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Abstract 

Ultraviolet (UV) radiation on DNA produces electronically excited states that 

may cause damage to DNA. In contrast to the isolated DNA nucleic bases which have 

ultra-short excited state lifetimes (<~1 picosecond) for their remarkable photostability, 

the excited states of DNA in most cases exhibit much longer lifetime from several 

picoseconds to several nanoseconds. As a consequence, knowledge on the collective 

behavior of nucleic bases in DNA and its effect on the excited state dynamics are of 

pivotal importance for understanding the DNA photostability and the mechanism of 

DNA against the photodamage. Despite the large number of studies in the literature, 

the roles of base stacking and base pairing in the excited states of DNA remain an 

issue of intense debate. While femtosecond spectroscopic study using transient 

absorption suggested that stacking controls the excited state dynamics of double-

stranded DNA, work conducted using femtosecond and nanosecond time-resolved 

emission indicated that the DNA excited states are complex, governed by an 

ensemble of factors relevant to the conformation of DNA. In addition, the electronic 

nature and dynamics of excitation transfer as well as how these are affected by factors 

such as the identity and sequence of the base content in DNA are also open questions 

in the photophysics and photochemistry of DNA. To help address these issues, we 

have performed femtosecond time-resolved spectroscopic investigation on a series of 

model DNA oligomers and the corresponding monomeric bases for comparison. A 

combined method of femtosecond broadband time-resolved fluorescence (fs-TRF), 

fluorescence anisotropy (fs-TRFA) and transient absorption (fs-TA) was employed to 

explore excited states and dynamics for single-stranded oligomers composed of 
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adenine d(A)20 and thymine d(T)20 and double-stranded A/T DNAs in the form of 

d(A)20·d(T)20 and d(AT)10. We also conducted fs-TRF and fs-TRFA study on A and 

guanine (G) containing DNAs with varied length and different sequence as well as on 

a dimeric system nicotinamide adenine dinucleotide (NADH) and its related 

monomeric model compound 1-benzyl-1,4-dihydronicotinamide. By monitoring 

directly temporal evolution of the excited state spectra and at the same time the 

recovery of ground state bleach, the results we obtained for A/T DNAs provide solid 

evidence showing that the inter-base stacking is crucial in promoting excitation 

energy transfer and formation of long-lived excited state with lifetime of ~140 ps in 

d(A)20 and ~100 ps in d(A)20·d(T)20; the pairing interaction on the other hand plays a 

remarkable role in constraining the yield of long-lived excitation, reducing its 

contribution to the overall excited state decay from ~57% in the single-stranded 

d(A)20 to ~32% in the double-stranded d(A)20·d(T)20. Moreover, comparison of the fs-

TRF and fs-TRFA data on the various A/G oligomers shows that the long-lived states 

(~200 ps lifetime) in these DNAs feature a largely common character arising due to 

charge transfer between G and adjacent A base but with the formation pathway 

depending on sequence of the A and G units. Finally, our results on NADH and its 

model compound present clear evidence for stacking controlled excitation energy 

transfer from A to nicotinamide which was found to proceed in ultrafast timescale 

(<100 fs) through a mechanism of exciton migration. The findings of our study 

suggest that bases stacking and bases pairing which are affected differently by the 

base components in DNA duplex both play a significant role in DNA excited state 

and in maintaining the photo-stability of genetic information in organism. 
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Chapter 1. Introduction 

Ultraviolet (UV) radiation is one of the major sources of mutation in 

biological organism. During the early stage of evolution of life on earth when the 

primordial atmosphere was considerably less rich in oxygen than today, the higher 

mutation rates induced by extensive UV exposure are beneficial in some situation 

because they allow organisms to evolve and adapt to their environments. Mutations 

are changes in DNA sequence of a cell’s genome; the variations that come from the 

mutations in genetic material give rise to the diversity of biological organization. In 

the large pool of variations, mutation may enable the mutant organism to withstand 

particular environmental stresses better than the wild-type organism. Selection 

preference weights towards species that have stronger ability to survive and reproduce. 

However, mutations in most cases are harmful and may interrupt the correct peptide 

sequence and as a result may lead to the development of cancer. Carcinogenesis 

caused by the mutation of genetic material of normal cell upsets the normal balance 

between proliferation and cell death. Uncontrolled rapid proliferation of cell may 

form malignant tumor that invades other organs and becomes life-threatening.  

Continual repair of damaged DNA in normal cell metabolic activities reduces 

the likelihood of carcinogenesis. However, a deficiency in DNA repair would cause 

accumulation of DNA damages that increases the risk of cancer. The mechanisms of 

mutagen formation induced by UV radiation of DNA have been extensively studied in 

the literature.1,2 As the building blocks of DNAs, the nucleic bases, i.e., adenine (A), 

guanine (G), thymine (T), and cytosine (C), are remarkably photostable owing to their 

ultra-short excited state lifetimes (less than 1 ps) attributed to ultrafast nonradiative 
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internal conversion which deactivates the bases from the electronically excited state to 

ground state.3-5 The rapid decay of the excited states limits the extent of the 

potentially harmful reaction of the excited states and therefore provides an effective 

mean to protect the nucleic bases from photo-damage. However, spectroscopic studies 

on DNA assemblies found that many DNAs feature long-lived excited states with 

lifetime in tens picosecond to several nanosecond timescale.6-15 It is known that the 

alternating AT oligomer, d(AT)10, which composes of stacking and pairing of (A) and 

(T) bases, gives a much longer excited state dynamics(~72 ps) to its mixture of 

constituent bases (~0.3 ps).9 The base stacking and base pairing between the bases in 

DNAs are considered as the main source to  the collective behavior not seen in 

isolated bases.6-15 As a result, to understand the collective behavior of excited states of 

DNAs is of pivotal importance for the photo-physics and photochemistry of DNAs.6-

15 

Cyclobutane pyrimidine dimers (CPDs) and thymine-thymine 6, 4 pyrimidine-

pyrimidones (6-4 adducts) are the major mutagenic photoproducts formed due to 

absorption of UV radiation by DNA.15,16 The formation of CPDs and 6-4 adducts 

relies upon the close proximity of two pyrimidine bases. On the other hand, it has 

been proposed that the long-lived excited states of DNAs are due to excimer or 

exciplex states that are generated as a result of stacking interaction between the 

adjacent bases.7,9,10,12,14 These findings suggest that the inter-base stacking interaction 

plays an important role in the excited states of DNAs. In this regard, Kohler and co-

workers proposed that photo-damage localized to one DNA strand could leave the 

non-excited complementary strand as a backup copy of the genetic information for 

maintaining the genetic stability of lives.  
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By using femtosecond transient absorption spectroscopy, Kohler and co-

workers reported observation of similar excited state dynamics for single-stranded 

oligomer d(A)18 and double-stranded d(A)18·d(T)18, based on which they reported a 

common excimer states with lifetimes of 50-150 ps being formed in both the 

systems.10 They proposed that UV irradiation gives rise to excimer state on one DNA 

strand so that every excitation localizes on one strand at a time. According to this 

hypothesis, the inter-base pairing interaction plays an insignificant role in the excited 

state dynamics of double-stranded A·T DNAs.  

There are different views on the extent of electronic delocalization as well as 

the role of pairing interaction in the excited state dynamics of DNA.11-13 By applying 

femtosecond fluorescence up-conversion and picosecond time-correlated single 

photon counting techniques, Markovitsi and co-workers observed different excited 

state dynamics for the single-stranded d(A)20 and double-stranded d(A)20·d(T)20 

DNAs.11,13 They observed that the fluorescence decay obtained for d(A)20·d(T)20 on 

the sub-nanosecond timescale is much shorter than that for d(A)20. They proposed UV 

excitation leading to population of exciton state in which the excitation is shared 

among several base units. Since the exciton in DNA depends on electronic coupling 

between the interacting bases which is affected by conformation property of the 

double helix, it was suggested that the pairing interaction may also play a significant 

role in the exited state dynamics of A·T DNA. In the work of Markovitsi and co-

workers, the observation of ultrafast depolarization of fluorescence anisotropy was 

taken as evidence for fast excitation energy transfer between the exciton states within 

the framework of exciton theory.  

Energy transfer from one chromophore to another can be promoted by 

electronic coupling between the two chromophores.17 When the electronic interaction 
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is sufficiently large, the excitation can be coherently shared among the interacting 

chromophores to form Frenkel (or molecular) exciton. For example, strongly 

interacting bateriochlorophyll-a (Bchl) molecules (with nearest-neighbor electronic 

coupling being ~300 cm-1) in light-harvesting complexes (LH2) of purple bacteria 

creates Frenkel exciton upon photo-excitation.17,18 Exciton which arises from 

electronic coupling of two or more chromophores in the molecular assembly absorbs 

the radiation. The splitting of electronic energy with respect to the monomeric 

chromophore due to electronic coupling from variety of molecular distances and 

orientations creates large number of discrete excitonic states and collection of these 

state forms exciton band. Each of the excitonic state can be described as a neutral 

excitation particle, an electron-hole pair, which is bound by electron-hole Coulomb 

interaction.18 The term Frenkel exciton generally describes excitons in organic 

molecular crystal composed of aromatic molecules. In contrast to the Wannier-Mott 

excitons in semiconductors, the electron and hole are closely associated in Frenkel 

exciton and this exciton has a relatively high binding energy (strong electron-hole 

Coulomb interaction, generally a few electronvolts).18 The key difference between 

excitons in inorganic materials and organic materials arises from the dielectric 

constant of particular materials because it is central in determining the exciton 

binding energy.18 On the other hand, if the interacting chromophores are in 

sufficiently close contact, then charge transfer (through orbitals overlap) between the 

molecules would become important and the electron and hole may become spatially 

separated.18 In this case the Frenkel exciton model is no longer applicable. Other 

description, such as exciplex state is usually invoked in the literature for 

photophysical studies of DNAs to explain the charge transfer character between 

stacking bases.  
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Light harvesting in the photosystems is a good example that demonstrates the 

energy transfer in the framework of exciton theory.17 It is known that formation of 

delocalized exciton is controlled mainly by the relative position and relative 

orientation of the interacting chromophores. Apart from the assembled chlorophylls in 

the photosystems, there are a large number of publications that propose exciton 

formation in the stacked DNA assemblies.19-22 Kwok et al. proposed that 

homogeneous single strand d(A)20 oligomer forms an H aggregate configuration that 

agrees with the generation of Frenkel exciton.20 Figure 1.1 shows schematic 

representation of an excitonic state where the excitation is shared among several bases. 

The exciton delocalization length has been estimated to ~3.3 base pairs in 

d(A)n=2,3,4,5,6,12,15,18 DNAs by Buchvarov and co-workers.23 Takaya et al. observed 

long-lived excited states in transient absorption experiments on RNA dinucleotides.14 

Because the same lifetime was observed in (rA)2 as in much longer RNA A tracts 

((rA)4 and poly(A)), these researchers suggested that long-lived excited state are the 

same regardless of the RNA A tract length and the excitation is localized on just two 

bases. Emanuele et al. reported calculation performed based on the exciton theory 

showing that most of the excited states in model DNA duplex d(A)10·d(T)10 are 

delocalized over at least two base pairs and are resulted from mixing of different 

monomer states.24 Using density functional theory and molecular dynamics 

simulations, Tonzani and Schatz showed that delocalized states extending over three 

bases can be directly excited in single-stranded poly(A) DNA.25 They predicted a 

delocalization length of 3.0 bases for d(A)11. There are photochemical and calculation 

studies that suggest even longer delocalization length for the excitation in DNAs. 

Bittner and coworkers suggested that excitonic state in DNA model (A)12·(T)12 carries 

majority of oscillator strength which is delocalized over at least six DNA bases.26 
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Onidas et al. suggested that a delocalization length beyond 20 base pairs can be 

achieved in polyd(A)·polyd(T).27 The long delocalization length for 

polyd(A)·polyd(T) is attributed to a decrease in the conformation disorder and the 

stacking distance in longer duplex, leading to a stronger electronic coupling. The 

property of excitonic state including such as the spatial extent of the excitation and 

the dissipation dynamics of the excitation energy should vary with the conformation 

of DNA as well as the identity and sequence of the bases that make up the DNA. 

Within this context, the A-T pairing in double-stranded d(A)20·d(T)20 (Figure 1.2), 

which apparently affects the conformation of the two component strands, may very 

likely influence the excited state dynamics when comparing to the case of the single-

stranded d(A)20 or d(T)20. 
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Figure 1.1. Schematic representation of excitonic state in which the excitation is shared among several 

bases (in yellow). This diagram is created by using 3Ds Max software.  
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Figure 1.2. Schematic structure for a segment of d(A)n·d(T)n duplex. This diagram is created by using 

3Ds Max software with reference to B-DNA conformation that has a twist angle 36º and an axial rise 

~0.34 nm.28 
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In the following chapters, we attempt to use femtosecond broadband time-

resolved (fs-TR) spectroscopy which include fs-TR fluorescence (fs-TRF), 

fluorescence anisotropy (fs-TRFA) and transient absorption (fs-TA) to unravel 

excited state dynamics for a series of selected DNA model systems, to explore in 

particular the role of base stacking and base pairing on the deactivation dynamics and 

to elucidate how strand length and base sequence may affect the dynamics and 

excitation energy transfer mechanism in the photo-excited DNAs.  

We compare excited state properties of the widely studied but reportedly 

controversial model DNA oligomers the double-stranded d(A)20·d(T)20 and d(AT)10, 

and the single-stranded d(A)20, d(T)20 as well as equal molar mixture of the constitute 

nucleotides dAMP and TMP for comparison. According to the obtained fs-TRFA 

results, we deduced that there is significant excitation energy transfer which is in line 

with the existence of excitonic states in the A·T DNA strands. Our results show 

compellingly that aside from the stacking interaction, the pairing in double-stranded 

A·T DNA plays a remarkable role in restraining the yield of long-lived excited state 

(~100 ps) when comparing to those of the single-stranded components.  

We also performed comparative fs-TRF, fs-TRFA and fs-TA study on G 

doped A DNA d(AAGAA)4 and a series of alternative A/G oligomers of varied length 

d(AG)n=2,4,10. This has been done to investigate influence of base sequence and strand 

length on the excited state dynamics so as to glean evidence for the electronic nature 

and the spatial extent of excitation delocalization in the excited states of DNA. The fs-

TA results obtained for d(AG)n=2,4,10 shows very similar excitonic state absorption as 

well as  a common long-lived (~200 ps) CT state. The excited state dynamics of these 

DNAs is little affected by the chain length of the oligomers, implying that the initial 

excitation (exciton) in the single-stranded d(AG)n DNA is shared among no more than 



10 

 

four DNA bases. The results also demonstrate a more fractional involvement of the 

long-lived CT state in longer d(AG)10 that agrees with the decreased static disorder in 

longer DNA strands proposed in the previous studies.27,29 In addition, comparison of 

the dynamics and spectral results obtained for d(AG)10 and d(AAGAA)4, presents 

evidence that, upon excitation the two system finally evolve into the same long-lived 

(~200 ps) A-G CT state with transient emission band peaking at  ~420 nm. After 

excitation into the excitonic state, the excitation energy may be transfered and traped 

mostly in the G site giving rise to charge transfer state resting mainly on the adjacent 

AG stacking bases. This finding suggests that the G doping in DNA may provide low 

energy site for trapping of the excitation energy.   

To gain a clear picture on the rate and mechanism by which the excitation 

energy transfer occurs in stacking nucleotides, we have attempted to investigate 

spectroscopic and dynamic property for a simple dinucleotide model. We have 

performed fs-TRF and fs-TRFA spectroscopic study on the reduced nicotinamide 

adenine dinucleotide (NADH) with which the emission band of energy acceptor 

nicotinamide (max at ~450 nm) is well separated from the fluorescence of the donor 

moiety adenine (max at ~310 nm). NADH in the reduced form has strong absorption 

around 340 nm and emits ~450 nm fluorescence, which was believed to arise due to 

transition to and from the lowest energy singlet excited state (S1) of the reduced form 

of nicotinamide moiety.30 Besides the ~340 nm absorption, NADH has also 

absorption band at shorter wavelength ~260 nm which was considered to stem mainly 

from the adenine moiety.31,32 Decades ago, excitation energy transfer from adenine to 

nicotinamide in NADH was studied and the transfer efficiency was reported to be 

~34% in water.30 The overlap of the adenine fluorescence with the electronic 

absorption nicotinamide in NADH readily evokes the Förster resonance energy 
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transfer (FRET) mechanism to account for the excitation energy transfer. Previous 

fluorescence lifetime and quantum efficiency studies on NADH showed that the 

excitation energy transfer relies on the proximity of the two constituent 

chromophores.30,33 In water, the highly polar environment encourages folding of 

NADH leading the two aromatic chromophores to adopt stacked conformation and 

this facilitates the energy transfer. With the stacked geometry, excitation energy 

transfer is also likely to take place through exciton migration as that in DNA 

strands.13,19 According to TRF results we obtained for NADH with excitation at 260 

nm and 340 nm and in varied solvents (neutral water and 1:1 volume mixture of water 

and acetonitrile), it is found that the stacking plays a key role in prompting the energy 

transfer in NADH and the transfer actually occurs in ultrafast timescale of less than 

~50 fs. With reference to the previous study on the energy transfer in DNA,13 energy 

transfer in such a rapid timescale might not arise due to the Förster type of mechanism 

but is a result of intra-band scattering that brings the initially photo-populated 

excitonic states to low-lying excitonic state located at the exciton band minimum. The 

result of our fs-TRF studies on 1-benzyl-1,4-dihydronicotinamide (B-Nic), a model 

compound for isolated nicotinamide, shows that 260 nm photoexcitation directly 

populates a higher excited electronic state (Sn) of nicotinamide and the ~450 nm (S1) 

emission produced by the 260 nm excitation actually occurs after rapid internal 

conversion (IC) from the Sn to S1 of the nicotinamide chromophore. In addition, 

comparison of zero time fs-TRFA data obtained for NADH and B-Nic demonstrates 

that the two systems feature very similar polarization orientation for the transition 

promoted by 260 or 340 nm excitation. These findings combined with the 

hypochromic effect we found for the absorption at 260 nm as well as the essential role 

of stacking for the energy transfer in NADH present strong evidence that, instead of 
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local excitation of the adenine moiety, the 260 nm excitation of NADH may lead to 

delocalized excitonic state with excitation energy shared between the adenine ππ* 

state and the nicotinamide Sn state; this is followed by IC to the S1 of nicotinamide, 

leading to the ultrafast (<~50 fs) energy transfer and the instant 460 nm fluorescence 

with the 260 nm excitation. Taken together, the ultrafast energy transfer in stacked 

NADH provides added evidence for the excitonic excitation and importance of this 

for the energy transfer in the UV-excited DNAs.  
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Chapter 2. Experimental Methods 

2.1 Introduction 

Time-resolved spectroscopy is the study of dynamic processes in materials or 

chemicals by means of spectroscopic techniques. Femtosecond time-resolved 

spectroscopy involves the use of femtosecond (10-15 s) laser to investigate dynamic 

properties of matter. The extremely short pulse duration (~100 fs in our laser system) 

provided by the femtosecond laser allows one to create and probe directly very short-

lived transient species or even transition states involved in a variety of photo-initiated 

processes.1 To study dynamics of very rapid events, such as the ultrafast deactivation 

of DNA bases or excited state dynamics of DNAs, conventional spectroscopic 

methods based on nanosecond (10-9 s) laser are not effective due to their insufficient 

time resolution for capturing the very fast processes. As demonstrated in the 

literature,2,3,4 direct study of excited states of nucleic bases and DNAs requires time-

resolved spectroscopic methods with femtosecond time-resolution. For the time-

resolved study presented in this thesis, two spectroscopic techniques were employed, 

i.e., the femtosecond broadband time-resolved fluorescence (fs-TRF) and transient 

absorption (fs-TA).  

In the fs-TRF, fluorescence produced by excited state molecules (Scheme 

2.1(a)) were monitored by Kerr-gate time-resolved fluorescence spectroscopic 

technique. Comparing to the more commonly used fluorescence up-conversion 

technique,5,6 the Kerr-gate method allows capturing full emission spectra of sample 

molecules (280 nm to 600 nm) at designated short time intervals. Instead of emission 

decay at a certain wavelength as provided by the fluorescence up-conversion, 

temporal change of the overall emission profile can be obtained from the Kerr-gate 
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time-resolved fluorescence measurement and this can provide valuable information on 

the dynamics of excited states of interest.  

According to Scheme 2.1(a), UV radiation absorption of ground state 

molecule (the upward purple arrow) leads to production of singlet excited state 

population (i.e., S1). Fs-TRF monitors with fs time-resolution the temporal change of 

radiative transition (downward blue arrow) from the excited state to ground state (S0) 

at varied time intervals after the photoexcitation. The curved arrows represent fast 

radiationless processes, such as vibrational relaxation (VR) and internal conversion 

(IC) that may affect strongly the excited state dynamics in various timescale 

according to the specific electronic and structural property of the system investigated. 

For example, an ultra-fast IC from S1 to S0, as displayed by monomeric DNA bases, 

depletes promptly the excited state population and leads to ultra-fast fluorescence 

decay dynamics.  

In addition to the brightly emissive state which can be detected in the fs-TRF, 

weakly emissive state (e.g., state of charge transfer nature or triplet excited state) and 

non-emissive excited state (e.g., vibrationally hot ground state) and dynamics of these 

states can be monitored by the fs-TA spectroscopy. In the fs-TA, femtosecond laser 

pulse was used to generate white light continuum to serve as the probe pulse for 

obtaining temporal change in the absorption induced by the photo-excitation (Scheme 

2.1(b)). Depending on the wavelength of the femtosecond laser, the spectral range of 

white light continuum probe can cover wavelengths from 290 to 850 nm with the 800 

nm laser or 220 to 500 nm when 400 nm laser is used. White light continuum that 

covers the 220-280 nm wavelengths is particular useful since this is the region where 

the ground state absorption of DNA occurs, therefore monitoring dynamics change in 

these wavelengths allows detection of the recovery dynamics of the ground state. This 
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coupled with the excited state dynamics provided by the fs-TRF and the TA at 300-

500 nm region can afford comprehensive information for assessing relative efficiency 

of varied processes involved in the excited state decay.  

