Ethylene glycol EG, Anhydrous 99.8% 

 

Sigma 

Aldrich 

Gold(III) chloride 

trihydrate 

HAuCl4.3H2O; ≥99.9%, trace metals 

basis 

Sigma 

Aldrich 

Sodium citrate tribasic 

dihydrate 

C6H5Na3O7.2H2O; Bioultra, for 

molecular biology, ≥99.5% (NT) 

Sigma 

Aldrich 

Spectrasol (EtOH) Spectroscopic grade Spectrochem 

Water Ultrapure, Milli-Q, resistivity 18.2 

MΩ.cmat 25 °C 

Merck 

Millipore 

Acetonitrile Spectroscopic grade Spectrochem 

Calf thymus DNA 

(ctDNA) 

Type I, fibres Sigma 

Aldrich 

Chromatin Separated from chicken liver 

 

Purchased 

from local 

market. 

Sanguinarine Chloride 

hydrate 

≥98% (HPLC) Sigma 

Aldrich 

Chelerythrine Chloride  ≥95% (TLC), powder Sigma 

Aldrich 

Sodium chloride NaCl, AR, ≥99.9% Sigma 

Aldrich 

Phenol BioUltra, for molecular biology, ≥99.5% 

(GC) 

Sigma 

Aldrich 

Chloroform EMPARTA ACS 99.4% Merck 

Phenol – chloroform-

isoamyl alcohol mixture 

BioUltra, for molecular biology, 25:24:1 Sigma 

Aldrich 
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Isopropanol BioReagent, for molecular biology, 

≥99.5% 

Sigma 

Aldrich 

Sodium acetate Anhydrous, for molecular biology, ≥99% Sigma 

Aldrich 

Hydrochloric acid HCl, ACS reagent, 37% Sigma 

Aldrich 

Trizma® base T1503 Primary Standard and Buffer, 

≥99.9% 

Sigma 

Aldrich 

NH4OH ACS reagent 28-30% NH3 Basis Sigma 

Aldrich 

FeCl2 Reagent grade, 98% Sigma 

Aldrich 

FeCl3 Reagent grade, 97% Sigma 

Aldrich 

2.2 Methods: 

2.2.1 Ultraviolet-Visible (UV−Vis) Absorption Spectroscopy 

For UV−Vis absorption spectroscopy three different JASCO spectrometers V-

650, V-730 and V-770 for the spectral range 190-900 nm, 190-1100 nm and 190-3200 

nm have been used respectively by using a quartz cuvette of optical path length 10 mm. 

2.2.2 Fluorescence Spectroscopy 

For fluorescence spectroscopy, either FluoroMax-3 (HORIBA, Jobin-Yvon) or 

Horiba PTI QuantaMaster 400 fluorometers have been used which is equipped with a 

xenon lamp with a quartz cuvette of 10 mm optical path length as the sample holder. 

2.2.3 Time-resolved Spectra (Time-Correlated Single Photon Counting Technique) 

Fluorescence lifetimes are measured using a picoseconds time-correlated single 

photon counting (TCSPC) set-up. The samples are excited using a picoseconds diode 

laser (IBH Nanoleds). Generally, 340 nm, 375 nm, and 470 nm have been used with 

excitation diode lasers of pulse width ~75 ps with a repetition rate ~1 MHz as a light 

source for our lifetime measurements. To block the exciting light during the collection 

of fluorescence from the sample appropriate bandpass filters are used. The liquid 



44 | P a g e   

samples are kept in a quartz cell of 1 cm path length. The sample fluorescence is 

collected at 90 degrees to the excitation beam, which is dispersed by a monochromator 

(IBH, model MCG-910 IB) and detected using a cooled micro-channel plate 

photomultiplier tube (Hamamatsu, 5000-U-09). The polarization (parallel, perpendicular 

and magic angle) of the fluorescence is selected by an analyzer (Figure 2.2.1). In this 

technique, a timing pulse (START) is generated in synchronization with the excitation 

pulse. This START pulse switches on the charging of a capacitor from a constant current 

source in the Time-to-Amplitude-Converter (TAC). The emitted photon from the sample 

generates another timing pulse (STOP) which snaps off the switch. The TAC thus maps 

the time-delay information which rises due to the time taken for the pulses to travel 

through the cables/electronics and for the excited state to relax and emit a photon, into a 

voltage level. The TAC output pulses are stored and displayed in a histogram in a 

multichannel analyzer (MCA). For statistical validity of the data and to prevent excess 

weightage of the early arriving pulses, the START to STOP count rate is limited to a 

minimum of 100:1 ratio. The decay curve then can be accurately obtained over a time 

zone of five lifetimes. The block diagram of the TCSPC system is shown in Figure 

2.2.1. In practice the excitation pulse and also the system response function has finite 

width and the decay data on the MCA is a convolution of the excitation pulse, the actual 

decay, and the system response. During the experiment, first a scatterer (LUDOX 

solution) is placed in the sample chamber and the pump function P(t) is obtained from 

the memory section of the MCA. 

2.2.4   Femtosecond (fs) fluorescence up-conversion measurements 

The fluorescence lifetime of the transient species is measured with the help of a 

femtosecond fluorescence up-conversion setup (FOG-100, CDP Corp).239 This is 

achieved using the second harmonic of a mode-locked Ti-sapphire laser (Mai Tai, 

Spectra-Physics) being pumped by a 5W Millennia (Spectra-Physics), the sample is 
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excited at 400 nm with a full excitation slit width. A nonlinear crystal (1mm 

BBO, θ = 25°, ϕ = 90°) is used to generate the second harmonic. The fluorescence 

emission of the sample was obtained through the magic angle configuration and was up-

converted in another nonlinear crystal (0.5mm 

 

Figure 2.2.1: Block diagram of TCSPC Set up 

BBO, θ = 38°, ϕ = 90°) by using the fundamental beam as a gate pulse.The up-converted 

light gets dispersed through a monochromator and is detected by photon counting 

electronics. A Gaussian shape for the instrument response function is used which have 
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an FWHM of ∼206 fs (this is obtained through water Raman scattering) and commercial 

software (IGOR Pro Wave Metrics, USA), is used to deconvolute the femtosecond 

fluorescence decays. 

 

Figure2.2.2: Block diagram of femtosecond upconversion technique.240 

2.2.5 Laser Flash Photolysis (Excited State Transient Absorption Technique) 

The laser flash photolysis technique has been used for the detection of transient, 

non-fluorescent species formed during photoelectron transfer (PET) and excited state 

proton transfer (ESPT) reactions. Transient absorption spectra have been measured 

using a nanosecond flash photolysis set-up (Applied Photophysics) containing a Q-

switched, Neodymium-doped Yttrium Aluminium Garnet (Nd: YAG) laser (DCR-11, 

Spectra-Physics). The active medium is Nd3+ that generates a fundamental emission at 

1064 nm (4F3/2→
4I11/2). Different harmonics (Table 2.1) can be produced by frequency 

conversion in the non-linear crystal, potassium dideuterium phosphate (KD*P). In our 

experiments, the third harmonic, 355 nm have been used for excitation. The transients 

are detected by a 250 W pulsed Xe lamp. The AK-347 control unit is used to trigger the 

laser within the flat portion of the Xe lamp profile so that the transients are excited by 

absorbing an intense and steady source of light. The transmitted light is passed through a 
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monochromator for wavelength variation and detected by a photomultiplier, R928 

(Hamamatsu Photonics). The photomultiplier output is fed into an Agilent Infiniium 

oscilloscope (DSO8064A, 600 MHz, 4GSa/sample rate) and the data are transferred to a 

computer using IYONIX software. A block diagram of the laser flash photolysis set-up 

is shown in Figure 2.2.3. The transmission changes at various wavelengths are 

converted to absorbance (OD) and the transient absorption spectra are obtained by 

plotting OD vs wavelength at a particular time delay after the laser flash. The software, 

Origin 8.5, is used for the analysis of the decay profiles. 

2.1 Laser specification 

 Fundamental 2nd 
Harmonic 

3rd 
Harmonic 

4th  
Harmonic 

Pulse Width (ns) 8-9 6-7 6-5 5-4 

Pulse Energy 
(mJ/p) 

275 135 60 30 

 

 

 

 

 

 

 

 

Figure 2.2.3 Schematic diagram of laser flash photolysis set-up 
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2.5.3 MF effect on triplet non-fluorescent species 

MF effect on the transient absorption spectra is done by passing direct current 

(DC) through a pair of electromagnetic coils which are placed inside the sample 

chamber. The MF can be varied by changing the extent of current through the coils. 

2.2.6   Surface Enhanced Raman Spectroscopy (SERS) 

SERS experiments are done using a homemade Raman setup. A continuous-

wavelength diode-pumped solid-state laser sourced from Laserglow Technologies, 

Canada (LRS0671-PFM-00300-03) is used, which is operating at 671 nm as an 

excitation light source (at fixed excitation energy, 3mW, using neutral density filters 

throughout the experiment). An In Photonics made 670 nm fibre optics Raman probe 

with a spectral range of 200−3900 cm-1 (Stokes) is used for sample excitation and data 

collection this ensures efficient focusing and filtering. The Raman probe used consists of 

two single fibres (105 μm excitation fibre and 200 μm collection fibre) with both 

filtering and steering micro-optics (numerical aperture 0.22). The excitation fibre is 

attached to a Thorlabs built fibre port to align the laser, whereas the collection fibre is 

attached to a spectrometer. A miniaturized QE65000 scientific-grade spectrometer 

sourced from Ocean Optics is used as the Raman detector which has a spectral response 

range of 220−3600 cm−1. The Raman spectrometer is equipped with a TE-cooled 2048 

pixel charge-coupled device and is interfaced to a computer via USB port. In the end, 

the Raman spectrum was recorded using the Ocean Optics data acquisition SpectraSuite 

spectroscopy software.19 Details picture of this SERS experimental set up has been 

shown in Figure 2.2.4. 
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Figure 2.2.4: Schematic diagram of the experimental SERS set up. 

2.2.7   Preparation of Plasmonic Spherical AuNPs 

Trisodium citrate (TSC) capped spherical plasmonic AuNP is synthesized using 

a reported method without any further modification.241 In short, it can be summarised as 

1.25 mL of 10-2 M aqueous solution of HAuCl4·3H2O is added to 100 mL of water taken 

in a three-necked bottle fitted with a cold-water-jacketed condenser. Diluted HAuCl4 

solution is then heated to boiling temperature, and in this condition, 0.75 mL of 1% 

sodium citrate dihydrate solution is added.Continued heating is carried out for the next 

30 minutes in order to complete the reaction. Then, the solution is left to cool 

automatically up to room temperature under continuous stirring. Then, the synthesized 

AuNP stock solution is centrifuged at 6500 rpm for 1 h and the concentrated AuNP 

solution is stored. 
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Figure 2.2.5: Schematic diagram of the AuNP synthesis set up. 

2.2.8   Synthetic protocol of magnetic nanoparticle Fe3O4 

The magnetic Fe3O4 nanoparticle (FeNP) is synthesized by a chemical co-

precipitation procedure by reducing both Fe2+ and Fe3+ ions (1:2 molar ratio) in presence 

of NH4OH this is also done using a reported protocol242of  E. Cheraghipour et al. with 

minor modification. This can be summarised as a 50 mL aqueous solution of 0.10mol/L 

Fe2+ and 0.20mol/L Fe3+ mixture are taken in a three-necked flask and the temperature 

of the mixture is slowly raised to 80°C in refluxing condition in an inert Argon (Ar) 

atmosphere. The solution was then vigorously stirred at 1200rpm. Keeping the 

temperature fixed at 800C, 10mL of NH4OH (25 wt %) is added in order to reduce the 

whole reaction mixture this forms bare FeNP. Furthermore,the addition of NH4OH base 

increases the pH to 10-11. The surface of the bare FeNPgets stabilized with citrate ion 

while incubating the above-synthesizedFeNP with 0.5g/mL tri-sodium citrate and 

continuous stirring the mixture for 1 hour at 90°C. A black precipitate is obtained by 

cooling the reaction mixture up to room temperature. This suspension was washed 

numerous times with deionised water in order to remove excess citrate ions. TEM and 

XRD studies are done to characterize the synthesized nanoparticles.  
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Figure 2.2.6: Schematic diagram of the FeNP synthesis set up. 

2.2.9 Transmission Electron Microscopy (TEM) 

Transmission electron microscopic measurements are performed through an FEI, 

Tecnai G2F30, S-Twin microscope which operates at 120 kV. A simple but modified 

technique is used for clean monolayer sample preparation on a 300 mesh copper 

formvar/carbon grid. A dip-and-dry technique is used to make TEM samples. In this 

sample preparation technique, a TEM grid is immersed into the concentrated 

nanomaterial sample solution using a tweezer, and the hydrophobic carbon coating is 

allowed to form a monolayer of the sample that sticks onto the copper mesh, which is 

then dried on a soft tissue paper. After complete drying, the resulting grid is used for 

TEM measurements. High angle annular dark-field scanning/transmission electron 

microscopy (STEM-HAADF) method is used here by the same microscope, which is 

having with a scanning unit and a HAADF detector from Fischione (model 3000). 

Electron energy loss spectroscopy (EELS) is carried out using a post-column Gatan 

Quantum SE (model 963). Energy filtered images are acquired using a Gatan Imaging 

Filter.  

2.2.10 X-Ray Diffraction (XRD) Technique 

The powder x-ray diffraction (XRD) study of FeNP and FeNP-Sgr composite has 

been performed at room temperature (300K) by using a RIGAKU-TTRAX-III 

diffractometer equipped with Copper K-α radiation of wavelength λ=1.5406Å in the 2ϴ 

range of 10°–100° with step size 0.0100. 
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2.2.11 Magnetization Measurements 

The magnetic measurements are done using SQUID-VSM (Quantum Design) 

having magnetic field ranges 0-7 Tesla and a temperature range of 2K- 380K. 

2.2.12 Molecular Docking and Dynamics 

Sgr and Chel structure (CID: 5154) are obtained from the PubChem database. 

Molecular dynamics (MD) simulations are performed using Desmond software243 as 

shown in Schrodinger Maestro (Academic version 2017-3). Sgr is placed in the centre of 

a simulation box and solvated with appropriate solvents. Buffer distance of 10 Å from 

each side of the periodic boundary box is maintained so that the solute does not see its 

periodic image. MD simulations are run for 1200 ps under optimized potentials for 

liquid simulations, OPLS 2005, force field244 in SPC (single point charge) water, ethanol 

and acetonitrile environments, respectively. Five step relaxation protocol is used before 

the production MD simulations as described earlier.245 Energy and hydrogen bond 

calculations are performed on the MD trajectory using the simulation event analysis tool 

as explained in Schrodinger Maestro. 

2.2.13   Preparation of ctDNA 

Commercial cDNA is extracted by the phenol-chloroform method so that to 

remove protein impurities present, if any, before use.246, 247 It is then dissolved in 20mM 

NaCl and kept overnight at 4 °C. ThisctDNAsolution is then sonicated for 45min, 30s 

pulses of 100% amplitude are given through an ultrasonic processor UP 200S sourced 

from Dr Hielscher GmbH, Germany. A phenol-chloroform-isoamyl alcohol mixture 

with a ratio of 25:24:1 is then added to this ctDNA solution and is vortexed vigorously. 