According to Scheme 2.1(b), UV radiation absorption of ground state 

molecule (upward purple arrow) creates singlet excited state population (i.e., S1). Fs-

TA monitors with fs time-resolution the temporal change of absorption transition 

(upward green arrow) from the excited state to higher Sn electronic state (in the 

wavelength range from ~300 to 500 nm). In addition, fs-TA also helps monitoring the 

temporal change of ground state population by probing absorption transition from S0 

to the S1 electronic state (in wavelength range from ~220 to 280 nm).7 The dynamics 

of excited state absorption depends on both the vibrational relaxation (VR) and 

internal conversion (IC) (downward curved arrows). Figure 2.1 shows a block 

diagram for the ultra-fast laser system and the setup of fs-TRF and fs-TA applied in 

this work. 
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Scheme 2.1. Energy diagram showing corresponding detected transitions (blue and green arrows) 

involved in (a) fs-TRF and (b) fs-TA. (VR = vibrational relaxation; IC = internal conversion)   
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Figure 2.1. Block diagram of the ultra-fast laser system and the setup of fs-TRF and fs-TA 

spectrometers 
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2.2 Laser source 

2.2.1 Oscillator  

To monitor ultra-fast dynamics of excited state, it is necessary to use pulse 

laser with ultrashort pulse duration (~ 100 fs in our laser system) to populate excited 

state of target molecule. The ultrashort laser pulse employed in our time-resolved 

spectroscopy experiments was generated by a commercial Micra laser system. The 

oscillator cavity of Micra is shown in Figure 2.2. It can be seen that the oscillator 

cavity contains a pump laser source named Verdi to provide continuous wave (CW) 

laser of 532 nm wavelength for generation of ultrashort laser pulse of 35 fs time 

duration. The 532 nm laser from Verdi was generated by frequency doubling of the 

fundamental 1064 nm laser which is achieved by using a Lithium triborate (LBO) 

nonlinear crystal. The gain medium for generation of the 1064 nm fundamental is 

Neodymium Yttrium orthovanadate (Nd:YVO4) which is pumped by a diode laser. 

The 800 nm ultrashort laser pulse is generated in the oscillator cavity of Micra 

incorporated with a gain medium titanium-doped sapphire (Ti:sapphire). 

As showed in Figure 2.2, the oscillator cavity is constituted by a set of mirrors 

M1-M8, a pair of Prism PR1 and PR2, and several other optics (R1, R2), lenses (L1, 

L2) and polarizer (P). The 532 nm CW laser is led by pump beam routing mirror R1 

and R2 and is focused by the pump beam focusing lens L1 into the Ti:sapphire rod. 

The Ti:sapphire was cut to have Brewster-angle with respect to the incident laser to 

facilitate absorption of the laser. The M6 and M5 are concave focusing mirrors placed 

around the Ti:sapphire rod to focus the ~532 nm incoming light into the gain medium 

(Ti:sapphire). The pair of prisms PR1 and PR2 is for controlling the spectral 

dispersion (chirp) produced after passing the Ti:sapphire rod. Automated mode 
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locking is initiated by rapid length variation through a solenoid-driven spring 

mounted on the high reflector end mirror. By adjusting the prisms (PR1 and PR2) 

together with a slit (Slit in Figure 2.2), the center wavelength and the bandwidth of 

the 35 fs output laser pulse can be tuned to be at 800 nm and a range of ~80 nm, 

respectively.  

 

Figure 2.2. Oscillator cavity configuration in Micra. 
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2.2.2 Ultrafast Ti: Sapphire Amplifer 

The 800 nm laser from Micra features power of 0.4 W and a repetition rate of 

80 MHz.  Amplification of this laser (called seeding laser hereafter) into a 3.6 W and 

1 kHz laser pulse is achieved by a so-called chirped-pulse amplification technique 

using a Kilohertz Legend Laser System. Since the peak energy of 800 nm seeding 

laser is high and may damage most optical materials, the 800 nm pulse is stretched 

temporally before entering the regenerative amplifier. The pulse is temporally 

stretched by a gold-coated grating so that the red frequency components in the pulse 

travel ahead of the blue ones. The chirped pulse then enters into the regenerative 

amplifier (RGA) cavity (Figure 2.3) which contains a Ti:sapphire crystal as the 

amplifier gain material and a resonator which is made of, besides the Ti:sapphire 

crystal, a set of mirrors including mainly the amplifier cavity mirrors M9-M13, two 

Pockets cells PC1 and PC2, a quarter-wave plate WP1, and a output polarizer P2.   

The RGA is pump by a 527 nm laser (1 kHz) from a Nd:YLF laser named 

Evolution. After the gain in the Ti:Sapphire laser rod reaches a maximum, the seeding 

pulse of vertical polarization is allowed to enter the resonator. The seeding pulse 

passes through WP1 and PC1 which act together to change the polarization of the 

seeding pulse from vertical to parallel in direction. Since only the vertical polarization 

laser pulse is set to allow getting out of the resonator cavity, the seeding pulse which 

now has parallel polarization is trapped in the resonator (from M9 to M12 laser path). 

While trapped in the resonator, the pulse makes multi-passes through the Ti:Sapphire 

rod and experiences a gain in intensity by over ~106 times of magnitude. Such an 

amplified pulse is then allowed to pass through the second Pockels cell (PC2), which 

rotates the polarization of the amplified pulse from parallel to perpendicular so that 

the pulse can be ejected from the resonator through P2 which reflects effectively the 
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vertical polarization pulse. The timing for the switch of the two Pockels cells (PC1 

and PC2) with respect to the seeding pulse is synchronized and controlled by a delay 

generator. The output amplified laser pulse is finally recompressed by a compressor to 

give ultrashort laser pulse (~35 fs) with center wavelength at 800 nm, power of 3.6 W, 

and 1 kHz repetition rate. 

 

Figure 2.3. Regenerative amplifier cavity configuration. 
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2.2.3 Wavelength conversion 

The amplified laser from RGA is wavelength tunable but only in a limited 

range from ~750 to 850 nm. To study the excited state dynamics of DNAs, it is 

needed to generate excited state population by ultrafast laser with wavelength in 

~250-285 nm UV region where the DNA absorption occurs. With the high power of 

the amplified ultrafast laser, the laser which is originally with the wavelengths in 

near-infrared region can be converted to have wavelengths in the UV or visible region 

according to the need of the investigated systems. The ultrafast excitation laser source 

(mostly at 267 nm) used in the time-resolved spectroscopy studies of the selected 

DNA oligomers and monomeric nucleobase was generated by the nonlinear optical 

(harmonic generation and frequency mixing) techniques. The 800 nm output from 

RGA was focused into a 1 mm β-barium borate (BBO) crystal to generate the second 

harmonic 400 nm laser. The desirable 267 nm excitation source for the experiments 

on DNAs was then generated by frequency mixing of the 800 and 400 nm lasers by a 

second BBO crystal. 

Other laser wavelengths such as 285 nm (Chapter 4), 260 nm and 340 nm 

(Chapter 5) were generated by a commercial TOPAS-C system based on the optical 

parametric amplification (OPA) method. In the TOPAS-C laser cavity, the 800 nm 

input laser pulse is converted into two output lower frequency laser pulses called 

signal (1360 nm) and idler (1840 nm). The desirable wavelength can be achieved by 

various controlled combination of the harmonic generation (e.g. 1360 nm → 680 nm) 

and frequency mixing (e.g. 1866 nm + 800 nm → 560 nm) of the wavelength tunable 

signal and idler lasers with the fundamental 800 nm laser. For example, the 340 nm 

laser source is the second harmonic generation produced by focusing the 680 nm 
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pulse on a nonlinear optical crystal (barium fluoride). Before irradiation into the 

sample solution, unwanted laser scattering is filtered off by a wavelength separator 

which is made of collectives of dichroic mirrors to select and let pass only the laser 

pulse with the desirable wavelength and polarization direction.  
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2.3 Femtosecond Broadband Time-resolved Fluorescence 

Spectroscopy (fs-TRF) 

The setup of femtosecond broadband time-resolved fluorescence (fs-TRF) 

spectroscopy has been described in previous publications.2-4 Briefly, sample solution 

with concentration adjusted to give absorbance in the range from 0.5 to 1 in a 0.5 mm 

path length flow cell was excited by femtosecond pump laser pulse with selected 

wavelength generated by the laser system described in the section 2.2. Transient 

fluorescence produced by excited state created by the pump laser pulse was probed 

using a Kerr-gate technique that allows monitoring the temporal evolution of the 

transient fluorescence spectrum. Kerr medium (e.g., 1 mm thick fused silica plate or 

benzene contained in 1 mm quartz cell) equipped with a pair of crossed polarizer 

(Figure 2.4) was driven by part of the 800 nm pulse laser (called gating pulse or probe 

pulse) to act as an ultrafast shutter to sample fluorescence spectra at various 

designated pump/probe delay times. The instrument response function (IRF) of our 

TRF measurement is wavelength-dependent; varies from ~250 fs to ~350 fs as the 

wavelength varies from 600 to 280 nm. To avoid introducing unwanted nonlinear 

effect, the power of pump laser pulse was kept low with typical laser pulse peak 

power being ~2 GW/cm2.  

Figure 2.4 shows instrumental arrangement of the Kerr-gated TRF 

spectroscopic system. The pump and probe laser beams were led and aligned to the 

optical delay lines. The optical delay line consists of a retro-reflector mounted on 

motorized translation stage. The location of the reflector on the translation stage is 

related directly to the relative time delay between the pump and the probe pulses. The 

power of the laser pulses was carefully controlled by adjusting the attenuators in the 
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optical paths. The polarization of the excitation pump beam was varied by a half-

wave plate in the pump beam path and was kept at the magic angle (54.7º) with 

respect to the polarization of the first polarizer (P1) of the Kerr-gate device. Dynamic 

changes of transient fluorescence intensity due to rotational diffusion of the excited 

state molecules can therefore be removed. During the measurement, the pump laser 

beam was focused onto the sample solution contained in a flow cell compartment. 

Transient fluorescence emitted from the sample was collected by ellipsoidal mirror E1 

and directed to the P1. It allows fluorescence with vertical polarization to pass 

through and reach the Kerr medium (K in Figure 2.4). At the Kerr medium, the 

incoming fluorescence emission was focused and overlapped with the 800 nm pulse. 

Upon irradiation by the 800 nm pulse laser, the Kerr medium acts temporally as a 

waveplate to alter polarization of the incoming transient fluorescence from vertical to 

horizontal direction. Since the second polarizer (P2) was aligned for emission of 

parallel polarization, only the emission of which the polarization was altered by the 

Kerr medium with the 800 nm gating pulse will pass the P2 and enter the 

spectrometer for detection. As a consequence, the Kerr medium incorporated with the 

P1 and P2 acts as an ultrafast shutter to allow detection of transient fluorescence at 

particular time delay between the pump and the probe pulse. The time decay between 

the pump and 800 nm probe pulse was varied by changing the optical path of the 800 

nm probe beam with respect to the pump laser beam which has a fixed length of 

optical path. For example, changing the relative optical delay line by L = 1 mm is 

corresponding to a variation of the pump-to-probe time delay by t = 2L/c ~ 6.6 ps 

(where c is the speed of light, c =3 x 1011 mm/s). The Kerr-gate will therefore be 

switched on by the 800 nm pulse 6.6 ps after the sample molecules are excited by the 

pump pulse. After passing through the P2, the transient fluorescence is collected by 
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the second ellipsoidal mirror (E2) and directed to the spectrometer. The spectral 

information of the fluorescence is extracted by the spectrometer and photons with 

different energy (or say wavelength) reach specific pixels in a liquid nitrogen cooled 

charge-coupled device (CCD) for detection. Combining the integration of the charges 

in the various pixels gives the full fluorescence spectrum at the designated time delay.  
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Figure 2.4. Configuration of broadband time-resolved fluorescence spectrometer. 
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2.4 Femtosecond Broadband Time-resolved Fluorescence Anisotropy 

(fs-TRFA) 

The configuration for femtosecond broadband time-resolved fluorescence 

anisotropy (fs-TRFA) measurement is similar to that of the TRF (Figure 2.4). The fs-

TRFA measurement requires detection of transient fluorescence signal with both the 

parallel and perpendicular polarization.8,9 This is achieved by using half-wave plate to 

control the polarization direction of the excitation pump laser. Intensity of the parallel 

polarization transient fluorescence (I‖(t)) is acquired by setting the polarization 

direction of the pump laser to be parallel to that of the 1st polarizer (P1) of the Kerr-

gate device. On the other hand, the intensity of the perpendicular polarization 

fluorescence (I ⊥ (t)) is detected when polarization of the pump laser is set 

perpendicular to that of the P1. The fluorescence anisotropy at particular time delay 

r(t) is then obtained according to the following equation: 8,9 

𝑟(𝑡) =
𝐼‖(t) −  𝐼⊥(t)

𝐼‖(t) + 2𝐼⊥(t)
 

 The transient anisotropy r(t) is a dimensionless quantity and is independent of 

the total fluorescence intensity from the sample. If the emission light is completely 

polarized and parallel to the polarizer (P1), the I⊥(t)=0 and therefore r(t) = 1. 

However, completely polarized emission is never observed for fluorescence from 

homogenized samples.9 The measured values r(t) are smaller than 1 due to the angular 

dependence of photoselection.9 When the emitted light is completely depolarized with 

respect to the excitation light, I‖(t) = I⊥(t) and r(t)= 0.  
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 Upon irradiation by polarized excitation light, absorption occurs for molecules 

that have absorption transition parallel or with component along the direction of the 

electronic vector of the excitation light. As a result, excitation by polarized light 

results in population of excited state molecules that are prevailed by those with the 

initial transition dipole oriented along the electric vector of the excitation source. This 

phenomenon is called photoselection.9 In homogenized solution, the ground state 

molecule distributes randomly in terms of orientation of electronic transition. The 

excited state molecules created by polarized excitation light have transition dipoles 

that orientate symmetrically around the polarization direction of pump laser light. 

Assuming there is no additional process causing depolarization, the observed 

anisotropy in homogenized solution is given by:9 

𝑟0 =
2

5

3 cos2 β − 1

2
 

where β is the angle between the absorption and emission transitions. 

 The r0 is used to refer to anisotropy for the case of absence of any other 

depolarizing processes such as rotational diffusion or energy transfer. The maximum 

value of anisotropy in homogenized solution sample is 0.4 when the transition dipoles 

for fluorescence and absorption are collinear (i.e., β = 0). Given that rotational 

correlation time (the time related to the rotational diffusion) for system of the sizes of 

the selected DNA oligomers usually occurs in slow timescale, e.g., ~ 8 ns for 20 base 

pairs DNA fragment,9 such process should have minute contribution to depolarization 

of fluorescence in ultrafast timescale as detected in our fs-TRFA measurement. As a 

consequence, a value of TRFA if less than 0.4 at very early time may imply presence 

of excitation energy transfer that in some cases may occur faster than that can be 

resolved by the fs-TRF measurement.6 
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2.5 Femtosecond Transient Absorption Spectroscopy (fs-TA) 

The setup of femtosecond transient absorption (fs-TA) system was constructed 

with reference to publication in the literature.2-4 Similar to the TRF, the TA 

measurement were performed by using the ultrafast laser system described in section 

2.2. In the fs-TA, excitation of sample molecules was performed by focusing the 

pump laser into the sample solution contained in a flow cell compartment. The sample 

after photo-excitation was probed by a white light continuum (WLC) pulse created by 

a rotating CaF2 plate pumped by either the 800 nm fundamental or the 400 nm second 

harmonic of the 800 nm laser. The instrument response function (IRF) of the TA 

measurement varied from ~ 150 fs to 250 fs as the detection wavelength changes from 

600 to 220 nm.  

Figure 2.5 displays the configuration of the TA system. To generate the WLC 

probe pulse, high intensity 800 or 400 nm ultrashort laser pulse, after passing through 

the optical delay line, was focused on a 1 mm thick CaF2 plate; to avoid damage to 

the CaF2 plate and also to facilitate generation of stable WLC probe, the plate was 

carefully attached to a motor and was driven to rotate evenly during the measurement. 

The high peak power of the 800 or 400 nm ultrashort laser induces nonlinear effect on 

the CaF2 plate and this produces a pulse that has broad wavelength coverage and 

remains the ultrashort duration as the incoming laser pulse.1 The wavelength coverage 

of WLC varies depending on the wavelength of the incoming laser, being ~290-850 

nm with the 800 nm laser and ~220-500 nm when irradiated with 400 nm laser. The 

WLC generated from using the 400 nm laser allows probing dynamic change in the 

DNA ground state absorption region and therefore can provide important information 

about the recovery dynamics of the ground state population after the photo-excitation. 
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The WLC after formation was collected by an ellipsoidal mirror (E1, Figure 

2.5) and was directed to a beam splitter where it was split into two WLC beams, one 

acts as the probe beam and the other the reference beam. The probe WLC beam was 

directed to the sample cell and was aligned to overlap with the excitation pump beam 

on the sample to allow detection of changes in absorption at designated time interval 

after the photo-excitation. The reference WLC beam was directed to a different 

position in the sample cell and did not overlap with the pump beam. After this, both 

the probe and the reference beams were directed through a parabolic mirror (P1, 

Figure 2.5) to spectrometer and were detected by liquid nitrogen cooled CCD.  During 

the data processing, the intensity recorded for the probe beam at a certain time decay 

was divided by the corresponding value recorded for the reference beam; and in this 

way one can minimize influence of fluctuation of the WLC and to improve effectively 

the S/N ratio of the recorded TA spectra.10 

For detection of the TA spectrum at a particular time delay (t), a solenoid 

controlled shutter on the pump beam path (not shown in Figure 2.5) was switched on 

and off alternatively to record transient spectra (I(,t)pumped) and the background 

absorption (I(,t)unpumped), respectively. The transient absorbance difference spectrum 

(O.D(,t), i.e., the TA spectrum) was obtained according to the equation below: 

△ OD(λ, t) = − log
𝐼(λ, t)𝑝𝑢𝑚𝑝𝑒𝑑

𝐼(λ, t)𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑
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Figure 2.5. Configuration of transient absorption spectrometer. 
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2.6 Sample handling 

Desalted dry form DNA oligomers including d(A)20, d(T)20, d(AT)10, d(AG)2, 

d(AG)4, d(AG)10 and d(AAGAA)4 were purchased from Sigma Aldrich. Monomeric 

nucleotides 2’-deoxyadenosine-5’-monophosphoate (dAMP) and thymidine-5’-

monophosphate (TMP) were purchased from Sigma Aldrich. All these samples were 

used without further purification. Double stranded d(A)20·d(T)20 was prepared by 

hypochromic titration described later in chapter 3. For the fs time-resolved 

measurements, the DNA sample was dissolved in 50 mM pH7 potassium phosphate 

buffer prepared by mixing K2HPO4 and KH2PO4 in deionized water (18 MΩ). The 

reduced form of β-nicotinamide adenine dinucleotide (NADH) was purchased from 

Sigma-Aldrich. Without further purification, the sample was dissolved in pH7 

potassium phosphate buffer for the fs time-resolved measurements. The model 

compound for isolated nicotinamide monomer, 1-benzyl-1,4-dihydronicotinamide (B-

Nic) was purchased from Tokyo Chemical Industry. Acetonitrile (CH3CN) and 

dichloromethane (CH2Cl2) solvent (HPLC/Spectral grade purity) were purchased 

from Tedia.  

All the samples used for time-resolved spectroscopic measurement were in the 

solution phase and the measurements were done at room temperature. Irradiation of 

the sample solution with laser of selected wavelength was achieved by focusing the 

laser beam into the sample solution that is contained in a flow cell of 0.5 mm 

thickness with the windows made of calcium fluoride plates. During the time-resolved 

measurement, the sample solution (~15-20 ml) which was connected through Teflon 

hoses to a stainless steel mechanical pump was made to flow circularly at a rate of ~ 1 

ml/s to avoid accumulation of unwanted photoproduct at the beam path. 
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For all the time-resolved measurements, UV absorption spectra were recorded 

before and after the experiments and the spectra revealed no degradation of the 

sample during the time-resolved experiment. For measurement that may involve 

reactive excited state species, such as time-resolved study on NADH in pH 7 buffer, 

the measurement was done with sample solution being purged with nitrogen gas to 

avoid oxidation of sample. In case of time-resolved study on B-Nic, it should be noted 

that purging nitrogen through organic solvent may assist vaporization of the solvent 

and this may lead to increase of the sample concentration and as a result alter the 

spectroscopic signal intensity and lead to incorrect determination of excited state 

dynamics. To avoid this, a method referred to as indirect purging of nitrogen is 

adopted. In this method, the nitrogen purging was done by bubbling nitrogen to neat 

solvent contained in a sealed reservoir (called solvent reservoir). Positive pressure 

built in the solvent reservoir allows nitrogen gas and solvent vapor in the reservoir to 

pass through a connecting outlet hose (see Figure 2.6) to enter the sample solution. 