An emulsion is formed which is then centrifuged at 10000 rpm for 10 min at room 

temperature. An aqueous (top) layer is formed which is carefully removed and placed 

into a clean tube. This is followed by a similar extraction using an equal volume of 

chloroform. DNA is then precipitated by adding double the volume of pure isopropanol, 
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and the mixture is chilled overnight at -20°C. Before the addition of isopropanol, the pH 

of the DNA solution is adjusted to 5.2 by adding 1/10th the volume of 3M sodium 

acetate (pH 5.2). ctDNA is collected by centrifugation of the DNA solution at 12000 

rpm for 15 min at 4°C. The resultant ctDNA pellet is then washed with 70% ethanol and 

dried in air. The dried ctDNA was dissolved in 10mM Tris buffer (pH 7.5), 50 mM 

NaCl buffer and dialysis were performed in the same buffer. The purity and 

concentration are determined spectrophotometrically using ε260 nm = 6600 M−1 cm−1. 

2.2.14 Isolation of Chromatin from Chicken Liver 

Before isolation of chromatin, chicken livers stored in sealed tubes at -80 °C are 

retransferred to -20 °C and kept overnight. They are then thawed at 4 °C. Nuclei are 

isolated following the standard protocols248 with minor modifications249 reported earlier 

in the literature. The obtained long chromatin was dialysed in 10 mM Tris (pH 7.5), 50 

mM NaCl buffer. Agarose gel electrophoresis is used to check the purity, and the 

concentration is determined spectrophotometrically using ε260 nm = 6600 M−1 cm−1 
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CHAPTER-3 

 

Development of a Triplet-Triplet Absorption Ruler: DNA and 

Chromatin-Mediated Drug Molecule Release from a 

Plasmonic Nanosurface 

 

OUTLINE: What does the study offer? 

❖ Quantification of the release percentage of a drug from a plasmonic nanocarrier surface 

in the presence of cell components like DNA and Chromatin by using the excited state 

transient absorption spectroscopy as the detection technique.    

❖ The plausible explanation has been given on why the excited state spectroscopic assay 

could be a better sensory tool compare to the conventional fluorescence and SERS based 

assays for the quantification of the drug release from a plasmonic nano vehicle’s surface.  

❖ Quantification of drug release is necessary for any controlled drug delivery modality. 
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3.1 Introduction: 

The literature is rich in the use of fluorescence and Raman based techniques and 

assays for highly specific and ultrasensitive detection.69, 250-255Although the mentioned 

optical assays are universally accepted as efficient sensors, they are always limited by 

their inherent fluorescence and Raman cross-sections. It is not always obvious that the 

systems under investigation will possess a high fluorescence and Raman quantum yield 

so that they can be detected either in low concentration or in the early stage of a 

biological process. There are several molecular, cellular, and biological materials that do 

not offer either fluorescence or Raman scattering upon optical excitation. On the other 

hand, absorption of light is an intrinsic property of all materials, and it may vary only by 

the region of the electromagnetic spectrum. The usefulness of absorption as an 

ultrasensitive sensory tool has never been used in the past and remains unexplored for 

future applications. Over the last few decades, this absorption technique has been used 

either in the form of absorbance to understand the energetics of a molecule in the ground 

state or in flash photolysis to understand the photophysics of excited-state transient 

species. In most of the molecular systems, the ground state is the singlet state (S0), and 

excitation by a short pulse can take them to an excited singlet state (Sn) from where it 

could undergo intersystem crossing to a corresponding triplet state (Tn). Because of 

favourable relaxation from Sn to S0, the lifetime of the transient state becomes too short 

to obtain the absorption pattern in a single shot. On the other hand, because of 

unfavourable relaxation from Tn to S0, the longer lifetime of the transient state offers 

sufficient time to record the absorption pattern, followed by excitation to Tn+1 in a single 

shot. As a result of this, triplet-triplet (T-T) absorption could be a better tool to 

understand molecular pathways in great detail. The literature is rich on the use of T-T 

excitation spectra to study charge transfer,256 electron transfer,257 and molecular 

adsorption on surfaces258 as well as for transient photophysics.259 In the present set of 
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experiments, T-T absorption spectroscopy has been used to study the calf thymus DNA 

(ctDNA) and chromatin-mediated release of a small-molecule drug from a plasmonic 

nanosurface. Here the T excitation has been used as a ruler to estimate the efficiency of 

release of a drug molecule. Because T-T excitation is not limited by the fluorescence 

quantum yield or Raman scattering cross-section of molecules, this technique can be 

efficiently used for any molecule and reduce the selectivity of the spectroscopic 

approach. For this study, a naturally occurring alkaloid sanguinarine (Sgr) have been 

used as a small-molecule drug and 20-25 nm diameter plasmonic gold nanoparticles 

(AuNPs) as an effective vehicle for docking and undocking the drug molecule for 

efficient delivery to a specific site. 

          Over the past several years, naturally occurring alkaloids have been receiving 

tremendous importance260because of their potential pharmaceutical applications.261-264 

Among the different alkaloids, isoquinoline derivatives established themselves as one of 

the foremost alkaloids owing to their important contribution in biomedical research. 

Being a representative of the benzylisoquinoline alkaloid family, Sgr exhibits numerous 

important biological activities, such as anti-inflammatory,265, 266 antioxidant,267 

antifungal,268 anticancer 269-272and antimicrobials .200, 273Recent studies have revealed 

that Sgr can not only instigate apoptosis in various cancer cells by inducing apoptosis 

but also it can exhibit anticancer activity by means of inhibiting telomerase and 

topoisomerase enzyme activity. Thus, Sgr can act as a G-quadruplex stabilizer,274and 

hence it has high prospects as a potential anticancer drug. Because most of the biological 

systems in nature are highly anisotropic and restricted,275 a mechanistic study on 

effective drug delivery to these systems by an unperturbed intrinsic methodology will 

provide us with their actual pathways as well as a reliable way to measure their extent of 

delivery. Inspired by nature, researchers have invested a reasonable amount of time in 

understanding the relationship between the photophysical properties of small molecule 
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drugs (e.g., Sgr) and their interactions276-280 with biological components, for example, 

DNA, chromatin, and so forth. Moreover, to understand how Sgr is transported and 

finally released to its target, it is very important to establish a relationship between the 

environment and the photophysical properties of Sgr. In this study, T-T absorption 

spectroscopy has been used as a molecular ruler not only to understand the actual release 

process of Sgr as a drug molecule from a plasmonic gold nanoparticle surface in the 

presence of cell components, that is, DNA and chromatin, but also to quantify the 

accurate extent of the release of the drug molecule for an efficient therapeutic process. 

Here, gold nanospheres act as an essential microscopic drug-molecule carrier because of 

their inertness and nontoxic characteristics as well as their ease of synthesis. The result 

obtained by T-T absorption study has been verified by fluorescence and surface-

enhanced Raman spectroscopy (SERS). A plausible explanation has also been put 

forward to account for the underestimation and overestimation of the percentage (%) of 

the release of drug molecules measured by fluorescence- and SERS-based techniques, 

respectively, over the, highlighted T-T absorption spectroscopy. 

3.2 Results and Discussion: 

          The central theme of this report is to establish the T-T absorption technique as a 

ruler to quantify the site-specific release of the drug molecule (Sgr) from a nanosurface 

in the presence of ctDNA and chromatin. This is probably the first experimental report 

where the T-T absorption profile and relative OD were used as an assay to measure the 

extent of drug delivery. In the real experiment, Sgr and its nano complex or the 

transformed materials were excited at 355 nm using the third harmonics of an Nd: YAG 

laser with a pulse width of ∼8 nm in the absence and presence of ctDNA or chromatin. 
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Figure 3.1: Absorption profile of Sgr (black), citrate-capped gold nanoparticle (blue) 

and Sgr-AuNP complex (red). 

This wavelength was selected for the excitation as Sgr has its absorbance maximum at 

327 nm, which is close to 355 nm. Sgr is a toxic quaternary ammonium salt from the 

group of benzylisoquinoline alkaloids. Because of the presence of a quaternary 

ammonium group, Sgr has a higher affinity to the free acid groups (−COOH) on the 

surface of plasmonic spherical AuNPs made from TSC. The synthesis of plasmonic 

AuNP has been described in Chapter 2 Section  2.2.7. This electrostatic interaction 

between the quaternary ammonium group (NR4+) of Sgr and the free acid group 

(−COO−) on AuNP acts as the driving force to load Sgr drug molecules on the AuNP 

surface, which has been defined as the docking effect in the Introduction Section. 

Binding of Sgr on the surface of AuNPs can be easily observed from their absorption 

spectra recorded in the UV-vis region. It is clear from Figure 3.1 that Sgr has three 

major absorption spectral peaks in the UV-vis region, centred on 275 nm (π → π*), 327 

nm (π → π*), and 470 nm (n → π*). On the other hand, the TSC-based gold 

nanoparticle has a single strong plasmon at 519 nm. When Sgr was adsorbed on the gold 

nanoparticle surface, the red colour of the nanoparticle changed to blue, with a new band 

appearing at 704 nm at the expense of the plasmon band at 519 nm. The intensity of the 
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newly appeared 704 nm peak increases with an increasing amount of AuNPs. The 

appearance of this new peak at 704 nm along with the extended networking of AuNPs 

(Figure 3.2) in the presence of Sgr indicates that Sgr and spherical AuNPs interact to 

form a ground-state complex. 

 

Figure 3.2: TEM images of (A) AuNP (10 nM), (B) AuNP (10 nM)-Sgr (10 μM) 

complex, (C) AuNP-Sgr complex, with 0.05 μM ctDNA, (D) AuNP-Sgr complex, with 

0.15 μM ctDNA, and (E) AuNP-Sgr complex, with 0.25 μM ctDNA. 

 

The same set of data can also be achieved from their T-T absorption spectra shown in 

Figure 3.3, which shows three peaks, two at 360 nm and 400 nm, respectively, and a 

broad peak centred at 600 nm from Sgr alone.  
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Figure 3.3. T-T absorption spectra of Sgr [100 μM] (A) with AuNP [100 nM], ctDNA 

[2.5 μM], and AuNP followed by ctDNA; and (B) with AuNP [100 nM], chromatin [2.5 

μM], and AuNP followed bychromatin in tris-NaCl buffer (pH: 7.4 ± 0.2) after 1 μs 

laser flash of λex = 355 nm. 

Moreover, time-resolved T-T absorption spectra Figure 3.4 show an overall 

decrease in optical density (∆OD) from 560 to 650 nm with a gradual increase in time, 

which indicates that all of these peaks are of the same origin. The origin of these three 

T-T absorption peaks is not as straightforward as it is observed for the S-S absorption 

spectra (UV−Vis). Because of molecular state mixing and crossing between singlet and 

triplet states (intersystem crossing) to initiate a T-T transition, it is difficult to define the 

actual nature of the originating or destination state without knowing the actual 

weightage of singlet-triplet state mixing, and the excited-state molecular geometry 

optimization is required to infer their actual state identification, which we have not 

mentioned in this article.  
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Figure 3.4: Time-resolved T-T absorption spectra of Sgr [100µM] show an overall 

decrease in optical density (∆OD) from 560 to 650 nm with a gradual increase in time, 

which indicates that all of these peaks are of the same origin. 

Upon addition of AuNPs, the peak intensities at 360 and 400 nm increase with a 

decrease in the peak intensity at 600 nm (Figure 3.3). Moreover, an isosbestic point 

observed at 460 nm without the generation of a new peak reveals that Sgr forms a 

ground-state complex with AuNP, which absorbs at 400 nm in the triplet state. Once 

ctDNA or chromatin is added to this gold nanoparticle-Sgr complex, the peak intensities 

or T-T absorbance of Sgr at 360, 400, and 600 nm decrease significantly. This 

phenomenon indicates that DNA or chromatin removes the Sgr molecules from the 

nanoparticle surface and intercalates them inside their cages, a necessary prerequisite for 

successful drug delivery inside a cell.279, 281, 282The action of ctDNA and other DNA 

materials as a strong intercalator for Sgr drug molecules have been explained and well 

documented by Maiti et al.,278, 279and this strong affinity of DNA toward Sgr acts as a 

driving force to undock drug molecules from the AuNP surface to intercalate them in the 

DNA helix for effective drug delivery into cellular components. Because of the large 

dimension of the Sgr-induced gold nanoparticle network, it might be difficult for the 
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Sgr-AuNP complex as a whole to enter the cell through a membrane pore, but the 

selective affinity of Sgr for DNA intercalation can put them into the nuclei for effective 

drug delivery. It is worth mentioning that both laser flash photolysis and UV−vis 

spectroscopy are absorption-based techniques, and all of the suggested complexes (Sgr-

AuNP) are formed in the ground state only. As a result of this, it is logical that the latter 

technique that is UV−vis spectroscopy can be used to assay the extent of drug release 

instead of T-T absorption. As shown in Figure 3.1, the absorption profile of the Sgr-

AuNP complex in the ground state, which is predominated by the 704 nm peak 

originating from plasmon coupling, cannot be used to measure the efficiency of drug 

release because of its nonlinear variation with intercalating components. Moreover, the 

π−π* peaks of Sgr near 300 nm overlapping strongly with the DNA band at 260 nm may 

give false-positive signalling if the π−π* band is used for fingerprinting. To avoid these 

problems, the T-T absorption profile has been used, which is free from the plasmon 

coupling band originated from AuNPs and also shows peaks at 360, 400, and 560 nm 

solely for Sgr avoiding any DNA band overlapping. The relative T-T absorbance at 360 

nm for Sgr-AuNP-ctDNA/chromatin and Sgr-AuNP indicates the efficiency of the 

release of the drug molecule from the nano-vehicle (here spherical gold nanoparticle) 

induced by ctDNA or chromatin.  Mathematically, it can be defined as 

the efficiency of drug release (%) = 

(( 𝐴𝐷𝑟𝑢𝑔−𝐴𝑢𝑁𝑃   
𝑇−𝑇 −  𝐴𝐷𝑟𝑢𝑔−𝐴𝑢𝑁𝑃−𝐷𝑁𝐴/𝐶h𝑟𝑜𝑚𝑎𝑡𝑖𝑛   

𝑇−𝑇 ) − (𝐴𝐷𝑟𝑢𝑔−𝐴𝑢𝑁𝑃   
𝑇−𝑇 ))  × 100 

……………(3.1) 

From Figure 3.3 it is evident that on the addition of AuNP with Sgr, the T-T intensity at 

360 nm increases from 0.022 to 0.028. On subsequent addition of ctDNA to this Sgr-

AuNP adduct, the absorbance maximum falls to 0.006, which is close to that of Sgr-

ctDNA. Following the above formula, the estimated drug release is 78.57%. In the case 

of chromatin, relative absorbances for A𝐷𝑟𝑢𝑔−𝐴𝑢𝑁𝑃 
T−T and A𝐷𝑟𝑢𝑔-𝐴𝑢𝑁𝑃-𝐶ℎ𝑟𝑜𝑚𝑎𝑡𝑖𝑛

T−T  are 0.028 
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and 0.011, respectively, which gives an estimated 60.7%  release of Sgr from the 

nanoparticle surface. To find out whether ctDNA and chromatin are efficient 

intercalators for Sgr, the transient absorption experiment has been performed for the 

Sgr-ctDNA and Sgr-chromatin complexes separately, where the concentration was fixed 

at 100μM for Sgr and at 2.5μM for both ctDNA and chromatin. At the above-mentioned 

concentrations, the Sgr-ctDNA complex shows almost zero intensity for all of the three 

peaks at 360, 400, and 560 nm, whereas the Sgr-chromatin complex shows a small peak 

at 360 nm originating from Sgr. This observation proves that ctDNA acts as a better 

intercalator than the chromatin molecules. Chromatin is a complex of DNA and histone 

tetramar proteins that form chromosomes within the nucleus of eukaryotic cells.283 DNA 

does not appear in free strands for chromatin, rather it is highly condensed and wrapped 

around histone tetramer proteins to fit compactly inside the nucleus.284 Therefore, DNA 

strands in chromatin are less accessible for intercalation of Sgr compared with free DNA 

strands in ctDNA, which is clearly observable from our T-T absorption results. 

 

Figure 3.5: T-T absorption titration by varying the concentrations of ctDNA and 

chromatin and keeping the Sgr [100 μM] concentration constant. 

By varying the amount of ctDNA or chromatin and keeping the amount of Sgr on the 

gold nanoparticle surface constant, a T-T absorption titration has been performed to 

quantify the amount of Sgr released, involved in DNA/chromatin intercalation for 
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controlled drug delivery. From Figure 3.5, it is evident that on increasing the 

concentration of ctDNA from 1.5 to 2.5μM, 𝐴Drug-AuNP-DNA
𝑇−𝑇 gradually falls from 0.02 to 

0.016 and to 0.0056, indicating the release of the drug Sgr and subsequent intercalation 

inside DNA. For chromatin, the respective absorbance (𝐴Drug-AuNP-Chromatin
𝑇−𝑇 ) also 

decreases gradually from 0.0206 to 0.014 and to 0.0105. As shown in Figure 3.6, the 

correlation between intercalator concentrations and efficiency of drug release (%) shows 

a linear plot both for ctDNA and chromatin and demonstrates that this T-T absorption 

assay can be used effectively as a ruler to measure the extent of drug release during a 

therapeutic process.  

 

Figure 3.6: Correlation between intercalator concentration and efficiency of drug 

release (%) which shows a linear plot for both ctDNA (A) and chromatin (B). 

The average lifetime of triplet Sgr, which is the inverse of the decay rate constant 

obtained from the analysis of the corresponding decay profile in Figure 3.7, is 2.4 μs, 

which increases to 2.8 μs in the presence of AuNP. This increase in a lifetime could be 

attributed to the formation of the Sgr-AuNP complex, which may either form in the 

triplet state directly or initially form in the ground singlet state followed by excitation to 

a higher singlet state and intersystem crossing to  
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Figure 3.7: Decay profile of Sgr at 360 nm (A) with AuNP [100 nM], ctDNA [2.5 μM], 

and AuNP followed by ctDNA and (B) with AuNP [100 nM], chromatin [2.5 μM], and 

AuNP followed by chromatin in tris-NaCl (pH: 7.4 ± 0.2) buffer after 1 μs of laser flash 

with λex = 355 nm. 

the corresponding triplet state, retaining its identity. After subsequent addition of ctDNA 

to the Sgr-AuNP complex, the lifetime becomes 2.0 μs, which is very close to the 

lifetime of Sgr itself inside ctDNA (1.8 μs) and indirectly indicates that the addition of 

ctDNA initiates the undocking process to intercalate the released Sgr drug molecules 

inside their helix structure. Although the change in lifetime due to the docking and 

undocking of Sgr molecules on or from the AuNP surface is quite small on the 

microsecond (μs) time scale, they are quite separated on the nanosecond (ns) time scale. 

There is an increment of 400 ns (0.4 μs) in lifetime due to docking (adsorption of Sgr on 

the AuNP surface) and a decrement of 400 ns (0.4 μs) in lifetime due to undocking 

(release of Sgr upon addition of ctDNA in the Sgr-AuNP adduct). However, the small 

discrepancy (200 ns or 0.2 μs) in lifetime between Sgr-ctDNA and Sgr-AuNP-ctDNA is 

due to the partial release of Sgr from the Sgr-AuNP complex (Table 3.1) in the presence 

of ctDNA. Similar changes in lifetime for triplet Sgr were obtained with chromatin but 

to a lesser extent than those with ctDNA (Table 3.1) Therefore, in this context, the 

lifetime of Sgr also supports the previous hypothesis obtained from its T-T absorption 
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that Sgr can be released from the nanocarrier (AuNP) in the presence of both DNA and 

chromatin.   

Table 3.1: Average Lifetime of Triplet-State Sgr, Sgr-AuNP Complex, Sgr-

ctDNA/Chromatin and Sgr-AuNP-ctDNA/ Chromatin, recorded at 360 nm after the 

Laser Flash at 355 nm. 

 

As standard tools, along with the above T-T absorption spectra, the fluorescence and 

surface-enhanced Raman scattering (SERS) experiments have been performed to prove 

the hypothesis as well as to measure the extent of drug release alternatively. The effect 

of Sgr binding on the gold nanoparticle surface was monitored by recording the 

fluorescence maximum at 586 nm after excitation at 470 nm. It is clear from Figure 3.8 

(A) that the fluorescence intensity gradually reduces as the amount of AuNP is 

increased.  
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Figure 3.8: (A) Gradual reduction in fluorescence intensity as a function of the 

increasing amount of AuNPs for 10 μM Sgr and release of Sgr from the AuNP surface 

as a function of gradually increasing amount of (B) ctDNA and (C) chromatin. 

 

By considering AuNP as an efficient fluorescence quencher, the fluorescence quenching 

of Sgr is analysed according to the Stern-Volmer equation where F0 and F are the 

fluorescence intensities of Sgr (10μM)  

F0/F = 1 + KSV[Q]…………………………………………………………….(3.2) 

in the absence and presence of AuNPs, respectively, KSV is the Stern-Volmer constant, 

and [Q] is the concentration of the quencher, that is, AuNPs. The depicted Stern-Volmer 

plot Figure 3.9 shows a deviation from linearity, which indirectly proves that the 

quenching route is a mixture of static and dynamic processes. 
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Figure 3.9: Variation of fluorescence quenching with the concentration of quencher 

(0.4-7.1 nM). Here 20-25 nm TSC stabilized AuNPs acts as a quencher and Sgr as the 

fluorophore. 

 

Experimentally, when the AuNP-Sgr conjugate is found in the fluorescence “OFF” state, 

the addition of ctDNA or chromatin partially brings them back into the fluorescence 

“ON” state, which represents the release of Sgr from the AuNP surface, as shown clearly 

in Figure 3.8(B), (C). After the formation of the adduct, the AuNP-Sgr complex is 

allowed to stand for 1 has a control experiment to check whether the release of Sgr from 

the AuNP surface is ctDNA/chromatin-mediated or it is released with time from the 

surface as a kinetically controlled process. From Figure 3.10 it is clear that the release 

of the drug is purely mediated by the presence of ctDNA and chromatin as there is no 

substantial release in the absence of biological scaffolds.  
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Figure 3.10: Variation of fluorescence intensity, obtained from Sgr-AuNP complex, 

with time without the addition of ctDNA and chromatin as active bio-scaffolds. 

 

From the fluorescence spectral analysis, as depicted in Figure 3.8. The extent of 

fluorescence recovery can be defined as 

% fluorescence recovery = (I Sgr+AuNP+DNA 
f /ISgr

f )   .............................................. (3.3) 

where  I Sgr+AuNP+DNA 
f  is the maximum recovered fluorescence intensity after the 

addition of ctDNA or chromatin into the fluorescence “OFF” AuNP-Sgr conjugate and 

ISgr
f  is the initial fluorescence intensity obtained from Sgr (10 μM). Equation 3.3 

estimates about 25 and 27% release of Sgr from the AuNP surface upon addition of 

ctDNA and chromatin, respectively. However, this extent of release of Sgr is quite low 

compared to that obtained from T-T absorption spectra. This underestimation of the 

release of a drug molecule compared to the measured value from the T-T absorption 

experiment could be attributed to either one or collective contributions from the 

following two effects:  
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(1) Intercalation of released Sgr inside the ctDNA or chromatin scaffold, which prevents 

the proper enhancement of fluorescence intensity. There are several reports in the 

literature30−33 in support of the explanation that the intercalation of Sgr to 

DNA/chromatin usually results in the decrement of the emission intensity. As a result of 

this intrinsic behaviour of Sgr inside the DNA/ chromatin scaffold, the measured 

fluorescence recovery or estimated drug delivery is far less than the actual Sgr release 

measured by T-T absorption spectroscopy. 

(2) Alternatively, it could be due to efficient Sgr fluorescence quenching by AuNPs at a 

long distance. Although the Sgr molecules are not on the surface of the AuNPs but, due 

to their infinite surface, allow an isotropic distribution of dipole vectors to efficiently 

accept energy from the donor (Sgr), fluorescence quenching can occur at a much longer 

distance (∼40 nm) compared to that at the FRET distance (3−8 nm). This nanoparticle-

induced long distance quenching is generally referred to as nanoparticle surface energy 

transfer (NSET).285 Because of the complex and relatively large structure of chromatin 

compared to that of ctDNA, the relative distance between Sgr and the DNA scaffold in 

chromatin prevents efficient NSET and results in slightly more fluorescence signal 

recovery compared to that from ctDNA, and this has been reflected from our 

fluorescence quenching study. On the other hand, the T-T absorption probability does 

not get affected whether or not the fluorescence of the drug molecule is quenched due to 

its intrinsic nature, and it estimates an exact percentage of drug molecule release. 

Similar to fluorescence, although SERS has also been studied extensively in the past few 

decades 286-290and showed promise to be one of the most useful analytical techniques for 

future applications in diagnostics because of its ability to provide the chemical signature 

along with its enormous signal amplification (108 −1014 order),291, 292its application in 

sensor technology is limited due to the nonlinear relation between the SERS signal 

intensity and the analyte concentration. The SERS intensity is a linear function of the 
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number of hot spots generated in the excitation volume, which is again not a linear 

function of the concentration of the added analyte and in general gives maximum Raman 

signals at a particular molar ratio between AuNP and the analyte where it generates a 

maximum number of hot spots along with the transformed plasmon band remaining in 

resonance with the excitation wavelength. As a result of this nonlinear relation between 

SERS intensity and Raman tag (analyte) concentration, SERS cannot be used as a 

standard sensory tool to estimate the release of drug molecule from the nanoparticle 

surface in this particular experiment. However, it is worth mentioning that by keeping 

the same analyte and similar system in the study, SERS could give valuable information 

regarding their mechanism of execution. In our experiment, Sgr is used as the analyte 

and AuNP as the surface to adsorb them and monitored the release of drug molecule 

(Sgr) upon addition of ctDNA and chromatin by measuring their SERS activity. It is 

clear from Figure 3.11A that increasing the amount of AuNPs at a particular 

concentration of Sgr (10 μM)  
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Figure 3.11: (A) The gradual increment of SERS intensity as a function of the 

increasing amount of AuNPs (0-10 nM) for 10 μM Sgr and release of Sgr from the 

AuNP surface as a function of gradually increasing amount of (B) ctDNA and (C) 

chromatin. 

 

enhances the SERS intensity substantially (in the absence of AuNP, Sgr alone does not 

give detectable Raman signal as clearly visible from Figure 3.11(A) because of the 

formation of more number of hot spots in the excitation medium, which is further 

confirmed by the TEM analysis as clearly visible in Figure 3.2. The SERS spectra of 

Sgr (10μM) have not been plotted at a higher concentration of AuNPs as it gradually 

reduces beyond 10 nM concentration. Unlike fluorescence study, the SERS signal 

gradually reduces as we increase the amount of ctDNA and chromatin to the Sgr-AuNP 

conjugate. SERS signal quenching as a function of the concentration of ctDNA and 

chromatin is shown in Figure 3.11 (B-C) respectively. Because of the easy intercalation 
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of the Sgr molecule inside ctDNA compared to that of the chromatin molecules as 

discussed before, more SERS quenching is expected upon addition of ctDNA compared 

to that of chromatin. Moreover, because of the short-range interaction pattern of SERS, 

the intercalated Sgr molecule does not affect the observed SERS signal after release as it 

has been observed for fluorescence. By comparing the SERS peak intensities for the 

−C−C− (in-ring) stretching mode293 at 1393 cm−1 before and after the addition of cell 

components to the AuNP−Sgr complex, about 51% Raman quenching is observed for 

chromatin compared to 89% Raman quenching for ctDNA. If it is considered that this 

Raman quenching is solely for the release of Sgr from the nanosurface, then Raman 

quenching indirectly measures the extent of drug release from the nanocarrier, which 

corresponds well with the result obtained from our T-T absorption experiments. 

Mathematically, the % of Raman quenching has been defined as 

% Raman quenching=  [(
Imax

SERS  −  Imin
SERS  

Imax
SERS  )] × 100    ……………………….......(3.4) 

where Imax
SERS  is the maximum SERS intensity before the addition of ctDNA or chromatin 

and  Imin
SERS  is the minimum SERS intensity after the addition of ctDNA or chromatin. 

3.3 Conclusions: 

In this work, the T-T absorption spectroscopy has been used as a molecular ruler 

not only to understand the actual release process of Sgr as a drug molecule from a 

plasmonic gold nanoparticle surface in the presence of cell components, that is, DNA 

and chromatin, but also to measure the extent of drug release, which is necessary for any 

controlled drug delivery modality. The results obtained from the T-T absorption study 

were verified using fluorescence and SERS, and a plausible explanation has been put 

forward throughout the Results and Discussion section on why the T-T excitation 

spectroscopic assay could be a better sensory tool compared to fluorescence- and SERS- 

based assays. Because of the intrinsic nature of absorption, the reported T-T excitation 
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spectroscopic assay overpowers fluorescence- and SRES-based assays, which are 

limited by the long-range interaction and nonlinear dependence of analyte concentration, 

respectively. 
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CHAPTER 4 

 

Low Magnetic Field Induced Surface Enhanced Transient Spin-

Trajectory Modulation of a Prototype Anticancer Drug Sanguinarine on 

a Single Domain Superparamagnetic Nanosurface 

 

OUTLINE:  

• Role of Magnetic nanosurface on the intersystem crossing process. 

• How a magnetic nanosurface can be used to increase the triplet yield? 