With this method, the sample solution was indirectly purged with nitrogen and the 

saturated solvent vapor; therefore concentration of the sample solutions could be 

maintained during the spectroscopic measurement. 
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Figure 2.6. Diagram showing N2 purging setup with solvent reservoir 
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2.7 Chirp Correction 

 

Figure 2.7. Group velocity dispersion (GVD) versus wavelength for 1 mm of materials: fused silica 

(brown), Schott BK7 (orange), Schott SF10 (green) and sapphire (yellow).1 

Figure 2.7 shows the group velocity dispersion (GVD) displayed by different 

wavelength of light when passing through a number of different materials. According 

to Figure 2.7, it can be seen that different wavelength of light travels at different 

speed in a particular material. Light of longer wavelength travels faster and overlaps 

with the probe pulse earlier than that of the shorter wavelength component. Figure 2.8 

shows the detected signals in the fs-TRF measurement of d(A)20·d(T)20 duplex. A 

calibration procedure called chirp correction was used to eliminate the difference in 

delay time showed by fluorescence of varied wavelength in the measurement. Figure 

2.9 shows the chirp corrected time dependent fluorescence intensity of d(A)20·d(T)20 

duplex. As a result, the induced chirp of a particular wavelength in the time-resolved 

system can be obtained. It is noted that the change in speed of light versus wavelength 

is not linearly related and this varies with wavelength and materials (Figure 2.7). The 

relationship of the chirp (Time(chirp)) with respect to wavelength () in the wavelength 

range (~300-750 nm) covered by our time-resolved system can be mimicked by a 

quadratic equation shown below: 
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Time(chirp)  = 𝑎𝜆2 + b𝜆 + 𝑐 

Trans-stilbene was used as a standard to find the parameters a, b, and c in the 

equation. The chirp for particular wavelength of light in the time-resolved system can 

thus be obtained according to the equation, and the time delay of signal at the 

corresponding wavelength can then be corrected accordingly. 

 

Figure 2.8. Detected fluorescence intensity at different wavelength and time delay in the fs-TRF 

measurement of d(A)20·d(T)20 duplex in pH 7 potassium phosphate buffer 

 

Figure 2.9. Chirp corrected fluorescence intensity at different wavelength and time delay in the fs-TRF 

measurement of d(A)20·d(T)20 duplex in pH 7 potassium phosphate buffer 
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Chapter 3. Spectroscopic properties and Excited 

State dynamics of Adenine (A), Thymine (T) bases 

containing oligomers 

3.1 Introduction 

Since solar ultraviolet (UV) irradiation of DNA can produce electronically 

excited states that may undergo photochemical reaction leading to base damage and 

genetic modification, there have been extensive studies aiming to understand the 

underlying photophysics and photochemistry of the UV-excited DNA. Cyclobutane 

pyrimidine dimer (CPD) and thymine-thymine 6, 4 pyrimidine-pyrimidones (6-4) 

adducts are among the major mutagenic photoproducts that can be formed from 

absorption of solar UV light by DNA.1,2 These photoproducts are generated between 

adjacent thymine bases in one strand of DNA duplex; and upon formation, they may 

alter the conformation of DNA and disrupt the normal cellular processes which may 

result in immune suppression and carcinogenesis.3 It is fortune that such 

photoproducts formed on one single strand at a time but not both strands in DNA 

duplex. During the early stages of evolution of life on Earth when the primordial 

atmosphere was considerably less rich in oxygen than today, selection preference 

would be weighted towards species which could survive in UV rich environment.4 

The localization of the excitation (photo-damage) on the initial excited strand may 

play an important role in the evolutionary selection of DNA as the principle genetic 

courier of all life on Earth. Photo-damage localized to the affected strand may leave 
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the undamaged complementary strand as a backup copy of the genetic information for 

maintaining the genetic stability of lives. 

As the building blocks of DNA, the nucleic bases are remarkably photostable 

owing to  their ultra-short excited state lifetimes (less than 1ps) rendered by the 

ultrafast non-radiative internal conversion decay of the photo-excited singlet 

electronic states.5-7 However, a large number of photophysical studies have shown 

that assemblies of bases as those in DNA oligomers or polymers can produce excited 

states that feature much longer lifetimes of up to hundreds and even thousands 

picoseconds.1,8-14 Since a long excited state lifetime may increase the propensity of 

the species toward photochemical reaction, the long-lived nature of DNA excited 

states may bear a direct link to some important photo-lesions in living organism. As a 

result, there has been intense interest in understanding the collective behavior and in 

particular the excited state dynamics of DNA assemblies.  

In this regard, Kohler and co-workers reported comparative fs-transient 

absorption study on excited state dynamics of single-stranded oligomer d(A)18 and 

double-stranded oligomers d(A)18·d(T)18 and d(AT)9·d(AT)9.
12 By monitoring the 

kinetic change of excited state absorption at 570 nm, their experiment with d(A)18 in 

neutral water demonstrated a slow relaxation dynamics with time constant τ ~126 ps 

which they assigned to excimer state with charge transfer character formed due to the 

stacking interaction between the adenine bases. In addition to the long-lived 

component, they also found a rapid initial decay component with time constant τ ~0.8 

ps which was attributed to excited state stemmed from un-stacked adenine base in the 

d(A)18 single-strand. More important, they reported that the excited state dynamics of 

d(A)18·d(T)18 duplex is close to that of d(A)18 but is different from that in 

d(AT)9·d(AT)9 which was found to feature time constant of τ ~50 ps. On the basis of 
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this, they proposed that intrastrand excimers with lifetime of ~50-150 ps are formed 

with high efficiency whenever adenine is stacked with itself or thymine; they 

concluded that base stacking, rather than base pairing, determines the fate of singlet 

excited states in single- or double-stranded DNAs composed of adenine and thymine 

bases. This work emphasizes the excitation energy to be limited on one DNA strand at 

a time, allowing DNA repair from using the undamaged strand as a template and thus 

a mechanism for genome stability.  

This stacking control of the excited state dynamics in A·T DNAs was, 

however, questioned by Markovitsi and co-workers.13,15 They pointed out that, if the 

A-A excimer were the primary species created during the excited state relaxation in 

d(A)n·d(T)n duplex, the steady state fluorescence spectrum of d(A)n·d(T)n would be 

similar to that of d(A)n single-strand for the fluorescence quantum yield (f) of d(A)n 

(f ~6x10-4, d(A)20)
9 is much greater than that of d(T)n (f ~ 1x10-4, d(T)20)

16. This 

was however found to be not the case according to the steady state fluorescence 

measurement.13,15 In contrast to the red-shifted emission (max ~360 nm) showed by 

photoexcited polyd(A), the steady state fluorescence of polyd(A)·polyd(T) features 

spectrum (max ~330 nm) very  close to that of TMP.13 By using fluorescence up-

conversion and time-correlated single photon counting techniques, Markovitsi and co-

workers observed that the decay of fluorescence in polyd(A)·polyd(T) is complex and 

much slower than that of TMP. They explained their result in the framework of 

exciton theory and suggested that UV excitation of polyd(A)·polyd(T) duplex leads to 

population of exciton states wherein the excitation is shared among several bases. 

Since the formation of excitons depends on electronic coupling of the involved bases, 

it was proposed that the stacking and pairing interactions may both contribute to the 

exited state dynamics of A·T duplex. These researchers also reported ultrafast 
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fluorescence anisotropy decay in polyd(A)·polyd(T) which they believed to originate 

due to intraband scattering which occurs in less than 100 fs.13 Intraband scattering 

takes the initially populated exciton state to the exciton band minimum concurrent 

with excitation energy transfer and change in the polarization direction of the 

electronic transition.13   

Fiebig and co-workers used broadband transient absorption technique to 

examine energy dissipation and excited state dynamics of d(A)n=2-6,12,15,18 oligomers.1 

They interpreted their results in terms of conformation controlled excited state 

dynamics which they considered to fall into two categories: for poorly stacked bases, 

since the local static and dynamic disorder may limit electronic coupling between the 

neighboring bases, the UV excitation (at 270 nm) is localized on a single adenine base 

which decays to ground state in sub-ps timescale through the ultrafast nonradiative 

deactivation. On the other hand, for bases with well stacked conformation, the 

absorption of UV light produces delocalized excitonic states which have electronic 

excitation spreading over more than one base units. These researchers suggested that 

the electronically relaxed excitonic states with lifetime of several hundreds ps 

dominate the excited state dynamics of the oligomer composed of adenine. It is noted 

that their proposed low-lying excitonic state is different from the CT natured excimer 

state proposed by Kohler and co-workers and others for similar systems of d(A)n=2 to 

20.
9,10,12,14,17,18 In recent publication, Markovitsi and co-workers stated that the strength 

of dipolar coupling in stacked or paired bases usually does not exceed few hundreds 

wavenumbers.10 It is thus very unlikely that the excitonic state, if promoted mainly by 

the dipolar coupling, occurs after excitation and contributes to the extensively red-

shifted (by ~4500 cm-1) fluorescence showed by d(A)n (max= 360 nm) with respect to 

that of the monomeric adenine (max=310 nm). The interplay between the proposed 
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excitonic state and the long-lived state that accounts for the red-shifted fluorescence 

has remained unclear.  

In view of the uncertainty in the excited state dynamics of A/T DNAs, we 

have recently conducted systematic studies using combined methods of fs broadband 

TRF and fs-TA. The spectroscopic results of the homo-oligomers d(A)20 and d(T)20 

were compared with monomeric adenine and thymine and that of the hetero-oligomer 

d(AT)10 were compared with equal molar mixture of the corresponding 2’-

deoxyadenosine-5’-monophosphate (dAMP) and thymidine-5’-monophosphate 

(TMP).9,11,16 The preliminary results we obtained favor a general feature of base 

localized excitation followed by decay dynamics determined by identity of the 

constituent bases and conformation of the examined oligomeric system. Bases in 

poorly stacked conformations was suggested to feature ultrafast nonradiative decay 

process similar to that reported for the corresponding monomeric bases, while those in 

the well-stacked domain display dynamic evolution to a long-lived CT natured 

excimer state having lifetime ~182 ps for d(A)20 and 72 ps for d(AT)10. Due to the 

random conformation and the lack of inter-base interaction in d(T)20, the excited state 

dynamics of this oligomer resembles closely to that of the monomeric thymine, 

displaying no long-lived excited state in TRF measurement. 

Despite the valuable information provided in the literature studies, many 

issues have remained unclear, especially some of core questions including such as (i) 

the role of base stacking vs base pairing in affecting the excited state dynamics; (ii) 

the nature and degree of excitation delocalization for the long-lived excited state, and 

(iii) the quantum efficiency for formation of the long-lived state in the single-stranded 

DNAs with respect to double-stranded DNAs. To help address these questions, we 

present in this chapter a detailed investigation on the spectra and excited state 
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dynamics of d(A)20·d(T)20 duplex in buffered (pH 7) aqueous solution. The 

spectroscopic results of d(A)20·d(T)20 duplex were compared to those of d(A)20, d(T)20, 

d(AT)10, as well as the monomeric AMP, TMP and their equal molar mixture. The 

work was done based on a conjunction of the steady state absorption and fluorescence 

with the broadband fs-TRF, fs-TRFA and fs-TA spectroscopy. In contrast to the 

previously proposed stacking control of the excited state dynamics,12 our results show 

that the pairing interaction plays a pivotal role in suppressing the yield of the long-

lived excited state. This is a remarkable observation; it is hitherto unknown and may 

contribute importantly to the photo-stability of A/T DNAs. 
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3.2 Sample Preparation 

Single-stranded DNA samples such as d(A)18, d(A)20 etc. used in previous 

photochemical studies are purchased as lyophilized powders in small batches and 

dissolved in designated ~pH 7 buffer.8,10,12 For double-stranded DNA samples like 

d(A)18d(T)18 duplex etc., they are prepared by mixing equimolar amounts of d(A)n 

and d(T)n stock solutions. The concentrations of d(A)n and d(T)n stocked solution 

were determined using calculated extinction coefficients. Those duplex samples were 

characterized by melting curved experiment and assigned to double-stranded due to 

the observation of sharp increase in absorbance at ~260 nm upon rising solution 

temperature. This DNA duplex preparation method is able to produce double-stranded 

DNA sample but the prepared sample solution may contains excess amount of single 

strands. In regard to the mixing equimolar amounts of constituent single strands, the 

concentrations of the stock solutions are deduced by absorption spectroscopy in 

previous studies.8,10,12 It should be noted that the absorptivity of single strand depends 

on the hypochromicity (explain in detail in the following) and is affect by many 

factors including solvent temperature, strand length, conformation, and ionic strength 

etc. As a result, the actual quantity of single strands in stock solution would deviate to 

the expected concentration deduced from absorption measurement using calculated 

extinction coefficients. This contributes to excess amounts of single strands in sample 

solution. In order to prepare double-stranded DNA samples without redundant single 

strands, hypochromic titration is used to deduce the correct mixing ratio of stock 

solutions.  
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3.2.1 Hypochromic Titration for duplex preparation 

In macromolecules like DNA, the constituent chromophores (e.g. the purine 

and pyrimidine bases in DNA) are in close proximity which the chromophores 

interact with each other leading to a decrease in molar extinction coefficient with 

respect to the weighted sum of extinction coefficients of the component 

chromophores. This phenomenon is known as the hypochromic effect. The 

hypochromic effect arises due to electronic coupling (through dipolar interaction 

or/and interaction due to orbital overlap etc.) between the nearby chromophores and is 

sensitive to relative conformation of assembly which consists of the interacting 

chromphores. For the case of DNAs, the hypochromic effect varies with the 

conformation and is affected by both the base stacking and pairing interactions 

between the bases. Figure 3.1 shows the absorption spectra of DNA oligomers d(A)20, 

d(T)20, and equal volume mixture of d(A)20 and d(T)20 in 50 mM pH 7 potassium 

phosphate buffer at 20ºC. The absorbance of the equal volume mixture observed at 

260nm (absorbance = 1.16) is reduced by ~20% compared to that of the calculated 

average (absorbance =1.5) given by d(A)20 and d(T)20. The decrease in absorbance is 

due to stronger hypochromic effect in the mixture caused by formation of 

d(A)20d(T)20 duplex through the Watson-Crick hydrogen bonding between the d(A)20 

and d(T)20 strands. The hydrogen bonding interaction imposes further structural 

constraint to the constituent bases allowing better inter-base electronic coupling and 

results in enhanced hypochromic effect. Figure 3.2 shows the melting curve, i.e. the 

change of absorbance (at 260 nm) as a function of temperature recorded for the 

single-stranded d(A)20, d(T)20,and double-stranded d(A)20·d(T)20 duplex in pH7 

potassium phosphate buffer solution. In contrast to d(A)20
 which shows a steady 

increase in the absorbance upon rising the temperature, the d(A)20·d(T)20 duplex 
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exhibits a sharp increase of absorbance upon elevating temperature from ~35 to 45 oC. 

The thermal energy provided by higher temperature environment may weaken or even 

break down the Watson-Crick hydrogen bonding between the d(A)20 and d(T)20 

strands. This suppresses the inter-base electronic coupling and reduces the 

hypochromic effect accordingly. The temperature (Tm) which is defined as 

temperature of mid transition, corresponds to the temperature obtained from melting 

curves at which half of the sample (DNA strands) is folded or associated, and half is 

unfolded or dissociated.19 The melting curves of d(A)20·d(T)20 duplex and its distinct 

difference with respect to d(A)20 single-strand exemplifies a close connection between 

the pairing hydrogen bonding interaction and the hypochromic effect in DNA duplex. 

 

 

 

 

 

 

 

 

Figure 3.1. Absorption spectra of d(A)20 (red), d(T)20 (yellow) and equal volume mixture of d(A)20 and 

d(T)20 (green) in pH 7 potassium phosphate buffer at 20 ºC: The spectrum in black is the calculated 

average of absorbance of the d(A)20 and d(T)20 oligomers. 
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Figure 3.2. Melting Curves of d(A)20 (red), d(T)20 (yellow) and  d(A)20·d(T)20 duplex (green). 

Figure 3.1 shows the relevance of inter-strand pairing interaction to the 

hypochromic effect. The sample mixture used for Figure 3.1 was prepared by mixing 

equal volume of d(A)20 and d(T)20 sample solution which bears the same absorbance 

value at 260 nm. Although the simple mixing of the equal volume d(A)20 and d(T)20 

provides a mean for producing the AT duplex, it is not a very effective way for the 

purpose. d(A)20 and d(T)20 samples that show the same absorbance value do not 

possess equal number of mole of the strands. According to the molar extinction 

coefficient spectra of the DNA bases shown in Figure 3.3, adenine ( ~13700 M-1cm-

1)21 has a higher molar absorptivity at 260 nm than thymine ( ~8900 M-1cm-1)21. It is 

thus clear that, with the same value of absorbance at 260 nm, the sample solution of 

d(T)20 contains more unit of thymine than that of adenine in the corresponding d(A)20 

solution. In other words, the mixture contains excess amount of d(T)20 compared to 

the required equal molar mixture of d(A)20 and d(T)20 for the effective formation of 
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d(A)20·d(T)20 double helix. One may think that the equal mole mixture can be 

achieved by using proper amount of d(T)20 sample solution that features adequately 

lower absorbance after taking into account the lower molar extinction coefficient of 

thymine than adenine. Calibration using the bases however difficult for the molar 

extinction coefficient of base in oligomer (e.g. the d(A)20 and d(T)20 here) which is 

not always the same as that of the base in its monomeric form. For example, as a 

result of the inter-base π-π stacking interaction, the adenine in d(A)20 experience 

hypochromic effect leading to ~18 % decrease in molar absorptivity when compared 

to it in the isolated form. This is the reason for the melting curve of d(A)20 shown in 

Figure 3.2. The steady increase of absorbance according to rising temperature is due 

to the gradually reduced hypochromic effect which is caused by weakening of the 

stacking interaction at the higher temperature. In contrast to d(A)20, d(T)20 does not 

show significant hypochromic effect and its absorbance at 260 nm is constant as 

temperature changes. The absorptivity of oligomers may vary substantially depending 

on not only the identity of the constituent base but also other aspects such as the size 

of the oligomer and environmental factor including for example temperature and 

solvent polarity. It is difficult to determine the quantity of base units in an oligomer 

sample solution based solely on the measured absorbance. Hence, solution containing 

equal mole d(A)20 and d(T)20 cannot be prepared readily by mixing the d(A)20 and 

d(T)20 sample solution with the volume ratio deduced based on the molar extinction 

coefficient of the individual adenine and thymine. 
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Figure 3.3. UV absorption spectra of adenine (red), guanine (blue), thymine (orange) and cytosine 

(green).20 

In order to realize mixture solution with 1 : 1 molar ratio of d(A)20 and d(T)20 

for preparing effectively the double-stranded d(A)20·d(T)20 duplex, we adopted a 

method called hypochromic titration. Hypochromic titration is a titration method 

which we utilized the strong dependence of hypochromic effect to Watson-Crick 

Hydrogen bonding to optimize the volume mixing ratio for the d(A)20 vs d(T)20 single 

strands. The following describes the procedure for preparing d(A)20·d(T)20 duplex by 

the hypochromic titration.  

Solid state single-stranded d(A)20 and d(T)20 (in 0.2 μmole scale) were 

purchased from Sigma Aldrich and used without further purification. The samples 

were dissolved in 50 mM potassium phosphate buffer (pH 7) to serve as concentrated 

stock solutions for both the spectroscopic experiment of single-stranded d(A)20 and 

d(T)20 and for preparation of d(A)20·d(T)20 duplex. To prepare the d(A)20·d(T)20 

duplex, recorded portion of stock solutions were diluted to give absorbance of 1.5 at 

260 nm wavelength at controlled temperature of 20oC. The corresponding dilution 
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factors for the stock solutions (2.3126 for d(A)20 stock, 2.8653 for d(T)20 stock) were 

recorded. 