• How the solvent polarity, as well as the hydrogen bonding induced solvent stabilization can 

influence the field effect by the magnetic nanosurface? 
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4.1 Introduction 

Populating a molecule in excited states beyond its natural lifetime by spin-trajectory 

modulation can surprise by initiating different unusual optical, spectroscopic, 

photophysical, and photochemical pathways,83, 132, 294-303 providing new insights into 

molecular resources for renewable energy,288, 298, 304 offering flexible magneto kinetics 

(through radical pair mechanism),301, 305 commencing new dynamic trajectories,306, 307 

crucially expanding the field of organic spintronics13,14 and achieving abnormal optical 

transition.308-311 Most of the known molecular systems remain in the singlet ground state 

(S0), whereas the photochemically energized excited state could either be singlet (Sn; n = 1, 

2, 3, etc.) or triplet (Tn; n = 1, 2, 3, etc.). There are reports on the formation of different 

excited spin states (singlet and triplet) when one electron from the singlet ground state (S0) 

is being excited to a higher energy level (Sn or Tn) either by preserving (spin-

conservation),312, 313 reversal (spin-flipping),314, 315 rephasing (spin-flopping),316, 317 or 

noncollinear spin arrangement (spin-canting)317 of their original spin orientation.318-320 

Since the spin reversal process is not an allowed transition governed by the spin selection 

rule, optomolecular excitations are singlet-singlet (S−S)321 type exclusively, and passage to 

triplet excited states is primarily governed by excited state tunnelling or conical 

intersection, which is generally defined as intersystem crossing (ISC).322, 323 In contrast, 

ferrimagnetic or ferromagnetic nanostructures and especially single-domain 

superparamagnetic nanosurfaces324, 325induce several different unusual spin dynamics of 

electrons in surface adsorbed organic molecules by applying a small external magnetic 

field.318 These spin dynamics include enhanced electronic and magnetic quantum 

efficiency,326, 327 population inversion,328 introduction of trap-sites by balancing of injection 

and recombination of charge carriers,329 or even unusual photochemical reaction pathways 

330, 331 to find real-life applications in organic conductors and crucial biochemical reactions 

along with their potential functions as molecular ruler332 to estimate the extent of drug 
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release for effective therapy. The spin of an electron can be represented by a vector 

precessing around the laboratory Z-axis with Larmour frequency, ω (Figure 4.1 A).333 The 

spin vector is represented by either α or β for up (↑) and down (↓) spin respectively, with 

respect to the reference axis. The orientations of the vectors remain opposite in singlet 

states (S0 and Sn are singly degenerate) with total spin angular momentum (S) as 0 and the 

corresponding asymmetric spin wave function can be represented as χA(1, 2) = [αβ − βα]/2, 

where 1 and 2 represent two electrons, one in highest occupied molecular orbital (HOMO) 

and the  other in lowest unoccupied molecular orbital (LUMO). From the S1 state, the 

molecule can undergo radiative internal conversion (IC) or radiative fluorescence, which 

again brings the molecules to the S0 state. On the other hand, the nonradiative ISC which is 

effective through intramolecular and intermolecular spin-modulation to produce the T1 

state (triply degenerate) with total spin angular momentum (S) as 1 and the corresponding 

three symmetric spin wave functions can be represented as χS(1, 2) = αα, ββ, and [αβ + 

βα]/2. Therefore, the conversion of S1 to T1 is possible if spins are flipped or rephased by 

xy and z component of L-S coupling, respectively. The L-S coupling is responsible not 

only to change the precessional frequency but also their direction due to the generated 

torque (Γ).334, 335 Precessional motion of the magnetization vector, which controls both the 

precessional frequency as well as their direction, directly enhances the S1 to T1 spin 

trajectory population through spin rephasing or flipping mechanism.336, 337 In the present set 

of experiments, a large magnetic field (in the order of Tesla (T)) antenna has been 

generated by low external magnetic-field (0.08 T)-induced single-domain magnetic 

moment alignment of individual constituent atoms arranged in a superparamagnetic 

nanosurface to enforce the programmable transient spin-trajectory modulation through 

S1→ T1 conversion of the surface adsorbed sanguinarine (Sgr) molecule. Sgr is a known 

small molecule, which is a naturally occurring alkaloid and has gained tremendous 

importance in the pharmaceutical industry for the last several decades.338-340 Along with its 
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proven anti-inflammatory, antioxidant, antifungal, and antimicrobial activities, it shows 

potential application as an anticancer drug.265-268, 272, 274, 341-345 Sgr is a toxic quaternary 

ammonium salt, and the presence of this quaternary ammonium group helps to bind with a 

free acid group (−COO −) on the surface of spherical FeNPs capped by trisodium citrate 

(TSC).  

 

 

The mechanism of single-domain (with a surface area less than 10−12 m2) magnetic moment 

aligned large-field super-paramagnetic field-driven spin interconversion has been cross-

checked by using the diamagnetic nanosurface in presence of low external magnetic field 

(0.08 T). The generated torque as a result of L-S coupling tends to align the magnetic 

dipole with the external magnetic field. In the present set of experiments, this externally 

applied low magnetic field (0.08 T) could be scaled up several orders on the surface of a 

small (10 nm) superparamagnetic Fe3O4 nanoparticle. In presence of this induced gigantic 

magnetic field, the magnetic dipole of the surface adsorbed Sgr will be aligned 

perpendicular to the superparamagnetic moment to achieve the lowest potential energy 

compared to the random angle between Sgr and Fe3O4 nanoparticle. For 

 

𝜃 = 900, 𝑠𝑖𝑛𝜃 = 1; 𝑇𝑜𝑟𝑞𝑢𝑒() = 𝜇 × 𝐵 = 𝜇𝐵𝑆𝑖𝑛𝜃

= 𝜇𝐵 or the torque () becomes maximun 𝑎𝑡 𝜃 = 900 

where μ is the magnetic dipole moment of surface adsorbed Sgr and B = induced magnetic 

field on the Fe3O4 nanoparticle. 

The molecular structure:Sanguinarine ((13-Methyl-

[1,3] benzodioxo [5,6-c][1,3]- dioxolo[4,5-

i]phenanthridin-13-ium) shows the accessibility of the 

quaternary ammonium group for binding with FeNP.  
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 As a result of this induced gigantic magnetic field, L-S coupling for Sgr in the 

perpendicular orientation with the Fe3O4 nanoparticle is the most favourable orientation to 

assist the projected spin interconversion. Along with this high-field-induced intramolecular 

spin-interconversion, there is another mechanism that prevails in the presence of a low 

magnetic field even on the order of 0.01 T and that is known as radical pair mechanism. 

Perhaps this could be the first experimental observation of the theory for the modulation of 

radical pair dynamics by magnetic nanoparticles originally developed by Cohen,318for the 

specific case of a superparamagnetic system.63-65 There the molecule itself on 

photoexcitation can generate a “radical pair with the surrounding molecules including 

solvent” either by donating electrons from its LUMO or accepting electrons to its HOMO. 

Therefore, in water in the presence of citrate ion H-abstraction may be facilitated, which 

will produce an intermolecular geminate radical pair (Sgr-H)··(-H-solvent). If the radical 

pair is formed involving excited singlet Sgr, then the orientation of two spins of the radical 

electrons will be of singlet type that is antiparallel. On the other hand, if the radical pair is 

formed through triplet Sgr, then the orientation of the spins of two electrons will be of 

triplet type. In radical pairs, two molecules are loosely bound by intervening or 

surrounding solvent molecules and undergo diffusion within the solvent cage. During 

diffusion either they can recombine (more with singlet pair) or they can form free radicals 

escaping from the solvent cage (more with triplet pair since there two free electrons are 

with similar spin orientation). However, they can also undergo singlet-triplet 

interconversion (S ↔ T) at an interradical distance where exchange interaction between the 

two free electrons becomes negligible through a hyperfine interaction present in the 

system. The S↔T phenomenon can be suppressed by application of an external magnetic 

field on the order of hyperfine interaction, generated through nuclear spin-electron spin 

coupling (I.S., on the order of 0.01-0.02 T, low field effect) making T± energetically non-

degenerate with respect to S and T0 through Zeeman splitting. Therefore, if initially a 
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singlet radical pair is formed, in the presence of a magnetic field the singlet yield will 

increase, and hence the recombination of the geminate radical pair will increase. On the 

other hand, if initially triplet radical pair is formed, in the presence of a magnetic field the 

triplet yield will increase; that is, the free radical formation will increase. 

4.2 Results and Discussion: 

The experiments are done by taking sanguinarine (Sgr) as a model molecule and 

iron oxide nanoparticle as the model magnetic nanosurface. The synthesis of the Fe3O4 

nanoparticle has been discussed in Chapter 2 Section 2.2.8      

4.2.1 Portrayal of the nanoparticle by Transmission Electron Microscopy (TEM) 

The above-mentioned nanomaterial has been characterized by both TEM and XRD 

study. The bright field TEM imaging of the sample is shown in Figure 4.1B. The average 

size of the nanoparticles is 10 nm in diameter range. Figure 4.1Bshows the HRTEM image 

of the nanoparticles, which confirms the crystalline nature of the magnetic nanoparticles. 

The plane spacing in different directions is calculated from the HRTEM image and has 

been shown in Figure 4.1B1. Figure 4.1B2 shows the selected area diffraction pattern of 

the nanoparticles and the different planes present in the nanoparticles. Figure 4.1C shows 

the EDX spectra attained in STEM mode from TEM study. From the spectra, it is observed 

that the elements present in the sample are Fe and O. To know the exact chemical 

composition of the material, the electron energy loss spectra of our sample is done (Figure 

4.1D). The composition of the material is found through the white-line ratio method. The 

respective maxima of L3 and L2 peaks for Fe are located at 709 eV and 722 eV. Using the 

white- line ratio method, area under the L3 and L2 peak of 2 eV window around the maxima 

is calculated, also the measured ratio is 4.29, which shows the composition of the 

nanoparticle as Fe3O4.
346 
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Figure 4.1: (A) Direction of precession of an electron, with the large arrow indicating the 

external magnetic field and the small arrow showing the spin angular momentum of the 

electron; (B) synthesized FeNP (TEM images); (B1) Individual FeNP (HRTEM image) ; 

(B2) Diffraction Pattern (Acquired Selected Area) of the nanoparticles and the different 

crystal planes present in the nanoparticles; (C) EDX spectra of nanoparticles acquired in 

STEM mode from TEM. (D) Electron energy loss spectra (EELS) of the nanoparticles. 

4.2.2 The measurement of magnetization of the nanoparticle (Isothermal Magnetization 

and the Equivalent Langevin Function Fit.) 

To study the magnetic property of the synthesized Fe3O4 nanoparticles, isothermal 

magnetization measurements are performed at 200 K and 300 K as depicted in (Figure 

4.2A). Both of the M-H curves show negligible hysteresis (coercivity-free or remanence-
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free magnetic hysteresis)173with enormous saturation magnetization of 50.6 emu/g and 47.3 

emu/g at 200 K and 300 K respectively. It is known that on reducing the size of the 

ferrimagnetic particle to the nanometer scale, they may act like individual ferrimagnetic 

entity, i.e., like superparamagnetic materials.347 Therefore, in order to verify the nature of 

the prepared 10 nm Fe3O4 nanoparticles, normalized magnetization (M/Ms) is being plotted 

with H/T and is shown in Figure 4.2A. It is evident from the figure that both the curves 

merge on to a single curve, which signifies the superparamagnetic nature of the particles. 

The nature of the sample can also be explained using the Langevin theory of 

paramagnetism in which the magnetization can be expressed as  

M(H, T) = MS [coth(μPH/KBT) −
KBT

μPH⁄ ] 

where μp is the average magnetic moment of the nanoparticle, T is the temperature, and H 

is the applied magnetic field. Figure 4.2B depicts that the measured M-H data at 300 K 

which fully fits with Langevin’s theory of paramagnetism for the Fe3O4 nanosystem, and 

also again explains the superparamagnetic nature of the nanoparticles.  
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Figure 4.2: (A) The plot of Normalized magnetization (M/MS) as a function of H/T at 

200K and 300K; (B) Magnetization vs applied magnetic field dependence at 300K. The red 

line depicts the Langevin function fit on to the M-H data, and (C1& C2) shows XRD pattern 

of FeNP and FeNP-Sgr complex respectively. 

 

4.2.3 Structural Characterization by XRD method. 

The crystal structure of the nanoparticle and the effect of drug adsorption on the 

nanosurface has been studied by X-ray diffraction (XRD). The XRD patterns obtained for 

both the FeNP and FeNP-Sgr complex are depicted in Figure 4.2, C1 and C2 respectively. 

Obtained XRD patterns again prove the magnetite (Fe3O4) nature of the nanoparticle. Also, 

the unaffected XRD pattern confirms that the association of FeNP with Sgr does not affect 

the redox state of the superparamagnetic nanoparticles. 
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4.2.4 The Ground State Complex Formation between Sgr and Superparamagnetic FeNPs 

and its Stability to Govern the Transient Spin-Trajectory Followed by Photoexcitation 

There exists a known tendency to form ground state complex between 

superparamagnetic nanosurface (iron nanoparticles; FeNP) and the fluorophore (Sgr). It is 

also important to know about their relative population in the excited state. In order to verify 

the formation of any ground state complex between Sgr and FeNP, a differential absorption 

spectroscopy is carried out (Figure 4.3 A, B); i.e., same volume of FeNP solution in 

CH3CN and H2O was added in both sample (Sgr) solution and in reference (CH3CN or 

H2O) cells, which helps to eliminate the individual cause of FeNP (Figure 4.3 C) in the 

overall absorbance. Surprisingly on progressive addition of FeNP in Sgr solution, an 

isosbestic point is achieved at 343.5 nm in CH3CN and 267 nm in H2O, this signifies that 

there exists an equilibrium between Sgr and Sgr-FeNP complex. Moreover, the appearance 

of the isosbestic point for CH3CN at higher wavelength also implies that the ground state 

complex is much more stable in CH3CN solvent compared to H2O. The water molecules 

stabilize the individual Sgr or FeNP much more than their complex (Sgr-FeNP), which is 

also apparent from their time-resolved fluorescence experiments (Figure 4.4A1, B1) 

described later in the subsequent headings. 

 

Figure 4.3: (A and B) The plot of differential absorption spectra of Sgr in the presence of 

superparamagnetic FeNP in CH3CN and H2O respectively (insets shows their respective 

isosbestic points); (C) Plot of  UV−vis absorption spectra of the synthesized FeNP. 
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4.2.5 The Influence of Nanosurface, Donor-Acceptor Proximity, Surface Charge and 

Hydration Dynamics for Transient Spin-Trajectory Modulation 

After the excitation of the ground state complex which regulates the spin-trajectory 

modulated excited state, the triplet-triplet absorption spectra along with their extent of 

fluorescence quenching are measured, separately in CH3CN, H2O, and ethanol (C2H5OH). 

It is observable from Figure 4.4A2 & A3 that both the triplet (T1) yield of Sgr as a whole, 

and its fluorescence intensity decreases on subsequently increasing the concentration of 

FeNPs (5-75 nM) in CH3CN medium. The is also a decrease in fluorescence intensity 

which is a direct measure of the drop of excited singlet species (S1) population on the 

addition of FeNP. The corresponding Stern-Volmer plot, i.e., the plot of relative Sgr 

fluorescence intensity vs FeNP (Figure 4.4A4), is almost a linear fit in the lower 

concentration range of the quencher ( FeNP ) with which time-resolved studies are 

performed. There is quenching due to the formation of a ground state complex is also 

evident from absorption spectra of Sgr in the presence of FeNP (Figure 4.3A, B) this 

phenomenon is reconfirmed from their corresponding lifetime measurements where the  

measured lifetime stays unchanged with a variable concentration of FeNP in CH3CN 

(Figure 4.4A1 and Table 4.1A). hence it is proven that both the excited singlet and 

corresponding triplet yields of Sgr are reduced in the presence of FeNP in CH3CN solution 

due to the ground state complex formation. 
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Figure 4.4: (A1 and B1) Plot of fluorescence decay profile of surface adsorbed Sgr on 

increasing concentrations of FeNP in CH3CN and H2O respectively; (A2 and B2) Plot of 

FeNP concentration-dependent T-T absorption spectra of surface adsorbed Sgr in CH3CN 

and H2O respectively; (A3 and B3) Plot  showing the Trend and extent of fluorescence 

quenching from S1 state of Sgr in presence of varying concentrations of FeNP in CH3CN 

and H2O respectively; (A4 and B4) Stern-Volmer plot of Sgr-FeNP complex as a function of 

increasing concentration of FeNP for CH3CN and H2O respectively; (C) Linear and 

nonlinear Stern-Volmer plot of Sgr-FeNP complex as a function of low concentration 

FeNP in CH3CN and H2O respectively. 
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It is clearly evident from the Figure 4.4B2& B3 that both the triplet (T1) yield of Sgr 

molecule as a whole and the excited singlet (S1) (which is measured by the fluorescence 

quenching experiment) population in  H2O medium decreases with rising concentrations of 

FeNP as it is also observed in CH3CN medium also. If Figure 4.4A2 and B2, are compared 

it is clear that the excited Sgr bears a signature of H abstraction as also evident from earlier 

reports332, this leads to the generation of H-abstracted Sgr, (Sgr-H)·, by producing two 

significant humps near 400 nm (395 and 420 nm) in the transient T-T absorption spectra in 

H2O medium. As the significant absorption strength near 400 nm appears in absence of 

FeNP, it can be considered that the excited Sgr abstracts one H· from the H2O matrix in 

order to generate an intermolecular geminate radical pair (Sgr-H)··OH, and the quantity of 

this radical pair formation reduces with increasing concentration of FeNP because of the 

intramolecular (Sgr-FeNP-NaOOC-Cyt) hydrogen transfer between the citrate ion and the 

geminate radical pair [(Sgr-H)··(OOC-Cyt)] on the same FeNP-surface. Though it cannot 

be disregarded that there is a possibility of formation of a geminate radical pair (Sgr-

H)··(N=C=CH2) in CH3CN as clearly evident from the weak humps near 400 nm in the 

excited state transient T-T absorption spectra, the formed ion pair shall recombine very fast 

because of the absence of solvent stabilization. Furthermore, the extent of H abstraction is 

comparatively low in the case of CH3CN due to the lower stability of the solvent separated 

radical pair in absence of hydrogen bonding. Lack of the geminate radical pair (Sgr-

H)··(N=C=CH2) stability along with the unchanged intramolecular (Sgr-FeNP-COONa-

Cyt) hydrogen transfer decreases the 400 nm humps in a comparatively fast rate as clearly 

evident from Figure 4.4A2, which further supports our mechanistic explanation. Moreover, 

twice high average fluorescence lifetime, τ, of Sgr in CH3CN compared to H2O (Table 

4.1A, B) signifies a more stable nature of the excited singlet state of Sgr in an aprotic 

solvent. 
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Table 4.1: (A and B) Represents the details about the lifetime components of Sgr as a 

result of adsorption on magnetic nanosurface in CH3CN and H2O medium respectively. 

Sample in CH3CN  (ns) χ 2 

65 µM Sgr 4.99 1.09 

Sgr +5 nM FeNP 4.97 1.01 

Sgr +10 nM FeNP 4.93 1.00 

Sgr +15 nM FeNP 4.91 1.01 

 

 

 

 

 

 

 

 

 

The nonlinear Stern−Volmer plot and the biexponential decay profiles of fluorescence 

lifetime (Figure 4.4B1,B4) in H2O mediumgeneratetwo-lifetime values, τ1 and τ2. That 

supports the H-abstraction followed by geminate recombination with static fluorescence 

quenching of Sgr in the lower concentration range of FeNPs (Table 4.1B) at which we 

have done our time-resolved studies. The τ2 component is of a longer-lifetime with higher 

percentage contribution and it does not change substantially with the addition of FeNPs. 

Therefore it bears the signature of static quenching. Whereas, the τ1 component in the order 

of several picoseconds as well as with a very low percentage contribution possibly depicts 

the dynamic quenching due to the fluctuation between the molecule Sgr and the geminate 

Sample in H2O τ1 (ns) τ2 (ns) B1 B2 χ 2 
Average   Lifetime 

(ns) 〈𝜏〉 

65 M Sgr - 2.36 - - 1.01 2.36 

Sgr +5 nM 

FeNP 

0.08 2.33 1.50 98.50 1.00 2.33 

Sgr +10 nM 

FeNP 

0.05 2.34 4.33 95.67 1.04 2.34 

Sgr +15 nM 

FeNP 

0.04 2.34 5.77 94.23 1.04 2.34 

(A) 

(B) 
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recombined form. Sgr-(H··OOC−)Cyt, in S1 states and the contribution of geminate radical 

pair, (Sgr-H)··OH, in the T1 state is negligible due to its expected longer lifetime. The 

relative contribution of dynamic part with respect to the static part of total fluorescence 

quenching increases when concentration of FeNPs is increased (as quencher) as clearly 

observable from Figure 4.4B4, which indirectly shows the increased rate of conversion 

from the geminate radical pair, (Sgr-H)··OH, in the T1 state to the geminate recombined 

state, Sgr-(H··OOC−)Cyt, in the S1 state. Because of a favourable transition from S1 to S0 

in presence of a higher amount of FeNPs, a gradual reduction of the faster component (τ1) 

of the excited state lifetime is observed. Kinetics of geminate radical recombination (S1) is 

much faster compared to the corresponding internal conversion (IC)-based relaxation348. τ1 

is dependent heavily on the close proximity between donor [D: (Sgr-H)·] and acceptor [A: 

·(OOC-Cyt)]. As the amount of FeNPs is increased, proximity between D and A also 

increases to increase the extent of geminate recombined S1 state (increased from 1.5% to 

5.8%) to relax the energy in a faster rate (allowed S-S transition), which is in good 

agreement349with the reduction in fluorescence lifetime data shown in Table 4.1B. To 

substantiate this phenomenon, the experiments were cross-checked using a femtosecond 

fluorescence upconversion technique. The fluorescence decay profiles for Sgr in absence 

and presence of a variable concentration of FeNP in CH3CN and H2O medium are shown 

in Figure 4.5, panels A1 and B1 and the corresponding fluorescence lifetime components in 

CH3CN and H2O medium are listed in Table 4.2, A1 and B1 respectively. It is evident from 

Table 4.2A1, B1 that the fluorescence lifetime of Sgr molecule in the femtosecond (τ1) and 

picosecond (τ2) time scale decreases drastically on the addition of FeNPs in H2O medium. 

Then again, when the experiments were carried out in CH3CN medium those components 

are hardly affected on the addition of FeNPs. Thus, it may be said that the prevailing H2O 

molecules by faster hydration dynamics350 can stabilize the individual geminate 



90 | P a g e   

recombined S1 energy state by the intramolecular hydrogen transfer between the geminate 

radical pair [(Sgr-H)··(OOC-Cyt)] and citrate ion on same FeNPs surface. 

 

Table 4.2: (A and B) The lifetime components of Sgr due to the adsorption on nanosurface 

in CH3CN and H2O respectively. 

 

Figure 4.5A2, A3 and Figure 4.5B2, B3 represents the decay profiles of Sgr molecule in 

presence of FeNPs in absence and presence of an external magnetic field at 360 nm and 

410 nm in CH3CN and H2O respectively. Likewise, Table 4.2A2, A3 and Table 4.2B2, B3 

show the triplet lifetime of Sgr in the presence of FeNPs in the absence and presence of an 

external magnetic field at 360 and 410 nm in CH3CN and H2O medium respectively. In 

CH3CN, there are two components of lifetime at 5.59 and 0.059 μs and 0.053 and1.56 μs at 

360 nm and 410 nm respectively in the absence of an external magnetic field. In presence 

of an external magnetic field, an overall increase in a lifetime is found for all the 

components. The overall increase in lifetime may be due to the L-S coupling, which 

induces S ↔ T interconversion. Though it is very fast (i,e in the ps timescale), the final 

effect is the increase in lifetime of triplet species in presence of external magnetic field as 
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the triplet (with microsecond lifetime scale) is much more energetically stable than the 

corresponding excited singlet state (with ns lifetime scale). 

 

Figure 4.5: (A1 and B1) Decay profile of fluorescence lifetime of Sgr molecule in absence 

and presence of increasing concentration of the FeNPs in CH3CN and H2O medium 

respectively; (A2 and A3) biexponential decay profile of the excited triplet state of Sgr-

FeNPs complex in the absence and presence of an external magnetic field in CH3CN and 

(B2 and B3) in H2O medium respectively. 

            Alternatively, in case of H2O medium, one of the lifetime components at 410 nm 

reduces in presence of an external magnetic field and that is due to the reduction in the 

generation of free radicals (as discussed previously) following the radical pair mechanism. 

Though, the lifetime of the species at 360 nm (It is the signature of triplet Sgr) remains 

almost unchanged in the low concentration range of FeNPs, where radical pair mechanism 

dominates over L-S coupling based mechanism. The magnetic field effect on the geminate 

radical pair is the interplay among diffusion dynamics (which makes exchange interaction 

negligible), spin dynamics and geminate recombination (for the singlet radical pair) or free 

ion formation (for the triplet radical pair) as discussed in detail in the subsequent section of 

discussion. Though this is a nanosecond phenomenon, homogeneous recombination of 
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radicals takes place in the microsecond time scale that is being observed in the laser flash 

photolysis experiments. 

Because of the lack of stability of the magnetic FeNP linked with Sgr, it is not feasible to 

carry out the experiments with different nonpolar organic solvents. Moreover, due to the 

big difference in dielectric constant of H2O and CH3CN solvents, which accounts for the 

effect of polarity in all possible polar solvents, but the discussion here has been limited 

within these two solvents to keep it coherent. In order to take away the ambiguity related to 

solvent effect, similar experiments are carried out with another protic polar solvent, i.e., 

ethanol (C2H5OH), C2H5OH solvent is having a dielectric constant very close to CH3CN 

medium (εCH3CN: 37.5, εC2H5OH: 24.5, εH2O: 80.0) but it exhibits hydrogen bonding ability 

similar to that of H2O. The biexponential decay profile of the excited triplet state of Sgr-

FeNP complex both in absence and presence of an externally applied magnetic field in 

C2H5OH medium is shown in Figure 4.6 A, B. It is clear from the excited triplet statedecay 

profile of Sgr-FeNP composite in C2H5OH (Table 4.3) that there is the whole increment of 

lifetime both for 360 nm as well as 410 nm in presence of an external magnetic field. This 

indicates that the triplet yield is increased with the presence of an externally applied 

magnetic field as observed both for CH3CN and H2O medium (Figure 4.7A, B). This 

however directly proves that irrespective of the solvent polarity, an induced magnetic field 

can cause the S ↔ T conversion.  

 

Figure 4.6: The plot of biexponential decay profiles of the excited triplet state of Sgr-FeNP 

in absence and presence of magnetic field (0.08T) at 360 nm (A) and 410 nm (B). 
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Table 4.3: Components of the biexponential decay profiles at (A) 360 nm and (B) 400 nm 

in C2H5OH medium. 

 

 

Figure 4.7: (A and C) The plot of T-T absorption spectra and the respective modulation of 

the transient spin state of Sgr molecule in presence of variable FeNPs concentration in 

presence of constant low external magnetic field (0.08T) in CH3CN and H2O respectively; 

 

4.2.6 Efficient Transient Spin-Trajectory Modulation by Single-Domain 

Superparamagnetic Moment-Driven Spin Interconversion 

To reduce the internal energy,351 magnetic alignment of individual constituent 

atoms gets randomized in a single domain ferrimagnetic nanomaterial to behave like a 

paramagnetic particle rather than a ferrimagnetic particle where the resultant magnetic 

moment of individual domains are aligned in a particular direction. Due to this random 
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orientation of the magnetic moments of the individual atoms in a boundary-less single-

domain crystalline paramagnetic material, the resulting magnetic moments for both the 

paramagnetic and diamagnetic nanomaterial are comparable in the absence of an externally 

applied magnetic field. The ultimate trajectorial fate of the transient excited state mainly 

dependent upon the surface charge of the matrix on which the molecule of interest is 

adsorbed and the polarity of the medium in which the photoexcitation is performed. On the 

contrary, low external magnetic-field-induced, magnetic moment alignment of individual 

constituent atoms arranged inside a single-domain on a superparamagnetic nanosurface 

makes them much different from the diamagnetic materials to produce a large-field 

magnetic moment on the magnetic nanosurface which in turn makes the effective 

intramolecular (through L-S coupling) spin-trajectory modulation. The gradual increase of 

triplet optical density (∆O.D) in the presence of an externally applied magnetic field 

(0−0.08 T) as observed in Figure 4.8A gives indication of the larger contribution of the L-

S coupling to transfer efficiently the excited state population from S1 to T1 energy state in 

presence of an induced high magnetic field by magnetic nanosurface. 

 

Figure 4.8: Plot of (A) Triplet absorbance (O.D.) as a function of externally applied low 

magnetic field (in Tesla unit) in CH3CN and (B) Induced magnetic moment vs external 

magnetic field (in Tesla unit) in vacuum at 300K. 
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Efficient S ↔ T trajectory modulation has again been verified by a gradual enhancement of 

Sgr triplet yield (Figure 4.7 A1−A3) in CH3CN medium with increasing the concentration 

of FeNPs in the presence of an external low magnetic field (0.08 T) and that is monitored 

by using laser flash photolysis through triplet-triplet (T-T) absorption. Similar sets of 

experiments have also been done using a 25 nm diameter TSC-capped plasmonic gold 

nanoparticle (AuNP) which is a single crystal diamagnetic nanomaterial and it does not 

show a considerable extent of increment of triplet yield for comparable concentration (15 

nM) of AuNPs under the influence of the same magnitude (0.08 T) of external low 

magnetic field (Figure 4.9).  

 

Figure 4.9.The plot of excited state T-T absorption spectra of Sgr-AuNP composite in the 

presence (red-line) and absence (black-line) of a magnetic field of magnitude 0.08T. 

The comparable surface adsorption property of Sgr on both FeNPs and AuNPs can 

be substantiated from their fluorescence quenching properties by monitoring their 

fluorescence intensity. Both Fe and Au nanoparticle show almost a similar pattern of 

quenching in fluorescence with comparable quenching constant as the concentration of 

nanoparticles is increased. That indirectly verifies that both FeNP and AuNP show a 

similar adsorption property toward the surface attached Sgr molecule (Figure 4.10).   
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Figure 4.10: Fluorescence quenching trend and extent from the S1 state of Sgr molecule 

with variable concentration of (A) FeNPs and (B) AuNPs in H2O medium. (A1 and B1) The 

corresponding Stern-Volmer plot of Sgr-FeNP complex (red) and Sgr-AuNP (black) 

complex with the concentration of FeNPs and AuNPs. (A2 and B2) Shows the 

corresponding quenching constants in presence of a lower concentration of FeNPs and 

AuNPs respectively. 

          To figure out the effect of an external magnetic field on Sgr in absence of magnetic 

nanoparticle FeNP, the T-T absorption experiments have been carried out both in CH3CN 

and H2O media and presented as Figure 4.11 (A) and (B) which show no considerable 

effect on the triplet yield of Sgr in absence of FeNPs but in presence of the same external 

magnetic field. This indirectly verifies the excellence of the hypothetical large magnetic 

moment induced enhanced triplet spin trajectory population.  
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Figure 4.11: The plot of excited state T-T absorption spectra of Sgr molecule in (A) H2O 

and (B) CH3CN medium in the presence (red-line) and absence (black-line) of an external 

magnetic field of 0.08T. 