To optimize the volume ratio for giving equal mole mixture of d(A)20 and 

d(T)20 single strands, we first mixed equal volume (1 ml in the present case) of the 

diluted solutions of d(A)20 and d(T)20. The mixture was then held at 20 ºC and stirred 

for 15 minutes to allow full operation of the pairing process before examination by 

steady state UV absorbance measurement. Since the pairing promotes hypochromic 

effect, the absorbance of the equal volume mixture is 1.16 ; lower than the original 

1.5 value from the unpaired d(A)20 and d(T)20. After this, small amount (e.g. 25 μl in 

the present case) of d(A)20 or d(T)20  was added until the absorbance measured at 260 

nm reached the minimum value. The absorbance was measured at about 300 seconds 

each time after adding d(A)20 or d(T)20 to ensure the newly added d(A)20 or d(T)20 has 

enough time to form duplex with the existing single-stranded oligomer in the sample 

solution. The 300 seconds is adequate for this pairing process since Zuo and co-

workers showed that the second order rate constant for forming non-alternating AT 

duplex is 9 x 106 M-1s-1.22 Throughout the titration, the temperature needs to be kept 

constant since base pairing involves formation of hydrogen-bonds which is 

temperature dependent. Any change in temperature may lead to unwanted variation in 

titration volume. In addition, owing to the rather large size of the d(A)20 and d(T)20, 

the diffusion of the sample is slow, sample stirring is thus needed to ensure thorough 

mixing. Apart from stirring, the excitation source was blocked occasionally before 

every absorbance measurement to reduce any photoproduct formation. 
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Table 3.1. Measured absorbance in Hypochromic Titration 

d(A)20 added (μl) d(T)20 added (μl) Absorbance 

25 / 1.14996 

25 / 1.14777 

25 / 1.14408 

25 / 1.14020 

25 / 1.13740 

25 / 1.13510 

25 / 1.13407 

25 / 1.13593 

/ 25 1.13266 

/ 25 1.13257 

 25 1.13475 

25 / 1.13367 

25 / 1.13195 

250(1250μl) 75(1075 μl) 1.13195(minimum) 

 

 As an illustrative example, Table 3.1 shows the steps of adding d(A)20
 or 

d(T)20 and the measured values of absorbance after each step of adding. It can be seen 

that the absorbance minimum was achieved when the volume mixing ratio being 1.25 

ml d(A)20 : 1.075 ml d(T)20. This corresponds to 1 d(A)20 : 0.86 d(T)20 mixing volume 

ratio for duplex preparation from using equal absorbance (Absorbance at 260 nm = 

1.5). Any excess quantity of d(A)20 or d(T)20 may lead to a raise in the absorbance. It 

should be noted that the finally obtained solution after hypochromic titration is too 

diluted for TRF and TA measurement. The d(A)20·d(T)20 duplex sample solution 

therefore prepared from using the stock solution. With respect to the different dilution 

factors (2.3126 for d(A)20 stock, 2.8653 for d(T)20 stock) for preparing the equal 

absorbance solutions, The corresponding mixing ratio for stock solutions to prepare 

d(A)20·d(T)20 duplex sample solution is 1 d(A)20 (stock): 0.694 d(T)20 (stock). 
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3.2.2 Characterization of DNA duplex by Mass Spectroscopy 

 The prepared DNA duplex sample by hypochromic titration was analyzed by 

mass spectroscopy. In this measurement, the duplex sample is ionized by negative 

Electrospray Ionization (-ESI) and analyzed by Time of Flight (TOF) mass 

spectrometer. As molecular mass of d(A)20 , d(T)20 and d(A)20·d(T)20 duplex are 

around 6202 gmol-1, 6020 gmol-1 and 12228 gmol-1 respectively, they can be well 

identified in the obtained mass spectra. Figure 3.4 shows the mass spectra of d(A)20 , 

d(T)20 and d(A)20·d(T)20 duplex respectively. In the ESI, the sample molecules 

become ionized via deprotonation. In the case of oligonucleotides, multiple protons 

are removed resulting in a variety of species with multiple negative charges. As a 

consequence, the mass spectrum reveals the mass to charge ratio of the multiple 

negatively charged species. In the mass spectrum of d(A)20·d(T)20 duplex shown in 

Figure 3.4c, the peak at 1748 m/z corresponds to the duplex molecular ions carrying 

seven negative charges. The mass spectrum also shows signature bands corresponding 

to the single-stranded d(A)20 and d(T)20 which has mass to charge ratio being 1203 

and 1239 m/z, respectively. These single-strand signals are most likely originated due 

to breakdown of the pairing interaction in d(A)20·d(T)20 caused by the high 

temperature ESI.  
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Figure 3.4. Mass spectra of (a) d(A)20 single strand, (b) d(T)20 single strand, and (c) d(A)20·d(T)20 

duplex. 
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3.2.3 Characterization of DNA duplex by PAGE 

 Gel electrophoresis is one of the mostly used methods to separate and analyze 

nucleic acids and proteins. In neutral buffering environment, nucleic acid carries 

negative charge on the phosphate group. During the electrophoresis, the negatively 

charged nucleic acid molecules migrate toward the anode. The migration rate of 

nucleic acid molecules depends on their size, the smaller the size of the molecule the 

faster the molecule moves toward the anode. Gel matrix acts as a molecular sieve to 

fractionate the nucleic acids according to their sizes. There are two common types of 

gel medium in gel electrophoresis, i.e., agarose and polyacrylamide. In our study, 

polyacrylamide gel electrophoresis (PAGE) was used because of its higher resolution 

than that based on the agarose gel and PAGE is more suitable for separating nucleic 

acid with around 20 base pairs.23,24  

 The polyacrylamide gel is formed by polymerization of the synthetic 

acrylamide monomer with cross-linking agent bis. Commercial product of acrylamide 

is a white crystalline solid blended with N,N’-methylenebisacrylamide cross-linker 

(known as bis for short). The cross-linking of gel matrix is achieved with 19 : 1 ratio 

of acrylamide to bis. The resolving power of gel matrix depends on the pore size 

which is controlled by concentration of the polyacrylamide. To separate DNA sample 

that bears about 20 base pairs, 20 % (w/v) polyacrylamide solution was used.23 The 

polyacrylamide gels are formed by polymerization of the synthetic acrylamide 

monomer with cross-linking agent bis. For 8 ml acrylamide solution, the 

polymerization was initiated by adding 80 μl (10%, w/v) ammonium per-sulfate to 

acrylamide solution and was accelerated by adding 10μl N,N,N,N’-

tetramethylethylene diamine (TEMED). Being a radical-mediated process, the 
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polymerization is inhibited in presence of oxygen. To avoid this, the acrylamide 

solution was degassed by nitrogen purging. 

 To enable migration of nucleic acid under electric field, conducting salt is 

needed for the electrophoresis measurement. For this purpose, we used 0.1 M pH 7 

potassium phosphate buffer under a 100 Volts to encourage current flow in gel 

electrophoresis. To avoid unwanted effects such as joule heating which leads to 

break-down of the duplex molecules, a glass tube containing circulated ice-cold water 

was immersed in the gel buffer to ensure constant temperature during the 

electrophoresis process.  

 After the electrophoresis process, the gel was stained in order to visualize the 

nucleic acid.23 In our study, this was achieved by using SYBR Gold [Invitrogen] for 

its high capacity in bonding with both the double- and single-stranded DNA 

molecules. The gel, after stained, was illuminated by UV light (from mercury-vapor 

lamp with 340 nm band-pass filter) which produces fluorescence (from SYBR Gold 

bound DNA) covering the visible wavelengths from ~500 to 600 nm. Figure 3.5 

depicts the typical PAGE result obtained for the prepared d(A)20·d(T)20 duplex and 

the single-stranded d(A)20 and d(T)20. 5μl sample solutions were added to each sample 

well in gel electrophoresis. The sample components and concentrations of each 

sample well are listed in Table 3.2. 



60 

 

 

Figure 3.5 PAGE result obtained for d(A)20·d(T)20 duplex and single-stranded d(A)20 and d(T)20.  
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Table 3.2. Sample components and concentrations of PAGE for d(A)20·d(T)20 duplex analysis. 

Lane Sample Components Concentration (μM) Percentage (%) 

1 nil / / 

2 d(A)20·d(T)20 duplex 60 100 

3 nil / / 

4 d(A)20 3 5 

5 d(A)20 5 8 

6 d(A)20 10 17 

7 d(A)20 20 33 

8 d(T)20 3 5 

9 d(T)20 5 8 

10 d(T)20 10 17 

11 d(T)20 20 33 

12 nil / / 

 

 It can be seen that the d(A)20·d(T)20 sample features a rather sharp band in 

lane 2  which is distinctively different from those of d(A)20 and d(T)20. The single-

stranded d(A)20 (lane 5, 6, 7) features shorter retention time and migrates faster than 

that of d(A)20·d(T)20 duplex; this is well expected and is in line with the much smaller 

size of the former than latter molecule. On the other hand, the sample of d(T)20 (lane 

10,11) appears to exhibit retention time comparable to that of d(A)20·d(T)20 but it 

feature a band with long tail which is not seen in the band of d(A)20·d(T)20 duplex. 

This may occur as a result of the random base arrangement and the highly flexible 

nature of d(T)20 single-strand which allows a distribution of conformation and 

contributes to a range of varied retention times.24 According to the PAGE analysis, 

the d(A)20·d(T)20 sample we prepared based on hypochromic titration contains excess 

components of unpaired single-stranded d(A)20 and d(T)20 no more than ~8% and 

~17%, respectively. The low fluorescence intensity of the dilute samples (lane 4, 8, 9) 

making us unable to distinguish the fine quantity of single strands in d(A)20·d(T)20 

duplex. 
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3.2.3 Characterization of DNA duplex by Melting Curves 

 Analysis of thermal melting curve is a typical method used by many research 

groups to characterize formation of duplex from constituent single strands.3,8,19,22,25 

Duplex DNA containing certain base sequence under certain environmental condition 

features melting curve that differs distinctly from the component single strands 

(Figure 3.2). One important parameter provided by melting curve measurement is 

melting temperature, Tm, which refers to the temperature at which the sample 

absorbance raises to halfway of the overall increase of absorbance caused by 

reduction of hypochromic effect at higher temperature. The value of Tm is an 

important indicator for the thermal stability and the secondary structure of the DNA 

assemblies.  

 In the melting curve measurement, sample dissolved in potassium phosphate 

buffer (pH 7) was heated in a controlled and stepwise manner (by 2 oC in each step) 

from 10 ºC to 90 ºC. During the measurement, the absorbance (at 260 nm) of the 

sample solution was examined at about 5 minutes after each step of raising 

temperature to allow re-establishment of thermal equilibrium. It is important that the 

sample solution was contained in a capped sample quartz cell (with 1 cm optical path) 

to prevent vaporization of solvent at high temperatures which may lead to unwanted 

change in sample concentration and biased values of the measured absorbance. Figure 

3.6 exhibits the melting curve as well as the Tm obtained for the d(A)20·d(T)20 duplex 

sample which is prepared  by the hypochromic titration.  
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Figure 3.6 Melting curve and Tm obtained for d(A)20·d(T)20 duplex in pH 7 buffer (50 mM potassium 

phosphate) . The red and dotted lines are used to help defining Tm.  

 It can be seen from Figure 3.6 that the d(A)20·d(T)20 duplex we prepared in pH 

7 (50 mM) potassium phosphate buffer features melting temperature of 40 ºC. This is 

different from those reported by Schwalb and co-workers (Tm ~49 ºC)8 and Markovitsi 

and co-workers (Tm ~60 ºC)25. These variations in the Tm value can be readily 

attributed to the varied buffer solutions used by the different research groups. Buffer 

solutions used in Schwalb’s group is made of 2 mM NaH2PO4, 6 mM Na2HPO4, 185 

mM NaCl and 1 mM EDTA (pH7.1) and in Markovitsi’s group is made of 100 mM 

NaH2PO4, 100 mM Na2HPO4, and 250 mM NaCl (pH6.7). Compared to the buffer we 

used (pH 7 Potassium phosphate buffer made of 3.5: 5 (v: v) 50 mM KH2PO4 and 50 

mM K2HPO4), the salt content in buffers of the other two groups, especially that of 

Markovitsi and co-workers are significantly higher. It is known that, through 

solvation and partial neutralization to the negative charge on the phosphate group of 

10 20 30 40 50 60 70 80 90
0.8

0.9

1.0

1.1

1.2

Tm

A
bs

or
ba

nc
e 

Temperature (oC)



64 

 

nucleic acid, the cation in the buffer plays an important role in stabilizing the 

secondary structure of the DNA duplexes. Hence, high salt content tends to increase 

the Tm value of the DNA assemblies. The following formula demonstrates the Tm 

dependency on the cation concentration:19,26 

𝑑(𝑇𝑚)

𝑑(𝑙𝑜𝑔𝑀)
= 𝑛 + 2 

where M is the cation concentration and n is the number of base pairs in the duplex 

 For duplex that contains 20 base pairs, a 10-fold increase in the concentration 

of cation may lead to a Tm increase by 22 ºC. This explains the fact that the Tm 

reported by Markovitsi’s group is higher by ~20 ºC than that of our result. The buffer 

used in Markovitsi’s group features cation concentration which is about 10-fold 

higher than that of ours. To illustrate this, Figure 3.7 compares the melting curves 

obtained for d(A)20·d(T)20 in the 50 mM potassium buffer and the buffer of the same 

composition as used by Markovitsi’s group. Also showed in Figure 3.7 is the melting 

curves recorded under the different buffer condition for homo-oligomer single-

stranded d(A)20 and d(T)20 and the hetero-oligomer d(AT)10.    

 As mentioned previously, no transition is observed in the two single strand 

samples during melting curve measurement because there is no Watson-Crick 

Hydrogen bonding in homogenous single-stranded d(A)20 and d(T)20. For d(AT)10 

sample, the self-complementary sequence making it possible to form duplex 

secondary structure. Compare with the transition in d(A)20·d(T)20 duplex, d(AT)10 

possesses the same number of hydrogen bonding should exhibit the similar transition 

in melting curve. The little deviation of the transition shown in d(AT)10 toward 

d(A)20·d(T)20 duplex implies that the transition process may be governed by other 
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molecular interaction like stacking interaction. Moreover, hair-pin structure formation 

is possible for self-complementary d(AT)10. The melting curve of d(AT)10 may reflect 

a combination of structural transitions including  duplex and hair-pin conformation 

which leads to a different Tm. 

Figure 3.7. Compared Melting Curves of DNA samples: (blue line) in 50 mM potassium phosphate 

buffer, (red line) in sodium phosphate buffer (100 mM NaH2PO4, 100 mM Na2HPO4, 250 mM NaCl). 

For d(A)20·d(T)20 duplex and d(AT)10, increasing the ionic strength of the 

buffer solution is capable of stabilizing the secondary structures which leads to higher 

Tm values. Interestingly, two overlapping transitions was observed in the melting 

curve of d(AT)10 which d(AT)10 is dissolved in high ionic strength buffer. Figure 3.8 

highlights the two transitions in the melting curve of d(AT)10. 
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Figure 3.8. Melting curve of d(AT)10 in sodium phosphate buffer (100mM NaH2PO4, 100mM 

Na2HPO4, 250mM NaCl). Melting curve of d(AT)10 (green) and two located transitions (black). 

Transition 2 which has the similar slope to that in the low ionic strength buffer 

(50 mM potassium phosphate) corresponds to the duplex to single-strands transition. 

Transition 1 which has lower thermal transition energy is accounted for by the triplex 

to duplex transition or hairpin transition. Triplex formation is possible in adenine-

thymine containing DNA sequence.19,27 The third strand is bound by reverse 

Hoogsteen base pairing which contributes to a lower energy transition. Formation of 

triplex DNA requires large excess of pyrimidine strands because a single triplex plane 

involves 2 pyrimidine bases and 1 purine base. In self-complementary d(AT)10, the 

third pyrimidine rich strand binds to the major groove of the classic duplex leading to 

the observed transition 1. It is believed that high cation concentration neutralizes the 
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negative charge on nucleic acid that alleviates the charge repulsion on phosphate 

groups for the binding of third strand. 

No triplex transition can be found in the melting curve of d(A)20·d(T)20 duplex 

because the mole ratio of the two homo strands is 1:1. However, triplex readily 

formed if excess d(T)20 was provided. Figure 3.9 shows the melting curve of the 

mixture containing 2 d(T)20 :1 d(A)20 in sodium buffer (100 mM NaH2PO4, 100 mM 

Na2HPO4, 25 mM NaCl). The melting curve of the d(A)20/d(T)20 mixture containing 

excess d(T)20 clearly shows the triplex to duplex transition at ~30 ºC. The melting 

curve findings for d(A)20/d(T)20 mixture and d(AT)10 imply the possible triplex 

formation in high salt content buffer at room temperature. Because self-

complementary d(AT)10 forms triplex structure in sodium buffer (100 mM NaH2PO4, 

100 mM Na2HPO4, 25 mM NaCl), spectroscopic measurement of d(AT)10 under this 

sample condition may reflect the collective behavior (e.g. bases experience different 

electronic coupling) of bases in triplex structure instead of duplex structure. To ensure 

duplex structure in d(AT)10 sample and ignores the triplex variance, d(AT)10 was 

dissolved in pH 7 50 mM potassium phosphate buffer during spectroscopic 

measurement. 
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Figure 3.9. Melting curve of d(A)20/d(T)20 mixture containing 2 d(T)20 :1 d(A)20 in sodium phosphate 

buffer (100mM NaH2PO4, 100mM Na2HPO4, 250mM NaCl). Melting curve of d(A)20/d(T)20 mixture 

(green)  and two located transitions (black). 
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3.3 Results 

3.3.1 Steady State Absorption Spectra 

DNA is a multichromophoric system that the nucleic bases are held in close proximity 

with around 3.6 Å  distance in common B-DNA conformation. In such a short distance, 

not only dipolar interactions, but also interactions due to partial orbital overlap 

between adjacent bases allows the electronic coupling between nucleic bases leading 

to the formation of exciton. The idea was argued previously because the UV 

absorption spectrum of DNA helix resembles those of isolated bases. Those 

opponents believe the existence of excitons should induce a large shift of the UV 

spectrum of DNA helix with respect to that of the constituent monomers. In d(A)20 

oligomer which possesses B-DNA conformation, the adjacent transition dipoles 

between adenine bases which are approximately parallel forms H-aggregate28 and 

therefore should induces significant blue shift in absorption spectrum according to the 

Davydov Splitting theory.29 However, many calculation studies showed that the 

absorption spectra of DNA helices, explained in the frame of exciton theory, were 

only slightly shifted with respect to the spectra of the non-interacting chromophores 

(bases).17,21,25,28,30-34 The calculation studies showed that dipolar coupling is capable 

of inducing delocalization of the excited states over several bases. Several assembled 

nucleic bases in DNA create an excitonic state which is responsible for the absorption 

of particular energy of light. Due to the relative orientations of chromophores in helix, 

large variations of electronic couplings between nucleic bases are created. This 

generates numerous excitonic states in which the energy of excitonic states is 

determined by the static disorder of the bases. The oscillator strengths of DNA helices 

are therefore constructed by the combination of excitonic states. Figure 3.10 shows 
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the comparison of the absorption spectra of the single-stranded d(A)20 and its 

constituent monomers dAMP (2’-deoxyadenosine 5’ monophosphate).  

 

Figure 3.10. Comparison of the absorption spectra of the d(A)20 single strand (blue) and its constituent 

monomers dAMP (red) normalized at peak maximum of the lowest absorption.  

The photophysics of adenine has been well studied that the lowest absorption 

band in UV spectrum of the dAMP corresponds to two closely lying electronic 

transitions.5-7,9,21,35-39 The two electronic states with ππ* character are assigned to La 

and Lb states. The upper La transition is strongly allowed and carries the most of 

oscillator strength. The lower Lb state with relatively weak oscillator strength is 

believed vibronically mix with the La state contributing a single absorption band at 

around 260 nm. The single-stranded d(A)20 absorption peak maximum appears subtle 

blue-shifted (peaking at ~258 nm, shifted ~300 cm-1) to the non-interacting 

constituent monomers dAMP (peaking at ~260 nm). On the other hand, the low 

energy edge absorption of d(A)20 is slightly red-shifted (toward 295 nm) with respect 

200 220 240 260 280 300 320
0.0

0.5

1.0

1.5
A

bs
or

ba
nc

e 
(A

.U
.)

Wavelength (nm)



71 

 

to dAMP absorption spectrum. The observed differences are associated with the 

excitonic states formation induced by the proximal stacking bases.9,18,21,25,30,34,40-42 It 

should be noted that, besides the observed spectral shift in absorption spectrum, the 

oscillator strength of the lowest absorption band for d(A)20 single strand is also 

reduced (which is not shown in the normalized absorption spectra in Figure 3.10). The 

hypochromic effect in d(A)20 which corresponds to the strong electronic coupling 

between stacking bases is determined by the thermal energy of the environment. 

Previously showed melting curve of d(A)20 in Figure 3.7 displays a gradient change of 

absorbance (from absorbance ~0.9 to ~1.1) according to temperature rise which 

reflects the loss of electronically coupled components (fraction of well stacking bases) 

in d(A)20 due to increased disorder.  

Recent studies proposed the red-shifted low energy edge absorption (>300 nm) 

in d(A)20 corresponds to the charge-transfer state.10,18 The hypothesis underlying such 

reasoning is that the strength of the dipolar coupling for stacked or paired bases does 

not exceed a few hundreds wavenumbers. The Frenkel excitons in DNA unlikely 

contribute to the low energy absorption. Time-resolved spectroscopic studies of 

d(A)20  showed that excited state decay dynamics of d(A)20 composed of a long lived 

component which corresponds to the lower energy emission at later time delay.9 This 

long lived excited state was assigned to the excimer state which is formed by two 

adjacent adenine bases with charge transfer character. The proposed excimer state in 

d(A)20 behaves a lower energy and ‘dark’ emissive character which seems to be the 

charge-transfer state contributing the red-edge absorption.  

Contrast to the steady state absorption properties of d(A)20, homogeneous 

d(T)20 behaves similarly to its non-interacting monomer TMP. According to the 
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thermo-denaturation properties of single-stranded d(T)20 shown in melting curves, 

there is no obvious signature of hypochromic effect in single-stranded d(T)20. In 

addition, the absorption profile of single-stranded d(T)20 in Figure 3.11 is similar to its 

non-interacting monomer TMP. Only negligible blue shift of the peak maximum can 

be found. The results imply the electronic coupling between adjacent thymine bases is 

rather weak and the thymine bases in single-stranded d(T)20 behave as monomer. The 

weak electronic coupling of bases in d(T)20 may attribute to the inherent high 

flexibility, random orientation and weakly stacking character of the thymine 

oligomer.43,44 Different from adenine, absorption band of thymine at around 267nm 

arises from a single ππ* transition.33 The probability of a single transition moment 

that aligns in a parallel fashion with adjacent bases in randomly oriented geometry is 

low. This explains rather weak electronic coupling between bases in d(T)20. 

  



73 

 

 

Figure 3.11. Comparison of the absorption spectra of the d(T)20 single strand (blue) and its constituent 

monomers TMP (red) normalized at peak maximum of the lowest absorption.  

In case of duplex model, the constrained B-DNA conformation which is 

assisted by the Watson-Crick hydrogen bonding between purine and pyrimidine bases 

contributes to ordered structure and well stacking character. Previously mentioned 

strong hypochromic effect in d(A)20·d(T)20 duplex provides convincing evidence for 

the conformation dependence of electronic coupling in DNA. Apart from the 

enhanced stacking interaction in duplex, the electronic influences between pairing 

bases should not be ignored. Dipolar coupling between pairing bases may be capable 

of altering the energy of excitonic state.  Moreover, closely assembled bases in the 

two strands of DNA duplex may allow formation of interstrand excitonic states or 

interstrand charge transfer states. The idea of interstrand excitonic state formation in 

homogeneous d(A)n·d(T)n duplex was disputed by calculation studies.33,34 These 

authors suggested that the excitons tend to be localized on a single strand due to the 

200 220 240 260 280 300 320
0.0

0.5

1.0

1.5

A
bs

or
ba

nc
e 

(A
.U

.)

Wavelength (nm)



74 

 

energy gap dependence of the excitonic coupling and the mismatch between adenine 

and thymine monomer excitation energy. The studies also predicted the presence of 

weakly absorbing low-energy CT states. However, the oscillator strength (absorptivity) 

of the calculated CT state is too low that the excitonic state suffices for explaining the 

stacking-induced changes in absorption spectrum.  

 

Figure 3.12. Absorption spectra of the d(A)20 single strand (blue), d(T)20 single strand (green) and the 

d(A)20·d(T)20 duplex (red) normalized at peak maximum of the lowest absorption. 