          Experimentally it is observed that the presence of 0.08 T external magnetic field can 

produce a considerable enhancement in induced magnetization within the ferrimagnetic 

nanoparticles (Figure 4.8B). Besides its induced large magnetic field, the absence of 

domain boundary permits these single-domain ferrimagnetic nanoparticles to develop a 

very strong internal magnetization due to the exchange coupling of electrons within the 

magnetic domain in presence of an external magnetic field and thus it becomes 

superparamagnetic. Superparamagnetic materials do not retain any net magnetization once 

the external field is removed, so these single-domain ferrimagnetic materials act as 

superparamagnetic particles without any magnetic memory. Hence, these types of materials 

are beneficial for switching ON-OFF of a magnetic field effect. 

          As a continuation with the previous section, when similar type of experiments are 

done in H2O medium, the above phenomenon will also exist; i.e., the S1 state to T1 state 

transition of Sgr is enhanced due to a large induced magnetic field of the order of Tesla on 

the superparamagnetic FeNP surface which will enhance the T-T absorbance of Sgr 

molecule and it is clearly observable from Figure 4.7B1−B3. Comparison of Figure 4.7A, 

B clearly shows that at a lower concentration of FeNPs in the presence of a low external 



98 | P a g e   

magnetic field the relative triplet yield of Sgr molecule in CH3CN medium is much higher 

than that in H2O medium.  

          As described in the earlier section, the H-abstraction of Sgr molecule in H2O medium 

from the matrix, without or with the addition of FeNPs produce a T-T absorption hump at 

400 nm and that is supported well by the transient absorption spectra of Sgr molecule. That 

is not identical with those obtained in CH3CN medium where the Sgr molecule undergoes 

H- abstraction from the CH3CN medium in a more difficult way because of lack of stability 

of the geminate radical pair in absence of hydrogen bonding. Additional support in favour 

of hydrogen abstraction mechanism for the presence of two significant humps near 400 nm 

(individually at 395 and 420 nm) is in the T-T transient spectra as apparent from the 

recorded time delayed transient spectra (Figure 4.12). It is also evident from Figure 4.12 

that as the delay time between pump and probe pulse is increased between 0.5 to 4.9 μs, the 

corresponding intensity of humps responsible for the radical formation through H-

abstraction also decay progressively. 

 

Figure 4.12: The plot of time-delayed transient (excited triplet state) absorption spectra of 

Sgr. The time delay between pump and probe pulse ranges between 0.5 to 4.9s. 
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          To show the origin of two humps near 400 nm really come from effective H 

abstraction and not from the signal fluctuation, the T-T absorption spectra of Sgr have 

further been recorded in the absence of external magnetic field in H2O medium at a higher 

resolution i,e 5 nm data point and that has been compared with the same, obtained at low-

resolution,i.e 10 nm data point in the transient spectra, shown in Figure 4.13 (A) and (B). 

The decrement of hump intensity with the increase of delay time and the persistence of 

humps near 400 nm at high-resolution T-T spectra directly shows that the obtained 

significant humps near 400 nm are the proof of transient species not initiated from noise; 

then they might have revealed the fluctuating nature instead of a gradual reduction. 

 

 

Figure 4.13: (A) The plot of low-resolutioni,e 10 nm data point and (B) high-resolution,e 

5 nm data point,  T-T absorption spectra of Sgr molecule in absence of magnetic field in 

H2O medium with noticeable humps in the 400 nm region. 

          The solvent polarity and the hydrogen bonding ability of the neighbouring solvents 

show a key role in regulating the ultimate products. To find out the role of excited state and 

the corresponding lifetime for the photo-induced therapeutic activity, these experiments 

have been performed in H2O as the solvent medium. Furthermore, to explore the 

importance of solvent polarity and the hydrogen bonding ability for effective spin-

trajectory modulation, it has been compared with the results with three solvents: one is 

polar aprotic, i.e., acetonitrile (CH3CN), one polar protic solvent, i.e., H2O and another 



100 | P a g e   

solvent is ethanol. The polarity of EtOH is comparable with H2O whereas the dielectric 

constant is comparable with CH3CN. It has been observed that the radical formation is 

negligible in CH3CN medium (Figure 4.4.A2), moderate in EtOH medium (Figure 4.14.), 

and maximum with H2O medium (Figure 4.4.B2). The T-T absorption spectra of surface 

adsorbed Sgr molecules in C2H5OH medium in Figure 4.14 explain the role of radical 

formation. To clarify the role of solvents with different polarity on a radical formation, MD 

calculations are done which showed that water can make a solvent cage surrounding Sgr 

molecule, which causes maximum hydrogen abstraction due to the formation of stable free 

radicals. 

 

 

Figure 4.14: The plot ofFeNP concentration-dependent T-T absorption spectra of surface 

adsorbed Sgr molecule in Ethanol medium. 

Alternatively, in CH3CN medium, the force developed due to Coulomb interaction 

is maximum, that favours the recombination of the geminate radical pair. In ethanol 

medium, although the van der Waals force is maximum, even then due to the lesser 

hydrogen bonding ability the stability of the individual radicals reduces, as the solvent cage 
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formed surrounding Sgr molecule is not as rigid like that formed by H2O molecules. The 

contribution of both the van der Waals and Coulombic forces in the solvation of the Sgr 

molecule has been tried to be predicted by the MD simulation results. Figure 4.15. A1 

displays the van der Waals interaction energy of the Sgr molecule with the solvents over 

the simulation time in a statistical ensemble. Figure 4.15.A2 illustrates the contribution of 

Coulombic energy in the solvation of the Sgr molecule. The time average data of both the 

van der Waals and Coulombic forces are plotted in Figure 4.15.A3 and enlisted in Table 

4.4. The MD simulations results could highlight these dominant non-electrostatic forces in 

Sgr molecules solvation. The van der Waals interaction energy has been found to change 

significantly from solvent to solvent. Solvent cage formation has been observed in the 

trajectory shown in figure 4.16. H2O molecules can form stable hydrogen bonded solvent 

cage surrounding the Sgr molecule but no significant caging is observed in the case of 

solvent EtOH. In contrast to that, CH3CN being aprotic, solvent cage formation is not 

present. Such a solvent cage formed as a result of hydrogen bonding may further stabilize 

the aggregates of Sgr molecule. Table 4.4.B shows the H bonding tendencies of Sgr 

molecule with the solvents. It shows a significant number of H bonds formation with 

solvent H2O. For most of the simulation time, Sgr molecule remains H bonded with H2O 

whereas EtOH shows only a slight amount of hydrogen bonding transiently. 
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Figure 4.15: The plot of MD simulation to know the contribution from (A1) van der Waals, 

(A2) Coulombic, (A3) total electrostatic and non-electrostatic forces in the solvation of Sgr 

molecule in different solvents, (B) Hydrogen bonding tendencies of Sgr molecule with the 

different solvents. 

Table 4.4: Table showing the time-averaged energetics for different electrostatic and non-

electrostatic forces in different solvents. 
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Figure 4.16: Solvent cage formation around Sgr in (A1-A3) H2O, (B1-B3) EtOH and (C1-C3) 

CH3CN medium 0, 600 and 1200 ps time frame. 

          The experimental observation supports facile hydrogen abstraction by Sgr from the 

protic solvent like H2O (two significant humps near 400 nm (395 and 420 nm)) and 

moderate hydrogen abstraction from C2H5OH (humps with moderate intensity) while 

negligible abstraction from CH3CN (humps with diminished intensity). In presence of 

lower concentration of FeNPs in H2O medium under the influence of low external 

magnetic field (0.08T) it is observed that the absorbance around 400nm decreases, however 

there prevails the signature of overall increase in triplet yield throughout other wavelength 

regions as obtained in CH3CN medium. As the stability of geminate radical (Sgr-H)··OH) 

recombined state (S1) is much more in H2O medium, production of geminate radical pair 

(T1) in the triplet state and the corresponding T-T transient absorbance at 400 nm shall 

always be low compared to that of CH3CN medium as clearly seen from the experimental 

results (Figure 4.7 A, B). The decay profile for the radicals (by exciting them at 360 and 
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400 nm, that is close to the radical extinction maximum) of the excited triplet state of Sgr- 

FeNP complex in Figure 4.6 A2-A3 and Figure 4.6 B2−B3 shows marked reduction in 

energy relaxation (i.e. increment in triplet lifetime) in the presence of an magnetic field in 

CH3CN medium. In other words, the applied external magnetic field can change the spin 

trajectorial fate of the solvent dynamics by selectively stabilizing either the geminate 

radical pair or the geminate recombinant. When Compared to CH3CN medium, in the 

presence of lower concentration of FeNP, the decay profile in H2O medium exhibits no 

significant change in triplet lifetime on application of a magnetic field perhaps due to the 

greater stability of the geminate recombined state in H2O which helps the magnetic field 

induced singlet-triplet interconversion (S ↔ T) following the radical pair mechanism, this 

indicates that if the spin correlation of the geminate radical pair is of singlet type, then on 

application of a magnetic field the corresponding triplet yield, i.e., formation of free 

radical, will decrease. However, in the presence of an excessquantity of FeNP, 

enhancement of triplet yield of Sgr through the L-S coupling outweighs over the decrease 

in free radical formation by a radical pair mechanism. Therefore, an overall increase in 

triplet-triplet absorption of Sgr is seen in the presence of FeNP as depicted in Figure 4.7B3. 

Also a high magnetic field induction within the single domain ferrimagnetic nanoparticle 

(or boundary-less paramagnetic nanoparticle) shall act as a superparamagnetic nanosurface 

under the influence the switchable on-off spin rephasing of the surface adsorbed molecules 

by highly efficient spin-orbit (L-S) coupling to control their overall transient spin trajectory 

distribution with a significantly measurable contribution from solvent polarity. This high 

throughput spin-trajectory modulation can find several useful applications such as electron-

hole recombination in organic conductors,352, 353 molecular state lifetime to control the drug 

release efficiency, radical reactions and their separation even their stability which controls 

crucial biochemical reactions.  
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4.3. Conclusions: 

The effective manipulation of the excited state transient spin trajectory of a surface 

adsorbed molecular (here Sgr) system can easily been done by utilizing a low external 

magnetic field (less than 0.1 T) induced single-domain magnetic moment alignment of the 

constituent atoms on a ferrimagnetic single crystalline nanoparticle surface that will act like 

a magnetic memory-less superparamagnetic particle which is programmable with ability of 

magnetic field ON-OFF switching. Found results clearly show that the high-field-induced 

L-S coupling with a significantly measurable contribution from solvent polarity can control 

the overall transient spin trajectory distribution. Relative spin trajectory distribution and its 

resultant modulation not only depend on the localized large magnetic field strength but can 

also be fine-tuned by controlling the solvent polarity and the hydrogen bonding induced 

solvent stabilization. Obtained results also provide one of the rare experimental 

observations of transient spin trajectory modulation in differential magnetic field strengths 

in a nearfield configuration. 
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CHAPTER-5 

Differential Photophysical Behaviour of the Iminium and Alkanolamine 

form of Chelerythrine and Sanguinarine on Superparamagnetic Nano 

surface     

Outline: Points to be discussed 

❖ Superparamagnetic nanosurface modulated photophysics of the iminium and 

alkanolamine form of chelerythrine. 

❖ The comparative excited state photophysical study of the iminium and alkanolamine 

form of chelerythrine and sanguinarine. 

❖ Theoretical explanation of the obtained result.   
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5.1 Introduction: 

          In the previous chapter (Chapter-4) an interesting excited state photophysical 

pathway modulation have been shown of the prototype anticancer drug sanguinarine (Sgr) 

in presence of the Fe3O4 nanosurface. There ithas been shown that a large magnetic field 

antenna can be generated by a single domain superparamagnetic Fe3O4 nanosurface in 

presence of a low external magnetic-field (0.08T) on the nanosurface adsorbed molecules. 

The magnetic nanosurface can enforce the transient spin-trajectory modulation through 

S1→T1 interconversion of surface adsorbed sanguinarine (Sgr) molecule, through the 

enhanced population of the spin-rephased component in the triplet nondegenerate state. The 

superparamagnetic moment helps to achieve the lowest potential energy between Sgr and 

Fe3O4 nanoparticle by orienting their magnetic moment in the same direction instead of the 

random angle in presence of external low (0.08T) magnetic field for the favourable 

orientation to assist the projected spin interconversion.239 

In this chapter, the photophysics of another anticancer drug chelerythrine 

(Chel)hasbeen studied. Chel and Sgr are very much similar in their structure and a 

functional group, but Chel differs from Sgr in its structural rigidity. Chel is more flexible 

than Sgr due to its open alkyl chain,unlike Sgr which has closed five-membered group at 

the end.  

 

 

Chel is also a natural benzophenanthridine alkaloid like Sgr and it has a strong nucleic acid 

binding ability.230, 354, 355It can exist as a positively charged iminium form and neutral 

alkanolamine form.354 The charged iminium form is the nucleic acid binding moiety354 and 

Molecular Structure: Chelerythrine (1,2-dimethoxy-

12methyl[1,3]benzodioxolo[5,6-c]phenanthridin-12-

ium)  
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the neutral alkanolamine form has the affinity to functional proteins.354Chel has anticancer 

activity356-358and it is a potent, selective and cell-permeable protein kinase C inhibitor in 

vitro.225, 359, 360Along with these, it has inhibitory effects on various tumours.361, 362It has 

been shown to induce necroptosis in TSC2-deficient cells through a novel oxidative stress-

dependent mechanism or via formation of free radicals with unpaired spin.363 

     In recent time with the advent of nanotechnology,nanoparticles are extensively used as a 

smart carrier of several important molecules or drugs. The nanoparticle-based drug delivery 

systems are used to alter drug distribution, target desired cells and control the release of 

chemotherapeutic drugs. The nanoparticles can be effectively designed to be either passive 

or active targeting agent.364-366The magnetic nanoparticles (FeNPs), especially 

superparamagnetic iron oxide nanoparticles (Fe3O4), can offer a favourable platform for 

drug targeting under the effect of external magnetic field and have shown great potential 

applications as drug carrier in cancer therapeutics towards the improvement of their 

therapeutic efficacy.367-372Cao, L.et al. have used Fe3O4@OCMCS-Chel as an 

activetumour-targeting system where magnetic Fe3O4@OCMCS nanoparticles act as the 

carrier and Chel as the model anti-tumour drug.373It is also reported that the Chel and Fe3O4 

loaded multi-walled carbon nanotubes (Fe3O4/MWNTs-Chel nanocomposites) can target 

hepatocytes when treating malignant tumours.374 In addition to that the in vitro cytotoxicity 

studies of Chel revealed that the Fe3O4/MWNTs-Chel nanocomposites showed an efficient 

inhibition rate to HepG2 cell line and exhibited lower cytotoxicity to LO2 cell line in 

comparison to the native Chel.375Therefore, the multifunctional Fe3O4-Chel 

nanocomposites should be a useful and promising candidate for the treatment of malignant 

tumours .376 

 Now to understand the action of a drug attached with a nanosurface it is very 

important to know the actual mechanistic pathways. In this chapter,the main target is the 
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excited state photophysical pathway of Chel upon laser irradiation on magnetic 

nanomaterial Fe3O4 surface. It is very interesting to observe that the two isomeric forms 

i.e., the iminium and the alkanolamine form of Chel differ much in their drug activity. 

Moreover, despite being similar in structure and functionality between Chel and Sgr, they 

differ much in their drug activity.220, 375-379 As they are anticancer drugs and well known to 

work via reactive oxygen species (ROS) generation380-383and ROS are the species with 

unpaired spin, therefore, the spin dynamical study of the molecules becomes very 

important for developing knowledge on the working principle of the drug on nanocarrier 

surface upon laser irradiation. In this chapter,I have discussed the difference between the 

excited state photophysical pathways of the iminium and alkanol amine forms of Chel on 

Fe3O4 surface in water and ethanol medium. Moreover, a comparative study supported by 

DFT calculations has been attempted to find out the role of structural rigidity of molecules 

on their photophysical pathways.  

5.2 Results and Discussion: 

It has been mentioned earlier that Chel exists in two forms, the iminium form and 

the alkanolamine form. The iminium form predominates over the alkanolamine form in 

water (H2O) whereas the reverse is true in ethanol (EtOH) (Fig 5.1).384 

 

Figure 5.1: The iminium and alkanolamine form of Chel in H2O and EtOH medium 

respectively. 

H2O and EtOH both are polar and protic solvents. However the dielectric constant of H2O 

(ε=80.1) is quite higher than EtOH (ε=24.5).On the other hand, the hydrophobicity of 
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ethanol is greater than water. Figure 5.2 depicts the UV-Vis absorption spectra of Chel in 

H2O and EtOH respectively which support the predominance of iminium or alkanolamine 

form in the respective solvent. For the presence of iminium form in water, the absorption 

maxima comearound 267 nm, 316 nm, and 338 nm along with a broad peak centred on 420 

nm. On the other hand, the absorption spectrum of alkanolamine form, which predominates 

in ethanol, lacks the small hump at 338 nm. With a lower concentration of Chel (bellow 5 

µM)the broad hump around 410 nm appears, however with an increase in concentration a 

broad hump centred around 420 nm and grows up subsequently. The broad hump near 420 

nm is from the aggregation or dimer formation of the molecules at higher concentration. It 

is reported earlier that these group of molecules can form dimer.385 

 

Figure 5.2: UV-Vis absorption spectra (A) of the iminium and the alkanolamine form of 

Chelerythrine (Chel) in H2O and EtOH medium (B) with increasing concentration of the 

drug in EtOH medium. 

Figure 5.3 shows the fluorescence spectra of Chel in H2O and EtOH with a low 

concentration of Chel (5.0 M) where excitation wavelength is 340 nm.  With a lower 

concentration of Chel, a single fluorescence peak appears around 440 nm and 586 nm for 

the alkanolamine and the iminium form in the EtOH and H2O medium respectively.  
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Figure 5.3: The fluorescence spectra of Chel in H2O and EtOH medium at lower 

concentration (5M). 

However, with the increase in the concentration of Chel (after 14.5µM) in ethanol, the 

rising peak around 440 nm starts diminishing with the generation of a new peak around 560 

nm and an isoemissive point at  495 nm. The fluorescent species at 560 nm also supports 

the dimer formation of Chel and the isoemissive point is representing the equilibrium 

between the two forms. However extensive spectroscopic work has not been reported 

earlier on this aspect. 

 

Figure 5.4: Change of fluorescence spectra on increasing the concentration of Chel from 

5M to 60M in EtOH medium. 
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Therefore, for clarification, the corresponding fluorescence lifetime hasbeen measured of 

Chel in ethanol medium with increasing concentration. However, Table 5.1 depicts that the 

fluorescence lifetime of Chel does not change with its increasing concentration. 

Table 5.1: Fluorescence lifetime of Chel on increasing the concentration of the drug in 

EtOH medium. 

 

Therefore, it is inferred that the dimerization of Chel occurs in its ground state and not in 

the excited state.  

 

Figure 5.5: The triplet-triplet absorption spectra of Chel in (A) H2O and (B) EtOH medium 

respectively in presence and absence of external magnetic field. 

 

Now it has been reported that the Chel type of molecules (e.g., Sgr) can undergo hydrogen 

or hydroxyl radical abstraction from H2O or EtOH forming a geminate radical pair239with 

Chelerythrine  τ1(ns) τ2(ns) 

11µM 2.77 - 

                22 µM  2.77 4.12 

33µM 2.77 4.113 

                50µM  2.74 4.119 
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triplet spin configuration (ChlOH●↑ ↑●H(-OH)) or (ChlOEt●↑ ↑●H(-OEt)). Formation of 

triplet radical pair is supported by its transient absorption spectrum (Figure 5.5) where the 

absorbance around 420 nm and 620 nm increases in presence of a low magnetic field 

(~0.08 Tesla), compared to that in absence of magnetic field. In the previous chapter it has 

been reported that the stability of the radical pair is lesser in ethanol compared to water for 

benzylisoquinoline group of alkaloids, e.g., sanguinarine, etc. due to the difference in 

hydrogen bonding ability and solvent cage formation to stabilize the produced radicals.The 

same is true for Chel also as obtained from the theoretical observation (Fig 5.6). 

 

Figure 5.6: Changes in the number of H bonds with solvents (H2O and EtOH) over time. 

 

5.2.1 Complex formation between Chel and superparamagnetic Fe3O4 nanosurface and 

its stability to govern the transient spin-trajectory followed by photoexcitation   

On addition of 10 nm sized citrate-capped superparamagnetic Fe3O4nanoparticle, as 

synthesized using a reported protocol242, the fluorescence intensity of Chel quenches but 

without any change in fluorescence lifetime in both the solvent, which depicts (Figure 

5.7)that both the iminium and alkanolamine form of Chel becomes associated with FeNPs 

in the ground state. 



114 | P a g e   

 

Figure 5.7: Quenching of fluorescence intensity on gradual addition of FeNP in (A) H2O 

and (B) EtOH medium respectively. 

Quenching of fluorescence intensity indicates the reduction of singlet yield in 

presence of FeNP which in turn decreases the triplet yield. Like singlet fluorescence yield 

the triplet yield of Chel also reduces in presence of FeNPs in both the solvents (Figure 

5.8). 

 

 

 

 

 

Figure 5.8: FeNP concentration-dependent T−T absorption spectra of surface adsorbed 

Chel in (A) H2O and (B) EtOH respectively. 

However, on the application of an external magnetic field, the triplet yield of Chel attached 

with Fe3O4 increases, but only in H2O and not in EtOH (Figure 5.9).There is no significant 

change in triplet yield of Chel on Fe3O4 surface in presence of magnetic field when it is 

dissolved in ethanol.In presence of the external magnetic field, the magnetic moment 

aligned large-field superparamagnetic field on FeNPs can orient Chel molecules attached 
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on nanosurface towards the direction which favours singlet-triplet interconversion (S  T) 

preferably while Chel is caged by water molecules. Therefore, the transition from ground 

singlet to excited singlet state followed by intersystem crossing to a corresponding triplet 

state is enhanced which increases the triplet-triplet absorption of Chel associated with 

FeNPs in presence of an external magnetic field. But if the competition between the radical 

pair mechanism and L.S coupling based mechanism is considered then the iminium form is 

expected to show lesser triplet yield than the alkanolamine form. 

 

Figure 5.9: Excited state transient absorption spectra of Chel on FeNP nanosurface in (A) 

H2O and (B) EtOH medium respectively.   
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Figure 5.10: Excited state transient absorption spectra of (A) Sgr in ethanol medium, Sgr on 

FeNP surface at (B1) 5nM (B2) 10nM and (B3) 15nM concentration. 

It is also quite surprising to note that although sanguinarine (Sgr) belongs to the same 

group of Chel, i.e. benzylisoquinoline, however in the presence of external magnetic field 

the extent of S  T interconversion, hence the increase in overall triplet yield, is lesser for 

Chel compared to Sgr attached on the FeNP surface in EtOH medium (Figure 5.10).. The 

DFT calculations are carried out to find out whether the difference in geometry between the 

molecules is responsible for such discrepancy.  

5.2.2 MD Simulation to understand the role of difference in geometry between the 

molecules on the extent of S  T interconversion 

Radical formation in different solvents optimized geometries of Chel (iminium) and 

Sgr (iminium) along with their dipole orientation is shown in Figure 5.11 and Figure 5.12. 
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The dipole moment vectors are shown with a red arrow. In Chel,the  dipole vector is out of 

the plane whereas, in Sgr, dipole vector is in the plane of the molecule.  

 

 

 

 

 

 

Figure 5.11: Optimized geometries of Chel (left) and Sgr (right). 

 

In the alkanolamine forms, the dipole vector was found to be projected out of the plane 

(Figure 5.11). 

   

Figure 5.12. Optimized geometry of the alkanolamine form of Chel (top view in the left and 

side view in the right). The dipole vector is shown with the red arrow. 

 

 

 

 

 

 

 

0 200 400 600 800 1000 1200

0

1

2

3

4

R
M

S
D

 (
A

n
g

st
ro

m
)

Time (ps)

 Chel in H2O

 Sgr  in H2O

(A)

0 200 400 600 800 1000 1200

0

2

4

6

8

10

12

R
M

S
D

 (
A

n
g

st
ro

m
)

Time (ps)

 Chel in EtOH

 Sgr in EtOH

(B)



118 | P a g e   

Figure 5.13. Root mean square deviations of Chel (black) and Sgr (red) dimers in H2O (A) 

and EtOH (B) during MD simulation. In H2O Chel and Sgr is in iminium form whereas, in 

EtOH, Chel and Sgr are in alkanolamine form. 

 

Based on the dipole orientation, dimers of the molecules were constructed in Maestro and 

subjected to molecular dynamics simulation in H2O and EtOH medium. Figure 5.13 shows 

the structural fluctuations of Chel and Sgr dimers in the solvents.Structural changes of the 

Chel (iminium) and Sgr (iminium) dimers in H2O mediumwith time may also be visualized 

in Figure 5.14. From this result, it is evident that both Sgr and Chel form a dimer in a 

ground state. Therefore, in presence of FeNP, a monomer, as well as dimer forms of both 

the molecules, may reside on the FeNP surface.  

 

Figure 5.14. Structural changes of the Chel iminium dimer (A1-A3) and Sgr iminium dimer 

(B1-B3) in H2O medium at 0, 600 and 1200 ps time frame. 

 

 

 

 



119 | P a g e   

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15. (A) Coulombic energy for Chel and Sgr (iminium) dimer formation in H2O 

medium, (B) Coulombic energy for Chel and Sgr (alkanolamine) dimer formation in EtOH 

medium. Energy converges to zero as the dimer eventually breaks down.  (C) Coulombic 

energy for the interaction of Chel and Sgr (iminium) with solvent H2O, (D) Coulombic 

energy for the interaction of Chel and Sgr (iminium) with solvent EtOH. 
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Figure 5.16: (A) van der Waals energy for Chel and Sgr (iminium) dimer formation in H2O 

medium. (B) van der Waals energy for Chel and Sgr (alkanolamine) dimer formation in 

EtOH medium, Energy converges to zero as the dimer eventually breaks down. (C) van der 

Waals energy for the interaction of Chel and Sgr (iminium) with solvent H2O. (D) van der 

Waals energy for the interaction of Chel and Sgr (iminium) with solvent EtOH. 
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Mean energy and standard deviation and significance of mean differences are given in the 

table: 

Table 5.2: Solute-solute and solute-solvent interaction energies for Chel and Sgr in H2O 

(iminium forms). 

Interaction with Chel  

(Energy in 

Kcal/mol) 

Sgr 

(Energy in 

Kcal/mol) 

T-test (p-value) 

(Energy in 

Kcal/mol) 

Remarks  

Solute 

(Coulombic) 

0.98±0.09 0.92±0.08 0.04 Significant 

Solute (vdW) 17.47±0.12 17.54±0.10 0.34 Not 

significant 

Solute (total) 16.49±0.11 16.62±0.09 0.08 May not be 

significant 

Solvent 

(Coulombic) 

15.39±0.12 13.63±0.14 2.80E-27 Very 

Significant 

Solvent (vdW) 23.78±0.11 22.82±0.12 8.42E-21 Very 

Significant 

Solvent (total) 39.17±0.09 36.45±0.11 2.42E-63 Very 

Significant 

 

Table 5.3: Solute-solute and solute-solvent interaction energies for Chel and Sgr in EtOH 

(alkanolamine forms). 

Interaction with Chel 

(Energy in 

Kcal/mol) 

Sgr 

(Energy in 

Kcal/mol) 

T-test (p-

value) 

(Energy in 

Kcal/mol) 

Remarks 

Solvent 

(Coulombic) 

-6.30±0.11 -4.50±0.08 5.45E-17 Very 

Significant 

Solvent (vdW) -42.30±0.09 -40.74±0.07 2.89E-14 Very 

Significant 

Solvent (total) -48.60±0.10 -45.24±0.11 9.65E-27 Very 

Significant 
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Figure 5.17. Chel alkanolamine (A1-A3) dimers and Sgr alkanolamine (B1-B3) dimer in 

ethanol medium at 0, 600 and 1200 ps time frame. 

 

The dissolution and dimer formation energies (solute-solute and solvent-solute interaction 

energies) for Chel (iminium) and Sgr (iminium) are shown in Figure 5.15, Figure 5.16, 

Figure 5.17and Table 5.2 & 5.3. Although the solute-solute interactions in both the dimers 

are almost comparable, however, the solute-solvent interaction of Chel dimer, which 

predominates over Sgr dimer as well as the flexibility of Chel which is greater compared to 

that of Sgr, make Chel unstable on the FeNP surface in presence of a solvent.That is why 

the triplet yield of Chel is less compared to that of Sgr (described in Chapter 4) in water 

medium also for the same concentration (15 nM) of FeNP.On the other hand, although the 

dimer of the alkanolamine form of both the molecules is not very stable in ethanol (Figure 

5.17),inthe comparison between the two, Sgr dimer remains stable longer than Chel dimer 

in ethanol. Therefore, in presence of an external magnetic field, the orientation of Sgr 

molecule towards magnetic moment remains aligned for a longer time than Chel. This 
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phenomenon leads to much more singlet to triplet transitions for Sgr molecule compared to 

Chel. 

 

5.3 Conclusion: 

In conclusion from the above study it can be inferred that the orientation of molecular 

dipole, flexibility in the molecular structure, dimerization type of phenomena can influence 

the overall field effect exerted by a superparamagnetic nanosurface on its surface adsorbed 

molecule and can manipulate the excited state photophysical pathway and hence the extent 

of the S↔T interconversion.   
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CHAPTER-6 

Exploration of the Role of a Magnetoplasmonic Field on the Excited State 

Photophysical Pathways of Sanguinarine 

Outline: Point to be discussed 

❖ Role of magnetic and plasmonic nanosurface on the excited state photophysical pathway 

of the drug molecule, sanguinarine. 

❖ How do both plasmonic and magnetic surface simultaneously influence the overall spin 

dynamics of the drug? 

❖ Magnetoplasmonic material is more efficient compared to the individual plasmonic or 

magnetic nanoparticle to enhance the singlet-triplet interconversion-a case study.   