Figure 3.12 shows the absorption spectra of d(A)20·d(T)20 duplex and its 

constituent single-stranded d(A)20 and d(T)20. It is clear that the absorption spectrum 

of the d(A)20·d(T)20 duplex strictly depends on the combined fractions of oscillator 

strengths (absorptivity) of the two single strands. Nonetheless, it should be noted that 

the absorption spectra for d(A)20 and d(T)20 are obtained when they are in single 

strand conformation which the base-to-base proximity and orientation are different 

from the duplex conformation. Due to different stacking orientation and 
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hypochromicity for the constituent single strands in duplex B-DNA conformation, the 

absorption profile of d(A)20·d(T)20 duplex cannot be decomposed to simply mixing of 

single-stranded d(A)20 and d(T)20. In other words, it is hard to deduce the 

hypochromicity and hence the absorptivity of individual strand (i.e. d(T)20 in 

constrained B-DNA confromation) in the duplex. As a consequence, ones cannot 

resolve the changes (e.g. blue/red shifting) of absorption profiles in d(A)20·d(T)20 

duplex due to such as enhanced electronic coupling between stacking bases or 

reduced absorptivity of d(T)20. 

 

Figure 3.13. Comparison of the absorption spectra of the d(A)20·d(T)20 duplex (red) and the d(AT)10 

(blue) normalized at peak maximum of the lowest absorption.  

The absorption spectrum of d(A)20·d(T)20 duplex is compared with the 

alternating sequence oligomers d(AT)10 shown in Figure 3.13. Self-complementary 

sequence d(AT)10 forms similar B-DNA duplex structure to the homogeneous  

d(A)20·d(T)20 duplex.11,12,22,45 The purine and pyrimidine bases on d(AT)10 should 
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have the same electronic influence from hydrogen bonding. However, as an 

alternating sequence, each nucleic base on d(AT)10 is sandwiched with two different 

bases. The adenine bases are stacked with two adjacent thymine bases so that the 

stacking interaction is totally different from the case in d(A)20·d(T)20 duplex. Bear in 

mind that the strength of dipolar coupling strictly depends on transition moments and 

the relative orientation of the chromophores. On the one hand, the transition moments 

of adenine and thymine are different. Energy mismatch of the lowest transitions for 

the two bases adenine and thymine may lead to the weakly coupling nature which has 

been suggested in previous publication.33,34 On the other hand, the smaller six 

member ring thymine base may give rise to comparatively little orbital overlap to the 

adjacent adenine leading to a weaker electronic coupling between bases in d(AT)10. 

Previously mentioned formation of delocalized excitonic states on d(A)20·d(T)20 

duplex contributes to a blue-shifted peak maximum and red-shifted of low energy 

edge in the absorption profile.  Comparing the absorption spectra in Figure 3.13, the 

absorption spectrum of d(AT)10 exhibits a lesser extent of spectral shift (peaking at 

~262 nm) than that of d(A)20·d(T)20 duplex (peaking at ~258 nm). The d(A)20·d(T)20 

duplex absorption spectrum also appears more red edge component (from 280 nm to 

295 nm) with respect to d(AT)10. The steady state absorption result of d(AT)10 can be 

explained due to different electronic coupling nature to d(A)20·d(T)20 duplex. The 

electronic coupling between stacking bases in d(AT)10 may be weaker than that in 

d(A)20·d(T)20 duplex. This can be explained by the energy mismatch of transition 

moment for the constituent A-T stacking bases and little orbital overlap between 

stacking bases in d(AT)10. Weaker electronic coupling in d(AT)10 may contribute to 

lower splitting energy and results in comparatively narrow exciton band that leads to a 

lesser extent of spectral shift in absorption spectrum. Some calculation and time-
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resolved studies suggested more localized and monomer-like excited state behavior in 

alternating d(AT)n sequence.11,33,34 The idea of more fraction of monomer-like  

absorption can explain the lesser extent of spectral shift  in d(AT)10. Experimental 

results from Crespo-Hernández et al. suggested that CT states are formed in high 

yield in alternating sequence than that in homogeneous sequence d(A)n and double 

stranded  d(A)n·d(T)n.
12 If the red edge absorption in DNA (i.e. >295 nm) truly 

corresponds to the CT state absorption transition, absorption band of d(AT)10 

oligomers should reflect more extent of spectral shift at the low energy edge. The 

absorption results for d(AT)10 and d(A)20·d(T)20 duplex seem to refuse to the 

significant contributions of direct population of the CT state during absorption 

process because d(A)20·d(T)20 duplex possesses a greater red shifted absorption 

component. The CT state in DNA may carry very low oscillator strength in ground 

state geometry and population of such state may require a particular mediate state and 

structural reorientation as mentioned in some publications.9,11,18   
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3.3.2 Steady State Fluorescence Spectra 

Bathochromic shift of emission accompanying by the loss of vibrational 

structure are commonly observed in aggregates of aromatic systems like naphthalene 

and anthracene.46 The reason for the red-shifted emissions from these aggregates 

attributes to the formation of excimer in which a singlet excited molecule forms 

complex with neighboring ground-state molecule.46 Same as complex, formation of 

excimer requires short intermolecular distance or even collision between the excited 

and the ground state monomers. Early studies found that covalently linked nucleic 

bases by trimethylene chains are capable of generating red-shifted emission.47 By 

using different linker, it has been found that the emission properties of the red-shifted 

emissions are strictly dependent on the molecular distance and orientations between 

the two nucleic bases. The observation strongly suggests that the observed red-shifted 

emission is originated from the excimer of two nucleic bases. With the similar 

circumstance, the nucleic bases in DNA strand are assembled in close proximity that 

allows the formation of excimer as the case in trimethylene linked nucleic bases. 

There is controversy over the formation of excimer states in explaining the excited 

state dynamics of DNA oligomer.12,15,48 The opponents suggested that the red-shifted 

emission of excited DNA actually originates from the exciton band minimum.13,41,49 

Recent time-resolved spectroscopic and calculation studies suggested that the 

development of the long-lived state which corresponds to the red-shifted emission of 

DNA oligomers may require significant structural reorganization process.9,11,16,18 The 

required conformational adaptation is needed to achieve a favorable configuration for 

charge transfer and results in a fully stabilized excimer states.  The suggested 

structural reorganization contradicts to the explanation of excited state dynamics in 
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the framework of exciton theory singly and supports the possible way of excimer state 

formation in DNA oligomer.  

The steady state fluorescence spectra of DNA molecules were measured and 

shown in the following paragraphs. The measurements were achieved by using Jobin 

Yvon Fluoromax-4 Spectrofluorometer. Samples contained in a 2 mm path-length 

quartz cell were diluted to equal absorbance at 267 nm and illuminated by UV light 

with center-wavelength at 267 nm. Circulation of sample solutions was achieved by 

stirrer bar to prevent accumulation of photo-product at the fluorescence path. 

Unwanted second order diffraction of excitation source and Raman line were 

subtracted by using fluorescence data measured separately with an addition of long-

pass filter at the detection entry. Each final fluorescence spectrum as a result is a 

combination of fluorescence data of using and not using long-pass filter. Figure 3.14 

shows the fluorescence spectra of single-stranded d(A)20 and its constituent 

monomers dAMP dissolved in pH 7 potassium phosphate buffer. Significant red shift 

of the emission band of single-stranded d(A)20 (with peak maximum ~360 nm) is 

shown in the fluorescence spectra when compared with its constituent monomers 

dAMP (with peak maximum ~310 nm). The steady state fluorescence results agree 

with previous studies of adenine homopolymers which suggested that the red-shifted 

emission corresponds to the excimer emission.9,50 It should be noted that the 

fluorescence spectra shown in Figure 3.14 are normalized data. The fluorescence 

intensity of single-stranded d(A)20 is actually more than 5 fold higher than the 

fluorescence from dAMP.9 Non-normalized fluorescence spectra  are shown in Figure 

3.16. In case of single-stranded d(A)20, the fluorescence spectrum displays a 

domination of excimer emission (with fluorescence intensity at peak maximum ~2.2 x 

105, shown in Figure 3.16) which implies efficient development of the excimer states 
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in the single-stranded d(A)20. Fluorescence of monomer dAMP composes of photons 

from radiative transition of the two excited state La, Lb (with fluorescence intensity at 

peak maximum ~3 x 104, shown in Figure 3.16).9 The quantum yield of radiative 

transition of the excimer state in d(A)20 is obviously much higher than the La, Lb 

fluorescence processes in dAMP. 

 

Figure 3.14. Steady state fluorescence spectra of d(A)20 single strand (blue) and its constituent 

monomers dAMP (red) using 267nm excitation source. The fluorescence data are normalized at the 

peak maximum of the emission band. 

Contrast to single-stranded d(A)20, the fluorescence spectrum of single-

stranded d(T)20 does not show significant feature of excimer emission. In Figure 3.15, 

the normalized fluorescence peak maximum (at ~330 nm) of single-stranded d(T)20 

nearly resembles its constituent monomer TMP. Subtle difference of steady state 

fluorescence between single-stranded d(T)20 and its monomer TMP occurs at low 

energy emission (from 360 nm to 600 nm) which the d(T)20 exhibits higher intensity 
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at this region. The fluorescence of TMP and single-stranded d(T)20 is believed to be 

originated from the Sπ and Sn state of the thymine monomer.16 Initially populated Sπ 

state decays rapidly to lower Sn state leading to a lower energy emission. The 

involvement of the Sn state in thymine can be used to explain the subtle difference 

between steady-state fluorescence of TMP and d(T)20. The micro-environment of the 

thymine bases in d(T)20 is comparatively hydrophobic to the monomer TMP. The less 

polar environment encountered by the thymine bases in d(T)20 may stabilize the Sn 

state and therefore contributes to the extended low-energy emission in d(T)20. The 

extended lower energy emission in d(T)20 is not likely related to excimer emission 

because the emission lifetime (~1 ps)16 is found to be much shorter than the CT states 

in DNAs (~100 ps)9,12. Associated inherent high flexibility, random orientation and 

weakly stacking character of thymine oligomer infer small quantity of bases with 

desirable molecular orientation for excimer formation. Large timescale of structural or 

bases reorientation may be required in d(T)20 to bring the couple of bases to favorable 

orientation for excimer formation. In addition, involvement of the Sn state allows 

rapid intersystem crossing to the T1 triplet state with ππ* nature in accordance with 

the classical propensity rule (the EI-Sayed rule).51 Fast conversion of the singlet Sn 

state to T1 triplet state diminishes the singlet state for the formation of excimer. 

Consequently, fluorescence of d(T)20 originates from ππ* and nπ* radiative relaxation 

processes of the constituent monomers and gives rise to similar steady-state 

fluorescence profile to TMP. 



82 

 

Figure 3.15. Steady state fluorescence spectra of d(T)20 single strand (blue) and its constituent 

monomers TMP (red) using 267nm excitation source. The fluorescence data are normalized at the peak 

maximum of the emission band. 

The steady state fluorescence spectra of single-stranded oligomer d(A)20 and 

d(T)20 demonstrates the prerequisite of the excimer formation and that is probably 

related to desirable base to base orientation because no significant excimer emission 

feature is found in flexible d(T)20 strand. In duplex DNA, Watson-Crick hydrogen 

bonding constraints the nucleic bases to stack following B-DNA conformation in 

which bases are held in a close proximity with around 3.6 Å  base to base distance. 

Such a close distance may allow the readily formation of excimer just as the case in 

single-stranded d(A)20. In d(A)20·d(T)20 duplex, the adenine bases are assembled and 

stacked following the B-DNA conformation. The fluorescence spectrum of 

d(A)20·d(T)20 duplex should therefore show the excimer emission feature which is 

similar to the in single-stranded d(A)20. However, the fluorescence profile of 

d(A)20·d(T)20 duplex (peaking at ~335 nm) looks very similar to that of the single-
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stranded d(T)20 and simple judgment may lead to a conclusion that fluorescence of 

this double helix stems only from thymine bases. Figure 3.16 shows the fluorescence 

spectra of DNA samples including d(A)20·d(T)20 duplex prepared by hypochromic 

titration and its constituent single strands (d(A)20 and d(T)20) and the individual bases 

(dAMP and TMP). The fluorescence of d(A)20·d(T)20 duplex is not simply a 

combination of fluorescence of the two individual single strands. The emission profile 

of the d(A)20·d(T)20 duplex nearly resembles the fluorescence profile of single-

stranded d(T)20 which suggests that very little fluorescence arises from the A strand in 

d(A)20·d(T)20 duplex. The missing quantum yield of the red-shifted emission from the 

A strand in d(A)20·d(T)20 duplex suggests duplex formation may restrict the excimer 

formation on the d(A)20 strand.  

In regard to the delocalized excitation energy in the framework of exciton 

theory,25,49 internal conversion in the exciton band (intraband scattering) may lead to 

trapping of excitation energy to the lower energy excitonic states. If the lower energy 

excitonic states are composed of large fraction of thymine bases, due to its 

intrinsically lower electronic energy, it is inevitably that the fluorescence profile of 

the duplex resembles d(T)20 because excitation energy transfer to the T strand. 

Nonetheless, calculation studies suggest the excitons tend to be localized on a single 

strand in duplex due to the energy gap dependence of the excitonic coupling and the 

mismatch between adenine and thymine monomer excitation energy.33,34 Interstrand 

energy transfer from adenine strand to thymine strand leading to dissipation of 

excitation energy on adenine bases seems not that feasible. The restriction on excimer 

formation in A strand may probably ascribe to the physical constraint from hydrogen 

bonding which is encountered by the stacking bases and limits the favorable 

orientation to achieve the stabilized CT state.  
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Figure 3.16. Steady state fluorescence spectra of equal absorbance (at 267nm) DNA samples: dAMP 

(dot), TMP (dash), equal molar mixture of dAMP and TMP (black solid),  d(A)20 single strand (red), 

d(T)20 single strand (blue), and d(A)20·d(T)20 duplex (green). 

Compares with the d(A)20·d(T)20 duplex, the alternative sequence d(AT)10 

which bears the same A-T hydrogen bonding to d(A)20·d(T)20 duplex however 

generates a red-shifted fluorescence spectrum (broad peak maximum from 320 nm to 

400 nm and tails to 700 nm, shown in Figure 3.17).  Recent publication suggests that 

the red-shifted fluorescence is probably originated from the exciplex state formed by 

proximal adenine and thymine stacks.11 Prior to the exciplex state, it is believed a 

relatively large scale nuclear relaxation and reorientation of the immediate 

surroundings of a gateway SG is required to achieve the further stabilized exciplex 

state. Different from the d(A)20·d(T)20 duplex, the red-shifted emission implies a 

relieved restriction from hydrogen bonding leading to exciplex formation in d(AT)10. 

Although the two duplexes possess the B-DNA conformation, the base sequences and 
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stacking properties are different.  Adenine is stacked with thymine base in d(AT)10 

that gives rise to possible A-T exciplex formation. The inherent prerequisite for A-T 

exciplex formation would be comparatively effortless which contributes to the large 

exciplex contribution in fluorescence spectrum. 

 

Figure 3.17. Steady state fluorescence spectra of d(A)20·d(T)20 duplex (green) and d(AT)10 (yellow) 

excited at 267nm. The fluorescence data are normalized at the peak maximum of the emission band.  
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Table. 3.3 Steady state absorption and fluorescence peak maximum of DNA samples dissolved in 

potassium phosphate buffer (pH 7). Fluorescence spectra for DNA samples are obtained by 267 nm 

excitation with absorbance at 267 nm equal to 0.8. 

Sample Absorption λmax/nm Fluorescence λmax/nm Relative fluorescence 

intensity at λmax 

dAMP 260 308 3.2 x 104 

d(A)20 258 357 2.2 x 105 

TMP 267 330 1.26 x 105 

d(T)20 266 330 1.45x 105 

dAMP and TMP mixture 262 325 6.5 x 104 

d(AT)10 263 320-390 6.6 x 104 

d(A)20·d(T)20 260 326 1.65 x 105 
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3.3.3 Femtosecond time-resolved fluorescence spectroscopy and fluorescence 

anisotropy  

3.3.3.1 Femtosecond time-resolved fluorescence spectra of d(A)20 and dAMP 

Figure 3.18 displays the temporal evolution of the broadband TRF spectra for 

d(A)20 single strands and its constituent monomer dAMP in pH 7 potassium phosphate 

buffer solution obtained with 267 nm excitation. Each transient fluorescence spectrum 

was acquired at designated pump-probe time delay. For samples which possess long-

lived emissive states, such as single-stranded d(A)20, longer pump-probe time delay 

sequence is employed to explain the fluorescence dynamics. The time delay sequence 

for TRF measurement of d(A)20 single strand is (-50, -0.5, -0.4, -0.3, -0.25, -0.2, -0.15, 

-0.1, -0.05, 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5, 0.6, 0.7, 0.85, 1, 1.25, 1.5, 

1.75, 2, 2.5, 3, 3.5, 4, 5, 6, 7, 8.5, 10, 12.5, 15, 17.5, 20, 25, 30, 35, 40, 50, 60, 70, 85, 

100, 125, 150, 175, 200, 250, 300, 350, 400, 500, 600, 700, 850, 1000, 1250, 1500, 

1750, 2000 ps). The time delay sequence of TRF measurement for the short-lived 

dAMP extends to 10 ps only because there is no observable fluorescence signal at 

time delay longer than 10 ps. The transient fluorescence spectra recorded at time 

delay 0.6, 12.5, 50 ps for d(A)20 and 0.6, 1, 1.5 ps for dAMP are selected and 

displayed separately below the temporal evolution of broadband TRF spectra. The 

selected spectra are rescaled to approximate peak height for comparison. The initial 

fluorescence profiles of d(A)20 and dAMP (at 0.6 ps) are similar and they appear to be 

broad emission band with λmax ~310 and ~300 nm respectively. The similar initial 

fluorescence profiles of d(A)20 and dAMP evokes the possible monomer-like emission 

from d(A)20 as suggested in previous publication.9 Nonetheless, subtle difference can 

be found at the peak maximum between the TRF spectra of d(A)20 (Stokes shift of 
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~1000 cm-1 for d(A)20) and dAMP at 0.6 ps. This implies the involvement of exciton 

fluorescence in TRF of d(A)20.  

The emission profile of dAMP does not change significantly at later time 

delays (e.g. 1 ps, 1.5 ps).  There is no fluorescence signal can be detected at time 

delay ~3 ps for photoexcited dAMP. Contrast to the monomer, the emission profile of 

d(A)20 gradually changes to a red-shifted emission band with λmax ~360 nm at 50 ps. 

This red-shifted emission signal lasts for more than 300 ps. The apparent spectral red 

shift which is accompanied by long-lived fluorescence feature agrees with the 

possible formation of the charge transfer state (excimer) in d(A)20 that proposed in 

many publications.9,12,20,42,47  

Kinetic analysis of d(A)20 found that the dynamic features of the fluorescence 

decay vary significantly with the fluorescence wavelengths. In other words, the 

temporal decay of the blue side fluorescence is different from the red side of the 

spectra for d(A)20. Figure 3.19 shows the time profiles for the d(A)20 and dAMP 

fluorescence at four selected wavelengths 320, 350, 380, and 420 nm. The decay 

dynamics of the fluorescence were simulated satisfactorily by three-exponential 

function with time constants of 0.28 ps (τ1), 2.11 ps (τ2) and 140 ps (τ3), respectively, 

weighted by different proportionality factors. The fluorescence decay dynamics of 

d(A)20 shows a significant wavelength dependent feature that the long wavelength 

emissions (e.g. 380, 420 nm) compose of greater fraction of the slow decay 

component (τ3). The longer wavelength emission contains greater contribution (9 % at 

380 nm, 13 % at 420 nm) with respect to the shorter wavelength emission (1 % at 320 

nm, 4 % at 350 nm). 
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In case of dAMP, minor wavelength dependent feature is observed in 

fluorescence decay dynamics (see Figure 3.19). Two-exponential function with time 

constants of 0.12 ps (τ1), 0.41 ps (τ2) is required to simulate the decay dynamics. The 

result is consistent with the photo-physical findings which reported bi-exponential 

fluorescence decay in adenosine.9,21 The bi-exponential fluorescence decay feature 

attributes to the ultra-fast internal conversion from the initially populated La state to 

the Lb minimum (~0.12 ps) and the barrierless depopulation channel for the Lb state to 

the ground-state (~0.41 ps).  

In addition to the ultrafast decay channel corresponding to the monomer-like 

deactivation with time constant 0.28 ps (τ1), collective behavior (i.e. assembled bases 

in close proximity) of d(A)20 contributes to the long lived decay component (~140 ps) 

in the fluorescence dynamics. The slow decay component is consistent to the result 

obtained from the bleach-recovery signal of two stacked adenosine which gives the 

corresponding time constant of ~105 ps ± 30 ps.14 Kohler et al. proposed the charge 

transfer (CT) state (stated as excimer) formed between two stacked adenosine 

corresponds to the long-lived decay component in excited state decay dynamics of 

d(A)n=2,4 and polyd(A). Time-resolved study of d(A)20 which has been shown by 

Kwok and co-workers also demonstrates similar long lived excited state.9 This long 

lived state has been assigned as excimer state. 

A preliminary step, ~3 ps, from a gateway state to the exciplex state has been 

suggested as the required large scale nuclear relaxation and reorientation for the 

achievement of the lower energy exciplex state in d(AT)10.
11 The suggested gateway 

state provides a comparatively long life span of excitation to achieve the formation 

CT state. Comparable decay dynamics with 2.11 ps (τ2) time constant was obtained 
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from fitting analysis of fluorescence decay dynamics of d(A)20. The TRF result of 

d(A)20 suggests the possible involvement of mediate state which corresponds to the 

decay of fluorescence with (τ2) time constant 2.11 ps. The nature of mediate state is 

explained by TRFA results. 