❖ Future direction. 
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6.1 Introduction: 

Nanosystems combined with both magnetic and plasmonic functionalities are called 

a magnetoplasmonic nanomaterial which is now an active topic of cutting-edge research 

areas. In photonics, the polarization of light is used as an information carrier for optical 

communications386-388 sensing389 and imaging.390-392 The state of polarization has a 

significant role in the photonic transfer of quantum information.393, 394 This leads to the 

implementation of an extensive and growing effort to design efficient polarization control of 

propagating optical modes with plasmonic metasurface. With the invention of magneto-

optic materials, such as metallic feri and ferromagnets which combine the concepts obtained 

from plasmonics and magnetism, an understanding of unexpected and extraordinary 

phenomena by the manipulation of light at the nanoscale becomes possible.395-406 Plasmon 

resonances are light-induced collective electron oscillations which assist energy 

confinement at the nanoscale407 by enhancing the electromagnetic field at the resonant 

wavelength. Because of the strong localized field, plasmon resonance undergoes enhanced 

interaction with the external magnetic field and that gives rise to an enhanced value of the 

magneto-optical Kerr signal in magnetoplasmonic materials.181 These characteristics of the 

materials help to explore the nonreciprocal propagation of light by designing suitable 

nanoscopic magnetoplasmonic elements.398Due to the internal architecture of the 

constituting components, the magneto‐optical activity of such nanosystem is greatly 

enhanced as the electromagnetic field enhancement is associated with the plasmon 

resonance. Moreover, in presence of an external magnetic field, the magnetic functionality 

permits the control of the plasmonic properties and helps to develop active photonic 

devices.408 As the novel magneto-plasmonic nanoantennas are sensitive not only by light but 

also by external magnetic fields, they can introduce additional degrees of freedom in 

controlling light at the nano-scale. This property can be used to frame new devices such as 
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magneto-plasmonic rulers, ultra-sensitive biosensors, one-way sub-wavelength 

waveguides181 and extraordinary optical transmission structures in integrated photonic 

devices for telecommunications409 as well as in astonishing biomedical imaging 

modalities.181 In such nanosystems the ‘non-optical’ ferro or ferrimagnetic nanostructures 

may operate as magneto-plasmonic nanoantennas which offer extra functionality to launch 

optical characterization techniques of magnetic nanomaterials and that may be beneficial for 

the integration of nanophotonics and nanomagnetism on a single chip.181 

In the previous chapters, I have discussed the influence of a magnetic nanosurface on 

the excited state spin dynamics and the modulation of photophysical pathways for the 

anticancer drug molecules such as sanguinarine and chelerythrine in the different solvent 

environment. There I have discussed that a magnetic nanosurface can alter the overall spin 

statistics of the surface adsorbed molecules by changing the extent of singlet-

tripletinterconversion in presence of a low external magnetic field. As the 

magnetoplasmonic materials lead to show various interesting and unusual characteristics, I 

have directed my thesis work in this track to find out the influence of magnetoplasmonic 

nanomaterials on the excited state photophysical pathway modulation of the Sanguinarine 

(Sgr) molecule as a case study. A part of the work is described in this chapter where the 

photophysics and spin dynamics of the Sgr molecule on a frosted (like differentially ice-

covered) magnetoplasmonic nanomaterials with plasmonic material at the core and 

assembly of Fe3O4 nanoparticles in the shell has been studied. The whole work has not yet 

been finished and I am planning to extend the work simply by varying the plasmonic and 

magnetic nature of the core and shell respectively. Where the plasmonic nature of the core 

can be varied by changing the shape and size of the Au core and the magnetic nature can be 

varied or changing the thickness as well as the magnetic material as the shell.  
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6.2 Result and Discussion: 

Literature is not very affluent with well synthesized magnetoplasmonic materials 

dispersible in a water medium. Here a magnetoplasmonic material has been attempted to 

synthesize with noble metal spherical Au nanoparticles as the core and ferrimagnetic Fe3O4 

crystals as a magnetic shell in order to find out the role of both plasmonic and magnetic 

behaviour of the composite nanoparticles. Here, a simple yet innovative sonochemical 

method have been adopted to avoid of very high temperature and pressure conditions to 

synthesize these materials in a seedless single step synthetic modality.  

6.2.1 Sonochemical Synthesis of Magneto-plasmonic material 

In a 50mL conical flask, 45mL of ethylene glycol (EG)have been taken. To this, 40µL seed 

(concentration: 0.1gm Fe3O4/1mL EG) of synthesized Fe3O4 nanoparticle (synthesis of 

Fe3O4nanoparticle has been described in Chapter 2) followed by 25µL of 10-1M HAuCl4 and 

then purged with Ar and mixed properly under constant stirring. The resultant mixture was 

then sonicated at 100 Hz for 2h at room temperature. The colour of the solution changes to 

brown. Due to the viscous nature of EG, it is difficult to separate the resultant 

magnetoplasmonic materials by using magnetic force. To separate the generated 

magnetoplasmonic nanoparticles out of the solution the reaction mixture have been 

centrifuged at 4500 rpm for 2h and then redispersed in water or ethanol medium. The 

centrifuged particles then easily get attracted by the magnet to separate them out.  

6.2.1.1 Ground state UV-vis absorption spectra 

Since magnetic nanomaterials do not show any strong plasmonic behaviour, resultant 

magnetoplasmonic nanoparticles bear the optical signature of the plasmonic core only which 

shows a single absorption peak around 570.nm (Figure 6.1).  
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Figure 6.1.The ground state absorption spectra of the Au@Fe3O4 nanoparticle 

 

6.2.2 Characterization of magnetoplasmonic nanomaterial 

 The synthesized material was characterized by TEM study. The TEM results (Figure 

6.2) show that a plasmonic core frosted with magnetic Fe3O4 has been synthesized. The 

HRTEM study is showing the magnetoplasmonic interface of the Au (111) and Fe3O4 (220) 

crystal facets along with the highly crystalline nature of the individual magnetic and 

plasmonic nanoparticles (Figure 6.3). Due to the crystal mismatch, a high strain is 

generated at the interface (Figure 6.3 D). The elemental mapping analysis is showing the 

presence of Au and Fe (Figure 6.4) where an abundance of Au is at the core and abundance 

of Fe is at the surface (Figure 6.5). 
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Figure 6.2.(A), (B), (C) Bright field TEM images of Au@Fe3O4nanoparticle(D) Selected 

area electron diffraction (SAED) image from the nanoparticlespresented at the inset. 

 

 

Figure 6.3. (A), (B) High-resolution TEM (HRTEM) images of Au@Fe3O4 (C) FFT image 

from the area shown in Fig (B), (D) Fourier filtered image of Fig (C) 
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Figure 6.4. (A) STEM-HAADF image of the Au@Fe3O4, (B) EDX spectra acquired from 

the selected area 1 in Fig (A), (C) Au-L map, (D) Fe-K map, (E) Composite map. 

 

 

Figure 6.5.A) STEM-HAADF image of the Au@Fe3O4, (B) Line scan profile of the NP 

along the line shown in Fig (A). 
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6.2.3 Magnetization of the magnetoplasmonic material in presence of an external 

magnetic field 

The M-H plot is showing the coercivity-free or remanence-free magnetic hysteresis 

of the material. The measured saturation magnetization for the Au@Fe3O4 is 28.4 emu/g.  

Figure 6.3A shows the M-H nature of Au@Fe3O4 and Figure 6.3B shows the magnetization 

behaviour comparison between Au@Fe3O4 and Fe3O4.  

 

 

 

 

 

 

Figure 6.6: Magnetic field dependent magnetization at 300 K for (A) Au@Fe3O4 and (B) 

comparison of the extent of magnetization between Fe3O4 and Au@Fe3O4. 

6.2.4 The complex formation between Sgr and Au@Fe3O4 

The surface attachment of the Sgr molecule with Au@Fe3O4 has been analyzed from their 

observed UV-vis spectroscopy (Figure 6.4). A new broad peak centred at 700 nm indicates 

the ground state complex formation between Sgr and the Au@Fe3O4 nanosurface.  
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Figure 6.7.UV-vis absorption spectra of Sgr on gradual addition of Au@Fe3O4 

 

The surface attachment is again confirmed from the fluorescence experiment where 

weobserved the quenching of Sgr fluorescence intensity on the gradual addition of 

Au@Fe3O4 (Figure 6.5). Reduction of fluorescence intensity of Sgr directly measures the 

drop of excited singlet species (S1) population as a result of the attachment with the 

Au@Fe3O4. 
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Figure 6.8.Trend and extent of fluorescence quenching from the S1 state of Sgr in presence 

of a variable concentration of Au@Fe3O4. 

Though the corresponding stern Volmer plot of fluorescence quenching has shown an 

overall nonlinearity (Figure 6.6 A),linearity was maintaineduptothe 80 nM concentration of 

Au@Fe3O4 as shown in Figure 6.6 A. This supports the ground state complexation between 

Sgr and Au@Fe3O4 below 80 nM concentration of Au@Fe3O4. The non-linearity at high 

concentration may arise (above 80 nM) due to the collisional quenching.  

 

 

 

 

 

Figure 6.9.(A) The stern-volmer plot of Sgr-Au@Fe3O4 complex as a function of increasing 

concentration of Au@Fe3O4. (B) Linear Stern-Volmer plot of Sgr-Au@Fe3O4 complex at 

low concentration Au@Fe3O4. 
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The major fluorescence lifetime component (Table 6.1) of Sgr remains unchanged on the 

addition of variable concentration of Au@Fe3O4 which again proves that the excited singlet 

population of Sgr is reduced in presence of Au@Fe3O4 due to the ground state complex 

formation. 

Table 6.1.The Lifetime Components of Sgr as a result of adsorption on Nanosurface. 

 

6.2.5:  Influence of Au@Fe3O4 Nanosurface on the Transient Spin-Trajectory 

Modulation of surface adsorbed Sgr 

The complex formation is also observed in the triplet-triplet (T-T) absorption spectra 

with an isosbestic point around 500 nm. It has been shown in Chapter 4 that on the addition 

of FeNP, there is a reduction in Sgr triplet population, however, on the addition of 

Au@Fe3O4, there is no such significant reduction in triplet population. It is already reported 

that 50 AuNP surface can enhance the triplet population via transmitter-receiver antenna 

interaction.50It has also been shown in Chapter 3 that due to the attachment of Sgr on 

plasmonic AuNP surface, the T-T absorption around 360 to 500 nm increases. Therefore, it 

can be inferred that in case of Au@Fe3O4, the surface adsorbed Sgr shows a compromising 

Sample 1 2 % 

        B1                                   B2 

65 μM Sgr 2.06 2.84 61  38  

Sgr+10 nM Au@Fe3O4 2.18 3.59 85  14 

Sgr+20 nM Au@Fe3O4 2.07 3.26 73  26  

Sgr+40 nM Au@Fe3O4 1.98 2.77 50  49 

Sgr+80 nM Au@Fe3O4 2.37 0.1 96  4 
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T-T absorption due to the simultaneous occurrence of the two-opposing type of interactions 

which uphold the overall triplet population almost unchanged. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10. T-T absorption spectra of Sgr upon the addition of different concentration of 

Au@Fe3O4. 

6.2.6: Transient Spin-Trajectory Modulation by Au@Fe3O4 surface with ultra-high 

efficiency in presence of a low external magnetic field 

 On application of an external magnetic field of 0.08 T, an overall increment in 

the T-T absorption is observed. The triplet decay profile and the corresponding 

enhancement of lifetime support the increase of the triplet population. A detail of triplet 

lifetime for Sgr- Au@Fe3O4 in presence of external magnetic field has been described in 

Table 6.2. Previously (described in Chapter 4) the role of superparamagnetic nanosurface 
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on controlling the ISC process to enhance the triplet population by directing the surface 

adsorbed molecule and making the transition dipole moment (µ) favourable for S↔T 

interconversion in presence of an externally applied magnetic fieldhave been observed. 

Since the magnetoplasmonic nanomaterial contains both the functionalities of plasmonic 

and magnetic nanoparticles, the overall triplet lifetime for sucha material increases 

immensely compared to that of bare FeNP as well as bare AuNP. Here the plasmonic moiety 

raises the triplet yield through enhancing S1 state population whereas in presence of an 

external magnetic field its magnetic moiety helps to augment the triplet intensity via 

increasing S1↔T1 interconversion. Therefore, in presence of MF, T1 yield will increase for 

the increased S1 population by AuNP alongwith for the favourable alignment of the 

molecular dipole towards the S1↔T1 interconversion by the magnetic moiety. Thus in 

presence of magnetic field due to these two driving forces, the overall triplet lifetime is 

increasing enormously. The overall effect is observable from the concentration vs lifetime 

plot.  

 

 

 

 

 

 

 

 

 



137 | P a g e   

 

 

 

 

 

 

 

 

 

 

Figure 6.11.T-T absorption spectra and the corresponding modulation of the transient spin 

state of Sgr in presence of variable FeNP concentration under the influence of a constant 

low external magnetic field (0.08 T). 

 

6.2.7: Triplet lifetime of Sgr in presence of Au@Fe3O4 nanosurface 

 It is very interesting to observe that the slope of the excited state triplet lifetime 

of Sgr with varying concentration of Au@Fe3O4 is much steeper in presence of magnetic 

field compared to that in absence of magnetic field (Figure 6.7). This proves that the 

magnetoplasmonic material is much more efficient to enhance the ST interconversion rate 

in presence of magnetic field.    
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Figure 6.12. Change of excited state triplet lifetime with Au@Fe3O4concentration in the 

presence (red line) and absence (black line) of the magnetic field. 

Table 6.2. Excited state triplet lifetime of Sgr on plasmonic (AuNP), magnetic 

(FeNP) and magnetoplasmonic (Au@Fe3O4) nanosurface in presence and absence of 

magnetic field. 

 

 

It is also evident from the excited state lifetime table (Table 6.2) that a magnetoplasmonic 

nanosurface can enhance the excited state triplet lifetime in presence of externally applied 

low (0.08T) magnetic field compared to that of a plasmonic and magnetic nanosurface. 

Enhancement of triplet lifetime is intern related to the enhancement of triplet yield.  

Sample name Without Field With Field (us) 

Sgr@590 2.63393E-6 2.72393E-6 

Sgr+AuNP@590 3.17101 E-6 6.82772E-8 

Sgr+FeNP@590 1.41797E-8 4.47923E-8 

Sgr@Au@Fe3O4@590 2.93393E-6 2.21836E-5 
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6.3 Future Direction and Conclusion: The above study gives us an indication that a 

magnetoplasmonic nanosurface can undergo better transmitter-receiverantenna interaction 

towards excited-state molecular dynamics. In recent days, photodynamic therapy is a useful 

and developing field of research for the treatment of a malignanttumour, carcinogenesis, 

acne, etc. where a triplet sensitizer is used to destroy the toxic cells. As an anticancerdrug, 

Sgr is showing better triplet lifetime as well as triplet yield on a magnetoplasmonic nano-

surface in presence of external magnetic field, the Sgr@Au@Fe3O4 can be a useful tool 

towards the betterment of such therapeutic technic. Though the work has not yet been 

completed, supporting data as control experiments along with the effect of the variation of 

the plasmonic and magnetic moiety on the effective triplet yield will enormously improve 

the quality of this study.  
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