 

3.3.3.2 Time-resolved fluorescence anisotropy spectra of d(A)20 and dAMP 

Figure 3.20 shows the temporal evolution of the broadband TRFA spectra of 

267 nm photoexcited d(A)20 and dAMP. The fluorescence anisotropy is given by the 

formula r = 1/5(3cos2θ-1), where θ is the angle between the transition moments 

related to photon absorption and photon emission. Photon emitted by excited state 

which differs to the Franck Condon excited state may lead to non-zero angle θ and the 

anisotropy will be lower than 0.4 (Details of TRFA has been mentioned in Chapter 2). 

In case of dAMP, excitation at 267 nm populates both the first and the second singlet 

excited states (La, Lb) whereas emission arises normally from large fraction of the 

lower excited state (Lb), especially the lower energy emission. The zero time 

fluorescence anisotropy determined for dAMP is therefore lower than 0.4. The 

fluorescence anisotropy of dAMP is wavelength dependent such that the higher 

anisotropy value is obtained from the higher energy emission (i.e. r0 ~0.35 at 320 nm 

and r0 ~0.28 at 360 nm). The wavelength dependent feature of anisotropy for purine 

base such as dAMP originates from the varied fractions of emitted photon from La 

and Lb states at different wavelengths.52,53 The higher energy emission is composed of 

greater portion of photons emitted from La(no energy transfer, high anisotropy). On 

the other hand, the low energy photons originate mostly from Lb state in which there 

is significant fractions of Lb states in dAMP sample solution are generated indirectly 
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by internal conversion of La. These Lb states have emission transition moments 

deviated from the absorption transition (i.e. La) and therefore give rise to depolarized 

photons. As a result, the anisotropy value of the lower energy emission (i.e. r0 ~0.28 

at 360 nm) is lower than blue side emission (i.e. r0 ~0.35 at 320 nm). 

Ignoring the subtle decay of anisotropy due to the dissipation of the 

fluorescence from La state and growing fluorescence from Lb state, the temporal 

evolution of fluorescence anisotropy for dAMP maintains nearly constant to r ~0.25 

(at 320 nm). No significant depolarization can be found in TRFA spectra of dAMP in 

1 ps. Contrast to the monomer, fast depolarization shown in the temporal evolution of 

fluorescence anisotropy of homogeneous DNA oligomer has been assigned to energy 

transfer in frame of exciton theory.25 The measured temporal evolution of 

fluorescence anisotropy for single-stranded d(A)20 (shown in Figure 3.20) also shows 

fast depolarization of fluorescence that is consistent to the previous anisotropy 

finding.25 With the wavelength dependent feature of anisotropy that is similar to the 

monomer dAMP (at ~0.1 ps) shown in Figure 3.20, the anisotropy of d(A)20 reduce 

rapidly from r ~0.25 to r ~0.1 at 1.5 ps (at 360 nm).  

Time-dependence of the fluorescence anisotropy decay dynamics for 267 nm 

photoexcited d(A)20 is shown in Figure 3.21. The data points at designated time delay 

are obtained by averaging the anisotropy values range from 320 to 360 nm. 

Simulation of the anisotropy decay dynamics requires two-exponential function fitting 

with time constant 0.58 ps (θ1), 29 ps (θ2). The long correlation time for the 

depolarization of the fluorescence can be explained by the segmental motion of the 

constituent bases that gives rise to the change in polarization in later timescale.54 
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The short correlation time (θ1 = 0.58 ps) seems too long for the proposed 

timescale for intraband scattering (within 100 fs) in the frame of exciton theory.13,25 

According to the theory, energy transfer to the low-lying excitonic state in DNA 

oligomer leads to spatial extent of the excitation energy that accompanies with the 

change in emission polarization. Since the energy transfer to the exciton band 

minimum is an ultrafast process (within 100 fs), the fluorescence observed from 

exciton should be extensively depolarized in this case (i.e. r0 =0.1, for chromophores 

transition moment aligned perpendicular to the axis of the assembly).52 The observed 

fast anisotropy decay for d(A)20 is actually due to the dissipation of the monomer-like 

emission. In accordance with the exciton theory, initially populated excitonic state 

may transfer its excitation energy to low-lying excitonic states leading to fluorescence 

depolarization. Nonetheless, there is a fraction of weakly coupled nucleic bases in 

d(A)20 contribute to the bright monomer-like fluorescence signal which maintains 

high anisotropy value initially (i.e. r ~0.25 at 360 nm). The observed fluorescence 

signal should be compose of fluorescence from the depolarized excitonic states 

(collective) and the monomer-like states (non-collective). Dissipation of the 

monomer-like fluorescence (with same fluorescence feature to dAMP, i.e. anisotropy 

characteristics and lifetime) leads to the reduced fractions of the fluorescence photons 

which contributes to high anisotropy. The growing fraction of exciton fluorescence 

contributes to the sub-picoseconds scale decay of anisotropy that gives time constant 

0.58 ps (θ1). It should be noted that there is no observable fluorescence signal from 

dAMP monomer beyond 3 ps which indicates negligible contribution of the 

monomer-like fluorescence in later time delay. The d(A)20 transient fluorescence that 

obtained beyond 3 ps time delay should be merely come from the collective domain 

(e.g. exciton). Non-zero fluorescence anisotropy with r ~0.1 in later timescale shown 



93 

 

in Figure 3.21 agrees with photochemical study of d(A)20·d(T)20 duplex which 

suggested energy transfer in framework of exciton leads to depolarization of 

fluorescence and results in anisotropy r =0.1.52 

Figure 3.18. Temporal evolution of the broadband TRF spectra (upper panel) of 267 nm excited d(A)20 

and dAMP obtained in pH 7 potassium phosphate buffer. Fluorescence spectra at particular pump-

probe time delays are extracted below the TRF spectra. The extracted spectra are rescaled to 

approximate peak height. *located sharp peaks at initial time delays are due to imperfect subtraction of 

Raman scattering of buffer solution. 
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Figure 3.19. Normalized time-dependence of the fluorescence decay dynamics of 267 nm photoexcited 

d(A)20 and dAMP at 320 nm (squares), 350 nm (circles), 380 nm (triangles), and 420 nm (crosses) 

resulting from the TRF spectra displayed in Figure 3.18. The solid lines represent the IRF convoluted 

three-exponential function fitting to the experimental data. The data from d(A)20 with time delays 

before and after 3ps are displayed, respectively, on a linear and logarithmic time axis. 
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Figure 3.20. Temporal evolution of the broadband TRFA spectra of 267 nm excited d(A)20 and dAMP 

obtained in pH 7 potassium phosphate buffer. Time delays displayed in d(A)20:(0, 0.05, 0.1, 0.15, 0.2, 

0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7, 0.85, 1, 1.5ps), and that displayed in dAMP:(0, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.7, 1.5 ps). * Artifacts due to imperfect Raman line subtraction (~300 nm) and probe beam 

nonlinear effect (400 nm).  
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Figure 3.21. Time-dependence of the fluorescence anisotropy decay dynamics of 267 nm photoexcited 

d(A)20 (circles) resulting from the TRFA spectra displayed in Figure 3.20. Data obtained from 

averaging emission signal at 320-360nm. The solid lines represent the two-exponential function fitting 

to the experimental data. 
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3.3.3.3 Femtosecond time-resolved fluorescence spectra of d(T)20 and TMP 

As a similar homogeneous single strand, the excited state of single strand 

d(T)20 behaves differently to d(A)20 and exhibits no significant interbase energy 

transfer feature in the fluorescence decay dynamics. Temporal evolution of the 

broadband TRF spectra of d(T)20 in Figure 3.22 resembles the TRF profile of its non-

interacting TMP monomer at all time delay. The fluorescence profiles of d(T)20 and 

TMP appear as broad band of emission with λmax ~330 nm and tail to ~500 nm. The 

transient fluorescence profiles for both d(T)20 and TMP remain no change at later time 

delay (i.e. 10 ps).  

Simulations of the fluorescence decay dynamics for d(T)20 and TMP shown in 

Figure 3.23 require two-exponential function with corresponding time constants of 

0.29 ps (τ1), 1.5 ps (τ2) and 0.25 ps (τ1), 1.1 ps (τ2) respectively. The fluorescence 

decay dynamics for both d(T)20 and TMP exhibit insignificant wavelength dependent 

feature. Both samples demonstrate ~30 % contribution of the τ2 component in the 

decay dynamics. The bi-exponential fluorescence decay feature observed in both 

d(T)20 and TMP has been assigned to the relaxation processes of two singlet excited 

electronic states Sπ and Sn of the monomer.16 The Sπ electronic state carries higher 

oscillator strength and is merely populated upon 267 nm excitation. The Sπ electronic 

state subsequently relaxes to the lower Sn state rapidly which the relaxation process 

corresponds to the decay time constants of ~0.3 ps.16 Later on deactivation of the Sn 

state to the ground state contributes to the observed ~1 ps fluorescence decay 

dynamics in both d(T)20 and TMP. The n to π* nature of the lower electronic state (Sn) 

is predicted due to the low oscillator strength together with the fast ISC to T1 state 

with ππ* nature.16 It should be noted that the T1 state decay dynamics is not 

observable in the Kerr gate TRF system. 
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3.3.3.4 Time-resolved fluorescence anisotropy spectra of d(T)20 and TMP 

The temporal evolution of the broadband TRFA spectra for 267 nm 

photoexcited d(T)20 shown in  Figure 3.24 also resembles its constituent monomer 

TMP. Contrast to d(A)20 and dAMP, the fluorescence anisotropy spectra of d(T)20 and 

TMP are not wavelength dependent and they maintain nearly constant at high 

anisotropy value, r ~0.35 at 0.1 ps. In regard to the observed bi-exponential 

fluorescence decay dynamics for both d(T)20 and TMP, they involves two singlet 

electronic states in which the Sπ state relaxes to the lower Sn state rapidly by internal 

conversion. The change of electronic state alters the emissive transition moment and 

photons from new emissive state would be depolarized leading to lower anisotropy. 

The high anisotropy results for both d(T)20 and TMP imply the transition moment of 

the absorption Sπ state align nearly parallel to the Sn state such that internal 

conversion to the lower Sn does not cause significant change of transition moment. 

Decay dynamics of the fluorescence anisotropy for d(T)20 shown in Figure 

3.25 does not show extensive anisotropy decay as TRFA of d(A)20 and the anisotropic 

value maintains nearly constant at ~0.35. The collective behavior (i.e. exciton) in 

single-stranded d(A)20 is not observed in d(T)20. According to the anisotropy results 

for d(T)20 and TMP, spatial extent of the excitation in framework of exciton theory 

may not occur in d(T)20 leading to the observed relatively constant anisotropic value r 

~ 0.35 at 1.5 ps. In other words, interbase excitation energy transfer from Franck 

Condon region to adjacent bases seems forbidden in d(T)20 system. The reason for the 

restriction on energy transfer may rely on the improper alignment of the transition 

moments between thymine bases in d(T)20. The inherent high flexibility, random 

orientation, and weakly stacking character of the thymine oligomer limits strong 

electronic coupling between thymine bases in d(T)20. This weak coupling 
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environment does not favor Frankel exciton in d(T)20 and UV absorption generally 

gives rise to localized monomer excitation. As a consequence, energy transfer by 

means of exciton migration cannot be found in d(T)20.  
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Figure 3.22. Temporal evolution of the broadband TRF spectra (upper panel) of 267 nm excited d(T)20 

and TMP obtained in pH 7 potassium phosphate buffer. Fluorescence spectra at particular pump-probe 

time delays are extracted below the TRF spectra. The extracted spectra are rescaled to approximate 

peak height. *located sharp peaks at initial time delays are due to imperfect subtraction of Raman 

scattering of buffer solution. 
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Figure 3.23. Normalized time-dependence of the fluorescence decay dynamics of 267 nm photoexcited 

d(T)20 and TMP at 320 nm (squares), 350 nm (circles), 380 nm (triangles), and 420 nm (crosses) 

resulting from the TRF spectra displayed in Figure 3.22. The solid lines represent the IRF convoluted 

two-exponential function fitting to the experimental data.  
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Figure 3.24. Temporal evolution of the broadband TRFA spectra of 267 nm excited d(T)20 and TMP 

obtained in pH 7 potassium phosphate buffer. Time delays displayed in d(T)20:(0, 0.05, 0.1, 0.15, 0.2, 

0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7, 0.85, 1, 1.5ps), and that displayed in TMP:(0, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.7, 1.5 ps). * Artifacts due to probe beam nonlinear effect (400 nm).  
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Figure 3.25. Time-dependence of the fluorescence anisotropy decay dynamics of 267 nm photoexcited 

d(T)20 (circles) resulting from the TRFA spectra displayed in Figure 3.24. Data obtained from 

averaging emission signal at 320-360nm. The solid lines represent the two-exponential function fitting 

to the experimental data. 
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3.3.3.5 Femtosecond time-resolved fluorescence spectra of d(AT)10 and equal molar 

mixture of dAMP and TMP 

Figure 3.26 shows the temporal evolution of the broadband TRF spectra for 

267 nm photoexcited d(AT)10 and equal molar mixture of dAMP and TMP obtained 

in pH 7 potassium phosphate buffer. The initial emission profiles of both excited 

d(AT)10 and equal molar mixture of dAMP and TMP evolve as broad emission band 

peaking at 320 nm in 0.6 ps.  The two initial emission profiles appear similar and the 

transient fluorescence of d(AT)10 at 0.6 ps seemingly composes of emission from the 

two non-interacting monomers. The similar emission profile of d(AT)10 to its non-

interacting constituent bases at the very beginning  readily evokes the idea of 

individual base localized excitation such that absorption of photon by single nucleic 

base gives rise to monomer excited state. The emission of d(AT)10 at 0.6 ps probably 

arise from monomer-like excited state. 

Temporal evolution of the TRF spectra in Figure 3.26 demonstrates the 

development of the red emission band peaking at 450 nm in 50 ps. The growing of 

this red emission band corresponds to Stokes shift of ~8500 cm-1 to the monomer 

fluorescence. Such red-shifted emissive state is not observed in the TRF spectra of the 

equal molar mixture of dAMP and TMP that implies a close relation to the collective 

behavior in d(AT)10. Formation of this red-shifted state may require close proximity 

of neighboring adenine and thymine bases as proposed in previous photochemical 

study.11 

Time-dependence of the fluorescence decay dynamics for d(AT)10 shown in 

Figure 3.27 displays a wavelength dependent feature of decay dynamics such that the 

red emission at 500 nm apparently possesses the highest fraction of long lived 
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component. The fluorescence decay dynamics of the equal molar mixture is 

comparably simple and exhibits as the combination of fluorescence decay dynamics 

from non-interacting dAMP and TMP monomers. Simulation of this fluorescence 

decay dynamics requires two-exponential function with corresponding time constant 

0.19 ps (τ1), 0.95 ps (τ2). These two time constants are assigned to the monomer 

excited state relaxation processes of both dAMP and TMP. Global analysis of the 

fluorescence decay dynamics at selected wavelengths of d(AT)10 requires three-

exponential function with time constants 0.25 ps (τ1), 1.3 ps (τ2) and 62.5 ps (τ3) to 

simulate the decay dynamics satisfactorily. The tri-exponential fluorescence decay 

dynamics agrees well with previous time-resolved studies on A-T oligomer that 

composing long lived excited state.11,12 The fluorescence decay dynamics for low 

energy emission at 460 nm and 500 nm compose of higher fraction, 11% and 14% 

respectively, of long-lived τ3 component (see Table 3.4); while emission at 320, 380 

nm show alomost zero contribution of τ3 component. The 62.5 ps (τ3) long-lived 

component in the d(AT)10 excited state dynamics is related to the red-shifted exciplex 

emission. The long lived CT state (exciplex or excimer) which decays by charge 

recombination should be therefore related to intrinsic electron affinity and ionization 

potential of particular bases involved.14 Consequently, the decay rate of the charge 

transfer state (A-A excimer, with τ3 ~140 ps) in d(A)20  is different from that in 

d(AT)10 (A-A excimer, with τ3 ~62.5 ps). 

In regard to the similar transient fluorescence profiles at 0.6 ps for d(AT)10 

and equal molar mixture of dAMP and TMP, the 0.25 ps τ1 time constants obtained 

from decay dynamics of photoexcited d(AT)10 is assigned to the monomer-like 

relaxation process. The 1.3 ps τ2 component in the excited state decay dynamics of 



104 

 

d(AT)10 would demonstrate the relaxation processes of both TMP nπ* state and the 

excitonic state in d(AT)10. 

3.3.3.6 Time-resolved fluorescence anisotropy spectra of d(AT)10 and equal molar 

mixture of dAMP and TMP 

Different from single-stranded d(A)20 and d(T)20 oligomer, the self-

complementary d(AT)10 oligomer is capable of forming DNA duplex at room 

temperature which bears a greater conformational constraint than the single strands. 

Melting curve experiment has clearly shown the duplex transition of d(AT)10. It is 

believed that the Watson-Crick hydrogen bonding in duplex brings a well stacking 

geometry and greater electronic coupling between bases leading to the observed 

greater hypochromic effect. The enhanced hypochromic effect observed in the 

d(AT)10 acts as one supporting evidence to  the strong electronic coupling between the 

nucleic bases in d(AT)10. There should be significant portion of collective domain 

(exciton) in d(AT)10 that absorbs the UV radiation. It should be a coincidence that the 

observed initial emission profile for d(AT)10 is similar to its constituent non-

interacting bases. The electronic coupling between bases in d(AT)10 is not strong 

enough to cause significant change in emission profile. 

Despite the enhanced hypochromic effect shown in melting curve, the very 

different temporal change of anisotropy between d(AT)10 with respect to its 

constituent bases shown in Figure 3.28 provides additional evidence for the 

involvement of excitonic state. The fluorescence anisotropy of equal molar mixture of 

dAMP and TMP generally shows the combination of fluorescence from two non-

interacting bases. Owing to the lower fluorescence quantum yield of dAMP (see 

steady state fluorescence spectra, Figure 3.16), the fluorescence anisotropy reflects a 
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greater contribution from TMP fluorescent photon which gives a high anisotropic 

value. The distinctive wavelength dependent feature of the fluorescence anisotropy 

for dAMP is faded by the bright TMP fluorescence signal. The subtle wavelength 

dependent feature of dAMP diminishes subsequently. The faster decay of dAMP 

fluorescence signal leads to domination of TMP fluorescence at 1.5 ps which leads to 

the rise of anisotropic value at ~450 nm and rather flat anisotropic spectra from 320 

nm to 500 nm. Contrast to the anisotropic spectra of photoexcited equal molar 

mixture of dAMP and TMP, the anisotropy of d(AT)10 does not reflect a domination 

of TMP fluorescence with a rather flat anisotropy spectra. Instead, wavelength 

dependent feature is displayed in the fluorescence anisotropy spectra of d(AT)10. The 

observed wavelength dependent feature in d(AT)10 fluorescence anisotropy seems 

more likely to that of d(A)20 in which excited state decay dynamics is explained in 

frame of exciton theory.  

Ultra-fast fluorescence depolarization can be found in d(AT)10 due to the 

observed rapid decay of anisotropy from 0 ps to 6 ps shown in Figure 3.28. The decay 

dynamics of fluorescence anisotropy for d(AT)10 is wavelength dependent. The 

anisotropy at ~320 nm decay to r ~0.25 while the anisotropy at ~440 nm decay to r ~0 

at 6 ps.  The decay dynamics of the fluorescence anisotropy for d(AT)10 shown in 

Figure 3.29 indicates the anisotropy at region of 320-340 nm decay rapidly with 

corresponding time constant 0.6 ps (θ1) and then maintains nearly constant at r ~ 0.25. 

The observed rather high anisotropy at 1.5 ps (compare with d(A)20, r ~0.1) may 

imply the spatial extent of the excitation for d(AT)10 would be shorter than d(A)20. On 

the other hand, the rather high anisotropy can also be explained by the contribution of 

fluorescence from monomer-like signal of thymine bases which gives high anisotropy. 

As mentioned previously, the observed sub-picoseconds timescale decay of 
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anisotropy in d(A)20 attributes to the reduced fractions of the monomer-like 

fluorescence. Monomer-like fluorescence plays a significant role in determining the 

anisotropy. The remaining portion of fluorescence photons from thymine monomer-

like state (with r ~0.35) may contribute to the observed high anisotropy r ~0.25 at 6 ps. 

Figure 3.29 also shows anisotropy decay dynamics at region 420-440 nm 

which covers exciplex emission band. The fluorescence anisotropy of d(AT)10 

approaches to nearly zero in ~3 ps. The further depolarized fluorescence signal at the 

red emission region attributes to the formation of the exciplex state. In Figure 3.29, 

the fluorescence anisotropy decay dynamics of d(AT)10 exhibits a slow correlation 

time 1.6 ps (θ1) at the red-shifted emission band from 420-440 nm. The slower 

correlation time with respect to that obtained at region from 320-340 nm (θ1 =0.6 ps) 

is related to growing fraction of exciplex emission.  Observed correlation time θ1 for 

the anisotropy decay dynamics at the red emission band corresponds to two 

depolarization processes which are exciton migration and exciplex formation. The 

growing fraction of exciplex fluorescence causes the further decay of anisotropy at 

region from 420 to 440 nm. Domination of exciplex fluorescence at later timescale 

further contributes to the anisotropy r ~0. 

The observed zeroing of fluorescence anisotropy suggests the possible non-

local formation of the long lived charge transfer state. Local state change would alter 

the transition moment to one particular angle θ that may probably give rise to a lower 

but non-zero anisotropy. The zeroing anisotropy observed after 3 ps for d(AT)10 

possibly arises from emission of exciplex states in which they are developed from 

excitonic states apart from the Franck Condon region. The anisotropy result suggests 

excitonic state would be a mediate state that prior to CT state formation. Subsequent 
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picoseconds timescale nuclear or structural reorientation would provide favorable 

orientation for the evolution of CT state in d(AT)10. 

 

Figure 3.26. Temporal evolution of the broadband TRF spectra (upper panel) of 267 nm excited 

d(AT)10 and equal molar mixture of dAMP and TMP obtained in pH 7 potassium phosphate buffer. 

Fluorescence spectra at particular pump-probe time delays are extracted below the TRF spectra. The 

extracted spectra are rescaled to approximate peak height. * Artifacts due to imperfect Raman line 

subtraction (~300 nm) and probe beam nonlinear effect (400 nm).  
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Figure 3.27. Normalized time-dependence of the fluorescence decay dynamics of 267 nm photoexcited 

d(AT)10 and equal molar mixture of dAMP and TMP. Data obtained from the TRF spectra displayed in 

Figure 3.26 and monitored at 320 nm (squares), 380 nm (circles), 460 nm (triangles), and 500 nm 

(crosses) for d(AT)10 while monitored at  320 nm (squares), 350 nm (circles), 380 nm (triangles), and 

420 nm (crosses) for the equal molar mixture. The solid lines represent the IRF convoluted multi-

exponential function fitting to the experimental data.  
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Figure 3.28. Temporal evolution of the broadband TRFA spectra of 267 nm excited d(AT)10 and equal 

molar mixture of dAMP and TMP obtained in pH 7 potassium phosphate buffer. Time delays displayed 

in d(AT)10:(0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7, 0.85, 1, 1.5, 2, 3, 4, 5, 6ps), 

and that displayed in equal molar mixture of dAMP and TMP:(0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1.5 ps). * 

Artifacts due to imperfect Raman line subtraction (~300 nm) and probe beam nonlinear effect (400 nm).  
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Figure 3.29. Time-dependence of the fluorescence anisotropy decay dynamics of 267 nm photoexcited 

d(AT)10 (circles) resulting from the TRFA spectra displayed in Figure 3.28. Data obtained from 

averaging emission signal at 320-340nm (upper panel) and at 420-440nm (lower panel). The solid lines 

represent the two-exponential function fitting to the experimental data. Data points of 8 and 10 ps are 

not shown in the upper panel decay dynamics due to weak fluorescence signal. 
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3.3.3.7 Femtosecond time-resolved fluorescence spectra of d(A)20·d(T)20 and equal 

molar mixture of dAMP and TMP 

In case of bearing the same Watson-Crick hydrogen bonding to d(AT)10, 

d(A)20·d(T)20 duplex does not display significant red-shifted emission in steady state 

fluorescence spectrum that suggests a confinement on CT state formation in 

d(A)20·d(T)20 duplex. It is interesting that closely assembled nucleic bases in 

d(A)20·d(T)20 do not give rise to CT state emission that is observed in d(AT)10 and 

d(A)20. The steady state fluorescence spectrum of d(A)20·d(T)20 appears likely that the 

emission stems only from thymine monomers. With regard to the higher fluorescence 

intensity of thymine base (see Figure 3.16), equal molar mixing of non-interacting 

thymine and adenine bases should give rise to obvious thymine fluorescence profile. 

Steady state fluorescence spectrum of d(A)20·d(T)20 may readily evoke scientists to 

explain the excited state dynamics in framework of monomer-like relaxation. 

Previous time-resolved studies using fluorescence up-conversion technique and 

transient absorption technique have already found that the excited state dynamic of 

(A,T) homogenous duplex composes long lived decay components and cannot be 

explained by simple combination of monomer decay dynamics.12,13 Owing to the 

intrinsic limitation of fluorescence up-conversion technique, decay dynamics at only 

one particular wavelength of fluorescence can be monitored during experiment. In 

other words, the change of spectral profile of the d(A)20·d(T)20 emission cannot be 

observed. Markovitsi and coworkers using fluorescence up-conversion technique 

deduced the wavelength dependent feature of the d(A)20·d(T)20 fluorescence by 

monitoring the fluorescence decay dynamics at four selected wavelengths (310, 330, 

380, and 420 nm).52 The up-conversion results showed that the longer wavelength 
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emission (420 nm) composes of slow decay component that agrees with the presence 

of CT state in d(A)20·d(T)20.
52 

Although the steady state fluorescence spectrum of d(A)20·d(T)20 looks similar 

to its constituent bases, temporal evolution of the broadband TRF spectra for 

d(A)20·d(T)20 displays a subtle red-shifted emission in transient fluorescence spectrum 

at 25 ps. Figure 3.30 shows the temporal evolution of the broadband TRF spectra for 

d(A)20·d(T)20. The initial transient fluorescence profile (at 0.6 ps) of d(A)20·d(T)20 

displays as a broad emission band peaking at 325 nm that nearly resembles its non-

interacting constituent monomers. With maintaining its emission profile, the 

fluorescence of d(A)20·d(T)20 decay much slower than the non-interacting monomers 

such that the transient fluorescence intensity of d(A)20·d(T)20 acquired at 4 ps 

(intensity ~550, at 325 nm) is five-fold higher than that obtained in equal molar 

mixture of dAMP and TMP (intensity ~100, at 325 nm). The longer decay dynamics 

found in the d(A)20·d(T)20 emission excludes the only monomer relaxation pathway in 

this duplex system. The extended fluorescence lifetime (at 4 ps) can be explained by 

the formation of excitonic state in the strongly coupled bases that enclosed in 

d(A)20·d(T)20. It is believed that the coupling energy for excitonic state in DNAs does 

not exceed few hundred wavenumbers.10 This implies that exciton fluorescence from 

DNAs will not cause significant bathochromic shift to the emission band with respect 

to its monomer fluorescence. Radiative relaxation of this longer life span excitonic 

state gives rise to the lengthened emission at ~325 nm. 

The emission profile of d(A)20·d(T)20 subsequently evolves as a broad 

emission band with greater contributions of low energy emission which extends 

beyond 500 nm (shown in transient fluorescence profile at 25 ps, in Figure 3.30). The 

fluorescence intensity of the red-shifted emission arising from excited d(A)20·d(T)20 
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(intensity ~10 in 25 ps, at 400 nm) is much lower than that observed in d(A)20 

(intensity ~60 in 50 ps, at 360 nm) and d(AT)10 (intensity ~15 in 50 ps, at 450 nm). 

The TRF results reflect a low CT state florescence intensity in excited d(A)20·d(T)20 

with respect to d(A)20 and d(AT)10. This is compatible to the state steady fluorescence 

result of d(A)20·d(T)20 that shows insignificant red shifting of emission band. 

 Simulation of the fluorescence decay dynamics for d(A)20·d(T)20 by using 

three-exponential function does not give satisfactory result with significant 

contribution of slow (τ3) decay component. According to the transient absorption data 

of d(A)20·d(T)20 shown in the following section, excited state decay dynamics of 

d(A)20·d(T)20 actually involves a long lived component with time constant ~100 ps. 

For this reason, three-exponential function with 100 ps (τ3) time constant is used to 

simulate the fluorescence decay dynamics of d(A)20·d(T)20. Other two time constant 

0.46 ps (τ1) and 3.5 ps (τ2) were deconvoluted from the simulation of d(A)20·d(T)20 

fluorescence decay dynamics. The short decay component (τ1) 0.46 ps is compatible 

with the monomer-like decay observed in d(A)20 and d(AT)10.  

A longer (τ2) 3.5 ps time constant is obtained from d(A)20·d(T)20 fluorescence 

decay dynamics with respect to the (τ2) time constant obtained from d(A)20 (2.12 ps) 

and d(AT)10 (1.3 ps). The τ2 time constants extracted from fluorescence decay 

dynamics for DNA samples d(A)20, d(AT)10, d(A)20·d(T)20 would be related to the 

required structural reorientation for the formation of stabilized CT state, observed 

longer τ2 time constant in d(A)20·d(T)20 thus reflects a greater restriction for CT state 

formation in d(A)20·d(T)20. This finding agrees with the low quantum yield of CT 

state in excited d(A)20·d(T)20. The excited state decay dynamics of d(A)20·d(T)20 

shows very low contribution (2 %, at 420 nm) of the τ3 component with respect to 
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d(A)20 (13 %, at 420 nm) and d(AT)10 (14 %, at 500 nm). The low contribution of the 

long lived τ3 component in d(A)20·d(T)20 fluorescence is in line with the low CT state 

emission. The longer (τ2) 3.5 ps time constant in d(A)20·d(T)20 may attribute to the 

Watson-Crick hydrogen bonding in the duplex conformation that hinders the base to 

base reorientation to achieve substantial change transfer. 

 

3.3.3.8 Time-resolved fluorescence anisotropy spectra of d(A)20·d(T)20 and equal 

molar mixture of dAMP and TMP 

Figure 3.32 shows the temporal evolution of the broadband TRFA spectra for 

267 nm photoexcited d(A)20·d(T)20 duplex. The broadband TRFA spectra clearly 

shows the energy transfer feature in d(A)20·d(T)20 duplex that is similar as the case in 

d(A)20 and d(AT)10. The fluorescence anisotropy spectra of d(A)20·d(T)20 duplex 

demonstrate a wavelength dependent feature. The fluorescence anisotropy of 

d(A)20·d(T)20 duplex at 0.1 ps is ~0.32 at 330 nm which is higher than that observed at 

420 nm with r ~0.25. The fluorescence anisotropy at 330 nm decays rapidly from r 

~0.32 to r ~0.25 in 1 ps. The fluorescence anisotropy at 330 nm decays further to r 

~0.15 in 10 ps. The anisotropy results reflect a kind of energy transfer. Energy 

transfer by means of exciton migration leads to spatial extent of the excitation energy 

toward the exciton band minimum which is accompanied by the change of 

fluorescence transition moment. Fluorescence from low-lying excitonic states with 

varied transition moment contributes to depolarization of fluorescence photons from 

d(A)20·d(T)20 duplex. 

Bright monomer-like fluorescence signal from weakly coupled nucleic bases 

in d(A)20·d(T)20 overwhelms the fluorescence detected at the early time delay. As a 
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result, initially measured fluorescence signal composes of large fraction of photons 

from local excited states leading to high anisotropy (r0 ~0.32 at 330 nm). The 

fluorescence anisotropy decay observed in Figure 3.32 arises from the changing 

fraction of photons from local monomer-like excited state and depolarized excitonic 

states. Deconvolution of the fluorescence anisotropy decay dynamics shown in Figure 

3.33 gives two correlation times 0.38 ps (θ1) and 18.5 ps (θ2). The short correlation 

time θ1 is explained by reduced fraction of monomer-like fluorescence photons and 

growing fraction of depolarized photons from excitons. Since d(A)20·d(T)20 duplex 

fluorescence composes of long lived CT state emission, the slow correlation time θ2 is 

explained by the slow depolarization process that is related to growing fraction of CT 

state emission and large scale molecular motions. 
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Figure 3.30. Temporal evolution of the broadband TRF spectra (upper panel) of 267 nm excited 

d(A)20·d(T)20 duplex and equal molar mixture of dAMP and TMP obtained in pH 7 potassium 

phosphate buffer. Fluorescence spectra at particular pump-probe time delays are extracted below the 

TRF spectra. The extracted spectra are rescaled to approximate peak height. * Artifacts due to 

imperfect Raman line subtraction (~300 nm) and probe beam nonlinear effect (400 nm).  

  

0

2000

4000

6000
.d(T)20

* d(A)20

50ps

0.25ps

 

 

 

In
te

ns
ity

 (A
.U

.)

300 350 400 450 500
0

5

10

15 25ps
  

Wavelength (nm)

0

200

400

600
4ps

  

 

0

1000

2000

3000
0.6ps

  

 

0

2000

4000

6000

8000 * dAMP+TMP

10ps

0.25ps

 

 

 

In
te

ns
ity

 (A
.U

.)

300 350 400 450 500
0

10

20

*
7ps

  

Wavelength (nm)

0

50

100

*
4ps

  

 

0

1000

2000 0.6ps

  

 



117 

 

0 1 2 3 10 100

0 2 4 6

.d(T)20

In
te

ns
ity

 (A
.U

.)
In

te
ns

ity
 (A

.U
.)

 320nm
 350nm
 380nm
 420nm

d(A)20

 

 

Time (ps)

 

 320nm
 350nm
 380nm
 420nm

dAMP+TMP

 

 

Time (ps)
 

Figure 3.31. Normalized time-dependence of the fluorescence decay dynamics of 267 nm photoexcited 

d(A)20·d(T)20 duplex and equal molar mixture of dAMP and TMP resulting from the TRF spectra 

displayed in Figure 3.30. The solid lines represent the IRF convoluted multi-exponential function 

fitting to the experimental data. The data from d(A)20·d(T)20 duplex with time delays before and after 

3ps are displayed, respectively, on a linear and logarithmic time axis. 
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Figure 3.32. Temporal evolution of the broadband TRFA spectra of 267 nm excited d(A)20·d(T)20 

duplex and equal molar mixture of dAMP and TMP obtained in pH 7 potassium phosphate buffer. 

Time delays displayed in d(A)20·d(T)20 duplex:(0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 

0.7, 0.85, 1, 1.5, 2, 3, 4, 5, 6, 8, 10ps), and that displayed in equal molar mixture of dAMP and TMP:(0, 

0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1.5 ps). * Artifacts due to imperfect Raman line subtraction (~300 nm) and 

probe beam nonlinear effect (400 nm).  
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Figure 3.33. Time-dependence of the fluorescence anisotropy decay dynamics of 267 nm photoexcited 

d(A)20·d(T)20 duplex (circles) resulting from the TRFA spectra displayed in Figure 3.32. Data obtained 

from averaging emission signal at 320-360nm. The solid lines represent the two-exponential function 

fitting to the experimental data.  
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Table 3.4. Fitting parameters obtained from global analysis of the fs-TRF decay profiles at the 

representative wavelengths. 

d(A)20 

λ /nm  τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

320 

0.28 

(0.84) 

2.12 

(0.15) 

140 

(0.01) 

350 (0.72) (0.24) (0.04) 

380 (0.68) (0.23) (0.09) 

420 (0.73) (0.14) (0.13) 

 

 

  

dAMP 

λ /nm  τ1 /ps (a1) τ2 /ps (a2)   

320 

0.12 

(0.92) 

0.41 

(0.08)   

350 (0.84) (0.16)   

380 (0.74) (0.26)   

420 (0.64) (0.36)   

d(T)20 

λ /nm  τ1 /ps (a1) τ2 /ps (a2)   

320 

0.29 

(0.74) 

1.5 

(0.26)   

350 (0.66) (0.34)   

380 (0.65) (0.35)   

420 (0.66) (0.34)   

TMP 

λ /nm  τ1 /ps (a1) τ2 /ps (a2)   

320 

0.25 

(0.71) 

1.1 

(0.29)   

350 (0.62) (0.38)   

380 (0.61) (0.39)   

420 (0.62) (0.38)   

equal molar mixture of dAMP and TMP 

λ /nm  τ1 /ps (a1) τ2 /ps (a2)   

320 

0.19 

(0.81) 

0.95 

(0.19)   

350 (0.68) (0.32)   

380 (0.65) (0.35)   

420 (0.66) (0.34)   
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Table 3.5. Fitting parameters obtained from the fs-TRFA decay dynamics at the representative 

wavelengths. 

d(A)20 

λ /nm  θ1 /ps (a1) θ2 /ps (a2) 

320-360 0.58 (0.57) 29 (0.43) 

 

 

 

 

  

d(AT)10 

λ /nm  τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

320 

0.25 

(0.89) 

1.3 

(0.1) 

62.5 

(0.01) 

380 (0.71) (0.28) (0.01) 

460 (0.64) (0.25) (0.11) 

500 (0.68) (0.18) (0.14) 

d(A)20·d(T)20 

λ /nm  τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

320 

0.46 

(0.74) 

3.5 

(0.26) 

100 

(0.00) 

350 (0.66) (0.33) (0.01) 

380 (0.67) (0.32) (0.01) 

420 (0.69) (0.29) (0.02) 

d(T)20 

λ /nm  θ1 /ps 

320-360 0.49 

d(AT)10 

λ /nm  θ1 /ps 

320-340 0.6 

420-440 1.6 

d(A)20·d(T)20 

λ /nm  θ1 /ps (a1) θ2 /ps (a2) 

320-360 0.38 (0.22) 19 (0.78) 
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3.3.4 Femtosecond transient absorption spectroscopy 

3.3.4.1 Femtosecond transient absorption spectra of d(A)20 and dAMP 

Broadband transient absorption enables us to monitor the temporal evolution 

of the excited-state absorption including the absorption of optically dark state, which 

has negligible fluorescence quantum yields. The technique is well suitable for the 

investigation of the proposed “dark” CT states that are dominant in excited 

DNA.9,11,48 From using 400 nm probe beam laser, we are capable of generating white 

light continuum covering from 220 to 500 nm spectral range that not only allows us to 

monitor the excited state dynamics but also the ground state recovery. The ground 

state recovery observed at the bleaching region (from 240 nm to 270 nm) in the 

transient absorption spectrum provides confident information for support of the direct 

relation between the excited state relaxation and the ground state repopulation.  

Figure 3.34 shows the temporal evolution of transient absorption spectra for 

267 nm photoexcited d(A)20 and dAMP obtained in pH 7 potassium phosphate buffer. 

The excited state absorption spectra for both samples display as two absorption bands 

that peaking at 290 nm and 380 nm at 0.1 ps. The similar transient absorption profiles 

for d(A)20 and dAMP at the early time delay has evoked the idea of monomer-like 

excited state population in excited d(A)20 in previous publication.9 The lower energy 

absorption band at 380 nm for both samples d(A)20 and dAMP decays rapidly and 

diminishes in 1.5 ps. In d(A)20, the transient absorption profile subsequently evolves 

as a broad absorption band that decays slowly which the decay dynamics is 

compatible to the rising of bleaching signal at ~250 nm.  

Transient absorption decay dynamics for 267 nm photoexcited d(A)20 and 

dAMP obtained at designated wavelengths, 254, 305, and 382 nm, are shown in 
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Figure 3.35. The decay dynamics at 305 nm which monitors the excited state 

absorption decays in lock step with the ground state recovery signal at 254 nm. This 

TA result suggests that the deactivation process of the excited state monitored at 305 

nm corresponds to the slow relaxation to the ground state. Simulations of the decay 

dynamics for photoexcited d(A)20 require three-exponential function with time 

constant of 0.21 ps (τ1), 2 ps (τ2) and 155 ps (τ3). The observed tri-exponential decay 

dynamics of photoexcited d(A)20 is consistent with the previously published results 

and is compatible with our TRF data (see Table 3.4).1,8,9,12,50   

At 0.1 ps, the excited state absorption profile of d(A)20 nearly resembles the 

excited state absorption profile of excited dAMP in which they consist of a distinctive 

transient absorption peak at ~380 nm. This TA band is assigned to monomer-like 

excited state absorption. The 267 nm pump pulse depletes the ground state S0 

population by exciting molecules to the Franck Condon state (i.e. 1ππ*) in dAMP. 

This causes immediate negative absorbance change (∆A < 0) at ~250 nm where the 

spectral region absorbs radiation (probe beam) strongly by ground state molecules.12 

The initially excited 1ππ* state (e.g. La state) of dAMP decays rapidly to vibrationally 

hot ground state and contributes to the rising absorption intensity toward ~300 nm. 

Similar transient absorption decay dynamics at 380 nm is observed in excited d(A)20 

that suggests the participation of significant quantity of localized monomer-like 

excited state in d(A)20. Monomer-like state in d(A)20 decays rapidly to the 

vibrationally hot ground state (S0) and also gives rise to the growing absorption 

intensity at ~300 nm. The transiently shifted lower energy (i.e. longer wavelengths) 

ground state, which corresponds to the hot S0 absorption at ~300 nm, will reestablish 

its thermal equilibrium with the surrounding solvent molecules by vibrational cooling 

process in few picoseconds.12,14,55-57 As a result, decay dynamics observed at ~300 nm 
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should compose of combined influences from the absorption of electronic excited 

state and vibrationally hot ground state. Since the dynamic change of vibrationally hot 

ground state cannot be monitored by TRF experiment, decay time constant obtained 

from TA decay dynamics where involving vibrational cooling process would deviate 

from that obtained in TRF experiment. 

 In case of dAMP, three-exponential function is required to simulate the TA 

dynamics with corresponding time constants 0.12 ps (τ1), 0.41 ps (τ2) and 1.96 ps (τ3). 

Time constants of 0.12 ps (τ1), 0.41 ps (τ2) obtained from TA dynamics are 

compatible with the TRF data and they correspond to the decay dynamics of La and Lb 

states relaxation. Additional 1.96 ps (τ3) time constant with respect to the TA 

dynamics of photoexcited dAMP arises from the vibrational cooling process of the 

vibrationally excited S0 state of dAMP. It can be seen in Table 3.6 that there is zero 

contribution of this τ3 component for TA signal at 382 nm. This suggests that decay 

dynamics observed at 382 nm spectral region is capable of disentangle internal 

conversion and vibrational cooling dynamics. On the contrary, TA decay dynamics at 

382 nm for d(A)20 composes of 11 % (2 ps) τ2 component. Obtained 2 ps (τ2) time 

constant from TA dynamics at 382 nm for excited d(A)20 should not correspond to the 

vibrational cooling process. This decay dynamics is better explained by the excitonic 

state deactivation because comparable τ2 (2.12 ps) time constant has been found in the 

TRF results.  

Contrast to the excited state absorption of dAMP that diminishes at ~380 nm 

in 1.5 ps, the excited state absorption band of d(A)20 evolves as a broad absorption 

band located at higher energy region from 275 to 375 nm. The blue-shifted transient 

absorption signal may be related to the formation of lower energy electronic state that 
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agrees with the red shifted emission observed in TRF and steady state fluorescence of 

d(A)20. According to the TRFA experiment, there are two excited state relaxation 

processes that occur simultaneously in d(A)20 at the very beginning. Rapidly 

diminishing monomer-like state fluorescence (corresponds to ~0.4 ps time constant) 

contributes to the later time growing fractions of excitonic state population. The 

excited state absorption spectrum at 1.5 ps therefore displays a domination of 

excitonic state absorption together with some contribution of CT state absorption. 

With maintaining the broad excited state absorption profile, the excited state in d(A)20 

decay slowly with time constant of 155 ps (τ3). The long lived nature of excited state 

absorption for d(A)20 is consistent with transient absorption studies for d(A)18 

oligomers.1,12  

According to the transient absorption study, Fiebig et al. suggested that 

electronically relaxed exciton possesses lifetime of several 100ps which corresponds 

to later on decay dynamics of d(A)n oligomers.1 They also suggested ensembles of 

A·T duplexes, owing to more rigid stack structure, should have a larger fraction 

delocalized domains (exciton). However, steady-state fluorescence, TRF and TA 

experiment (shown in the following) shows a little fraction of the long lived (τ3) 

component in d(A)20·d(T)20 duplex. Similar observations has been obtained in 

fluorescence up-conversion technique which shows that the excited d(A)20·d(T)20 

duplex lacks the long-lived (τ3) component.8 Recent steady state absorption and 

fluorescence study for d(A)20·d(T)20 duplex found that UVA excitation induces 

fluorescence peaking at ~420 nm and that decays in nanosecond timescale.10 The 

observed red-shifted emission and weakly allowed absorption transitions are in line 

with the proposed CT state in d(A)20·d(T)20 duplex.10 The spectroscopic results 

seemingly suggest the observed long lived (τ3) components in d(A)20 or in 
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d(A)20·d(T)20 duplex would not corresponds to deactivation of exciton state and the 

later time broad absorption band at 275-375 nm is more likely related to the CT state 

emission.  

 

Figure 3.34. Temporal evolution of Transient Absorption spectra of 267 nm excited d(A)20 and dAMP 

obtained in pH 7 potassium phosphate buffer. Time delays displayed are in picoseconds scale. * 

Artifacts due to excitation and probe beam. 
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Figure 3.35. Normalized time-dependence of the Transient Absorption decay dynamics of 267 nm 

photoexcited d(A)20 and dAMP obtained at indicated wavelengths from the Transient Absorption 

spectra displayed in Figure 3.34. The solid lines represent the IRF convoluted three-exponential 

function fitting to the experimental data. The data from d(A)20 with time delays before and after 9 ps 

are displayed, respectively, on a linear and logarithmic time axis.  
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3.3.4.2 Femtosecond transient absorption spectra of d(T)20 and TMP 

The decay dynamics observed in transient absorption spectroscopy for 

photoexcited d(T)20 and TMP are far complicate than that shown in TRF results. The 

temporal evolution of transient absorption spectra for 267 nm excited d(T)20 and TMP 

obtained in pH 7 potassium phosphate buffer are shown in Figure 3.36. Due to the 

high oscillator strength of thymine π to π* transition, the 267 nm pump pulse abruptly 

depletes the ground-state population by exciting thymine molecules to the 1ππ* 

state.12,16,55,56,58,59 This results in the negative absorbance change at ~250 nm and 

positive excited state absorption band peaking at ~300 nm in TA spectra of d(T)20 and 

TMP at 0.2 ps. In addition to the negative signal at the ground state recovery region 

(~250 nm) for both samples, subtle negative signal can be found in early time delay 

(0.4 ps) at ~350 nm. This spectral region covers the emission band of both d(T)20 and 

TMP observed in TRF and steady-state fluorescence. Such negative signal may 

correspond to the fluorescence from the 1ππ* state of thymine molecules which 

decays radiatively to the S0 ground state.  

Both transient absorption spectra of d(T)20 and TMP display excited state 

absorption band peaking at ~300 nm which is accompanied by a dynamic band 

shifting toward higher energy absorption at later time delay. The observations are in 

line with the proposed vibrational cooling processes in nucleic bases and 

oligomers.1,14,55-57 The initially excited 1ππ* state decays rapidly to the vibrationally 

hot S0 ground state in sub-ps scale and this thermally excited state is responsible for 

the red-shifted ground state absorption at ~300 nm. Reestablishment of the thermal 

equilibrium from the surrounding in few picoseconds timescale leads to diminishing 

hot S0 ground state absorption and contributes to ~300 nm band shifting dynamics. 

Because the decay dynamics at ~300 nm monitors combined influences of dynamic 
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changes due to 1ππ* state relaxation, vibrational cooling and band shifting, it is 

difficult to extract rate constants for elementary relaxation processes from the many 

time constants.  

The transient absorption decay dynamics for 267 nm photoexcited d(T)20 and 

TMP obtained at designated wavelengths 254, 305, 313 nm wavelengths are displayed 

in Figure 3.37. Both samples exhibit excited state decay dynamics at 305 and 313 nm 

that differ from the ground state recovery signal at 254 nm. The ground state recovery 

signal composes of a long lived non-zero component. Such behavior implies the 

excited state population which is responsible for ~300 nm transient absorption does 

not entirely explain the excited state dynamics of d(T)20 and TMP. The long lived 

remaining components do not absorb strongly in the spectral region toward 400 nm. 

These “dark” components (not observed in TRF system) are monitored indirectly by 

ground state recovery signal at 254 nm. The “dark” and long lived nature of these 

components readily evokes the involvement of triplet state and photoproducts 

formation in photoexcited d(T)20 and TMP. The negative transient signal for 

photoexcited TMP at later time delay was assigned to the population of long-lived 

triplet states in time-resolved studies.55,60 Global fitting of decay dynamics for 

photoexcited TMP require three-exponential function with time constants 0.65 ps (τ1), 

2.08 ps (τ2) and 1072 ps (τ3) respectively to simulate satisfactorily. The simulation 

implies that the deactivation dynamics of TMP not only involves ultrafast excited 

state relaxation to the hot ground state, but also consists of triplet state deactivation 

dynamics which decays in nanosecond scale. The triplet state population has been 

suggested and it appears in a few picoseconds owing to the mediation of ISC by the 

1nπ* state.16,55,60 However, the involvement of the 1nπ* state in thymine has been 
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argued by some scientist base on calculation results.2,61 They suggested that the 1nπ* 

transition is destabilized by 0.4eV with respect to the 1ππ* bright state.  

The ground state recovery signal at 254 nm for photoexcited d(T)20 also 

consists of a long-lived component that does not recover to zero absorption. In 

addition, the decay dynamics at 305 nm and 313 nm in Figure 3.37 display a slow 

decay component that is not observed in the monomer TMP. Simulations of the decay 

dynamics of photoexcited d(T)20 require four-exponential function with time 

constants 0.73 ps (τ1), 2.6 ps (τ2) 120 ps (τ3) and 6000 ps (τ4). Photoproduct 

developed in closely assembled thymine bases such as cyclobutane pyrimidine 

dimmers (CPD) and thymine-thymine 6, 4 pyrimidine-pyrimidones (6-4 adducts) do 

not absorb at the bleaching region as the ground state molecules leading to nonzero 

negative value in transient absorption.3 Observed long-lived bleaching signal is 

therefore related to the population of long lived triplet and formation photoproducts. 

The 120 ps (τ3) time constant corresponds to the slow decay dynamics at 305 nm and 

313 nm. This decay dynamics is previously assigned to the triplet state deactivation 

dynamics in d(T)20.
16 It is believed that the shorter triplet state decay dynamics (120 

ps) in d(T)20 with respect to TMP (1072 ps) attributes to the close proximity of 

thymine bases in d(T)20. Formation of metastable state which is favored by close 

proximity quenches the triplet states in d(T)20 leading to faster τ3 decay dyanmics. 

Previous transient absorption results demonstrated that the triplet state 

absorption band of thymine base locates at 360 nm which contradicts to our transient 

absorption result because no absorption appears at that region.62 The reason for the 

different observation arises from the sensitivity toward the triplet state. The 

comparatively low sensitivity of our TA system toward 360 nm leads to the missing 
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triplet signature in the TA spectra. Recently, charge transfer state generated in 

photoexcited d(T)20 has been suggested to mediate the formation of the (6-4) 

photoproduct.2 The observed 120 ps decay dynamics together with the required close 

assemblage of thymine bases in d(T)20 make it reasonable to assign the decay 

dynamics observed at ~300 nm to the deactivation process of CT state. Nonetheless, 

the CT state proposed by the authors possess a broad absorption range that 

energetically higher than the 1ππ* bright state and also contribute to the red edge 

ground absorption extended to 300 nm.2 Contradicts to their hypothesis, our transient 

absorption results shows a rather sharp absorption in d(T)20 with respect to the CT 

state absorption band observed in d(A)20 ,d(AT)10 and d(A)20·d(T)20 duplex (shown in 

following). Moreover, the flexible structure of dT oligomer has been suggested as the 

reason for low quantum yield of ultra-fast photoproduct formation.56,63,64 We believe 

that stable CT state formation may require particular base to base orientation and the 

favorable orientation which is hardly found in the flexible d(T)20 leads to no 

observable CT state feature in d(T)20. 

In regard to the hypothesis of CT state formation in d(T)20 in recent 

publication,2 the authors ignored the involvement of the 1nπ* state owing to the 

calculated results base on model compound TpT dinucleotides. They believed the 

polar aqueous environment is capable of destabilize the 1nπ*. However, the 

destabilization of 1nπ* in some case will be relieved and that provides low-lying 1nπ* 

state in d(T)20. Due to the high flexibility of d(T)20 and close proximity of the thymine 

bases, there should be a significant quantity of thymine molecules experience a less 

polar environment and relieves the destabilization. The presence of low-lying 1nπ* 

state agrees with the extended red emission for d(T)20 shown in Figure 3.15. Previous 

transient absorption result obtained by Kohler and co-workers has demonstrated the 
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involvement of 1nπ* state in TMP.55 Further research has been published suggesting 

the hot 1nπ* state mediates the quantum yield of triplet states.60 The involvement of 

1nπ* state in d(T)20 agrees with the efficient intersystem crossing to the 3ππ* state 

according to the propensity rule.16
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Figure 3.36. Temporal evolution of Transient Absorption spectra of 267 nm excited d(T)20 and TMP 

obtained in pH 7 potassium phosphate buffer. Time delays displayed are in picoseconds scale. 

*Artifacts due to excitation and probe beam. 

Figure 3.37. Normalized time-dependence of the Transient Absorption decay dynamics of 267 nm 

photoexcited d(T)20 and TMP obtained at indicated wavelengths from the Transient Absorption spectra 

displayed in Figure 3.36. The solid lines represent the IRF convoluted four-exponential function and 

three-exponential function fitting to the experimental data of d(T)20 and TMP respectively. The data 

with time delays before and after 9 ps are displayed, respectively, on a linear and logarithmic time axis.  

  

0

1

0 2 4 6 8 10 100 1000

-1

0

N
or

m
al

iz
ed

 
 O

D
 

 

 

 305nm
 313nm

d(T)20

 

 

Time (ps)

 

 

 254nm

 

 

0

1

0 2 4 6 8 10 100 1000

-1

0

N
or

m
al

iz
ed

 
 O

D
 

 

 

 305nm
 313nm

TMP

 

 

Time (ps)

 

 

 254nm

 

 

250 300 350 400 450

-6
-4
-2
0
2
4
6 *

 Wavelength (nm)

 0.2    3.5
 0.4    6
 1       10  
 2       20

TMP

 

 

 


 O

D
 (1

0-3
)

250 300 350 400 450

-4

-2

0

2

4 *

 Wavelength (nm)

 0.2    3.5
 0.4    6
 1       10  
 2       20

d(T)20

 

 

 


 O

D
 (1

0-3
)



133 

 

3.3.4.3 Femtosecond transient absorption spectra of d(AT)10 and equal molar mixture 

of dAMP and TMP 

Figure 3.38 shows the temporal evolution of transient absorption spectra for 

267 nm excited d(AT)10 and equal molar mixture of dAMP and TMP obtained in pH 7 

potassium phosphate buffer. The temporal evolution of transient absorption spectra 

for equal molar mixture of dAMP and TMP demonstrates a combined feature from 

the excited states dynamics from the two non-interacting monomers. The distinctive 

absorption band from excited adenine monomer located at peak maximum ~380 nm is 

faded because excitation photons being shared by non-interacting thymine bases in 

which excited state of thymine does not absorb at ~380 nm. On the other hand, the 

absorption band at ~300 nm composes of contribution from excited states absorption 

from thymine and adenine monomers. 267 nm pump beam excitation abruptly 

populates the ππ* states of the two monomers leading to absorption band at ~300 nm 

and ~380 nm. Ultrafast internal conversion of the ππ* states to the vibrationally hot 

ground states contributes the observed subtle rising absorption signal at ~300 nm from 

0.1 ps to 0.6 ps. Population to the hot ground state that is energetically higher than the 

original ground state in thermal equilibrium and therefore hot S0 ground state absorbs 

lower energy photons (~300 nm) to repopulate the ππ* states. Owing to subsequent 

thermal reestablishment which diminishes hot S0 ground states population, band 

shifting of the absorption band from ~300 nm to 280 nm appears in the first few 

picoseconds. Absorption signal monitoring at ~300 nm as a result reflects pronounce 

vibrational cooling process. The transient absorption decay dynamics for equal molar 

mixture of dAMP and TMP shown in Figure 3.39 apparently displays a longer decay 

dynamics at 305 nm than that obtained at 382 nm. This longer decay dynamics at 305 

nm corresponds to the vibrational cooling process of excited monomers. 
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Because of high extinction coefficient for adenine ground state absorption, the 

bleach recovery region (~254 nm) exhibits a greater portion of adenine ground state 

repopulation signal that overwhelms the long-lived component from the thymine 

triplet states. Three-exponential function was used to globally fit the transient 

absorption dynamics of equal molar mixture of dAMP and TMP at the designated 

wavelengths 254, 305 and 382 nm. The corresponding three time constants 

deconvoluted from the decay dynamics are 0.24 ps (τ1), 1.1 ps (τ2) and 2.1 ps (τ3). 

Transient absorption decay dynamics for equal molar mixture of dAMP and TMP at 

382 nm shows a large contribution (74%) of the (τ1) component which is related to 

the ultrafast relaxation of the exited adenine monomers in the equal molar mixture. 

The latter two time constants reflects the combined influences from excited state 

absorption for both thymine and adenine bases (τ2) and vibrational cooling 

process(τ3). Because there is insignificant contribution (1%) of τ3 component at 382 

nm TA signal, the (τ3) 2.1 ps time constant is assigned to the vibrational cooling 

process. 

The initial TA profiles from 0.1 ps to 0.6 ps for d(AT)10 appears similar to 

equal molar mixture of dAMP and TMP that composes of absorption band at ~300 nm 

and ~380 nm. The ultra-fast decay of ~380 nm absorption band can be observed in 

TA spectra of d(AT)10 which the rapid decay process is similar to its constituent 

monomer bases (adenine). Though the distinctive excited adenine monomers 

absorption band at ~380 nm is subtle, it is still significantly displayed on the TA 

spectra d(AT)10 in early time delay sequences from 0.1 ps to 0.85 ps. This monomer-

like excited state population relaxes to the hot ground state and contributes to the 

rising absorption signal at ~ 300 nm. Striking difference to the TA of equal molar 

mixture of dAMP and TMP is displayed on d(AT)10 absorption spectra after 1.5 ps. 
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Compares the TA spectra of equal molar mixture to that of d(AT)10 at 1.5 ps, band 

shifting due to vibrational cooling process is not observed in d(AT)10 sample. This 

implies that there is a relatively long-lived relaxation process which replenishes the 

hot vibrational state of S0. The continuous replenishment of the vibrationally hot S0 

ground states contributes to the growing of absorption band peaking at ~300 nm and 

tailing to 350 nm. This broad absorption signal cannot be found in equal molar 

mixture sample at 1.5 ps because the hot vibrational state of S0 diminishes rapidly 

(rapid band shifting). The TA spectrum of d(AT)10 at 1.5 ps may display transient 

absorption of excitonic state that decays slowly which leaves transient absorption 

signal at ~300 nm in few picoseconds. Consequently, the slow decaying absorption 

band peaking at ~300 nm corresponds to both vibrational cooling process and low-

lying excitonic state absorption. Such observation provides a supporting evidence for 

the involvement of mediate state (exciton) which decays to ground state in 

picoseconds timescale. 

 After the decay of excitonic state and vibrational cooling process, a long 

lasting broad absorption band appears from 280 to 380 nm in 20 ps. The long lived 

electronic state has been assigned as the exciplex state which is formed by proximal 

stacked adenine and thymine pair.11,12 Figure 3.39 shows the transient absorption 

decay dynamics for 267 nm photoexcited d(AT)10. Simulations of the decay dynamics 

of d(AT)10 at designated wavelengths require three-exponential function with time 

constants 0.15 ps (τ1), 3.5 ps (τ2) and 70 ps (τ3) to fit satisfactorily. The dynamic 

results are consistent with previous transient absorption findings which suggested that 

A-T exciplex state decaying through charge recombination is responsible for the long-

lived (τ3) absorption signal in d(AT)9/10 sequences.11,12  The long-lived triplet state 

signature of thymine moiety is faded or even disappears in the bleaching signal due to 
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strong absorption of adenine and excitonic state. The ultra-fast τ1 decay component 

which shows the greatest contribution (84%) at 382 nm is corresponding to the 

monomer-like adenine excited state relaxation in d(AT)10. The picoseconds timescale 

τ2 decay component obtained from TA for d(AT)10 is consistent to that obtained from 

TRF and is assigned to the exciton deactivation dynamics. 

Attribute to the ground state recovery signal, ones can deduce the relative 

quantity of excited state precisely. Ground state recovery signal from TA monitors the 

repopulation of the ground state that is absolutely related to the overall quantity of 

excited states no matter they are ‘dark’ or ‘bright’ at particular spectral region. Better 

than emissive spectroscopy (i.e. TRF or fluorescence up-conversion), excited state 

dynamics including non-radiative relaxation can be observed in bleaching region of 

TA spectra. According to Figure 3.39, the bleaching signal of d(AT)10 at 254 nm 

shows a large contribution of the long lived component. The long lived component at 

254 nm is related to the CT state and its large contribution (56%) in the bleaching 

signal agrees with the high red-shifted emission intensity of d(AT)10 in steady state 

fluorescence spectrum. The high CT state quantity observed from TA and steady state 

fluorescence of d(AT)10 agrees with previous publication which proposed that CT 

states are formed in high yield in alternative sequence.12 Possible reason for the 

efficient formation of CT states in d(AT)10 stems from their ionization potential and 

electron affinity which favors substantial charge transfer from adenine to thymine 

base and achieves low-lying stable CT state. Some publications suggested that the CT 

states formed in assemble of nucleic bases are not generated by direct UV light 

excitation but are formed through exciton deactivation.14,17,45  Evolution of initial 

excitonic state to a low-lying CT state would be energetically favorable in d(AT)10 

that leads to high quantum yield of CT state.
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Figure 3.38. Temporal evolution of Transient Absorption spectra of 267 nm excited d(AT)10 and equal 

molar mixture of dAMP and TMP obtained in pH 7 potassium phosphate buffer. Time delays displayed 

are in picoseconds scale.* Artifacts due to excitation and probe beam. 
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Figure 3.39. Normalized time-dependence of the Transient Absorption decay dynamics of 267 nm 

photoexcited d(AT)10 and equal molar mixture of dAMP and TMP obtained at indicated wavelengths 

from the Transient Absorption spectra displayed in Figure 3.38. The solid lines represent the IRF 

convoluted three-exponential function fitting to the experimental data. The data from d(AT)10 with time 

delays before and after 9 ps are displayed, respectively, on a linear and logarithmic time axis.  
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3.3.4.4 Femtosecond transient absorption spectra of d(A)20·d(T)20 duplex and equal 

molar mixture of dAMP and TMP 

In case of the homogeneous sequence, steady fluorescence and TRF results of 

d(A)20·d(T)20 duplex shows very low yield of CT state formation after UV light 

excitation. This finding is contrast to spectroscopic results of homogeneous single 

strand d(A)20 which gives a significantly red-shifted emission after UV light 

excitation. It is interesting that d(A)20·d(T)20 duplex which constitutes d(A)20 strand 

however shows very weak red-shifted emission. Disappearance of significant red-

shifted emission from excited d(A)20·d(T)20 duplex implies a dramatic different 

excited state dynamics to that of d(A)20 and this should be related to pairing effect 

enclosed in duplex conformation. The observation contradicts to previous publication 

which suggested base pairing does not play an important role on the excited state 

dynamics on DNA.12  

The hydrogen bonding between two nucleic bases A and T may introduce a 

kind of restriction that limits the formation of the CT state in d(A)20·d(T)20 duplex. 

Previous findings has already shown that base pairing limits the quantum yield of 

photoproduct formation in d(A)20·d(T)20 duplex owing to unfavorable ground state 

base to base orientation.56,63 Refer to the idea of introducing unfavorable base to base 

orientation by pairing and CT state formation which relies on desirable base to base 

orientation, the ground state geometry of stacking bases in B-DNA conformation 

would limit the proper dihedral angle between stacking bases for CT state formation 

in d(A)20·d(T)20 duplex. Nonetheless, d(AT)10 oligomer bears similar Watson-Crick 

hydrogen bonding to that of d(A)20·d(T)20 duplex however gives a high yield of CT 

state emission. This suggests base pairing should not be the only factor controlling the 

long lived excited state dynamics of DNA.  
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We attempt to explain the disappearance of strong red-shifted emission in 

photoexcited d(A)20·d(T)20 duplex with the idea of different CT state property. 

Inefficient radiative relaxation or low formation efficiency of the CT state (i.e. A-A 

excimer) in d(A)20·d(T)20 duplex would be the proper reasons for the low intensity of 

CT state emission. To give an insight into the CT state formation in d(A)20·d(T)20 

duplex, we focused on the bleach recovery signal in the TA spectra that monitors the 

overall excited state deactivation processes to the ground state. Figure 3.40 shows the 

temporal evolution of transient absorption spectra for 267 nm photoexcited 

d(A)20·d(T)20 duplex. Subtle transient absorption band covering from 280 nm to 380 

nm appears at 20 ps after the vibrational cooling process. Such long lived broad 

absorption band is previously assigned as the CT state absorption in d(A)20 and 

d(AT)10 respectively. Transient Absorption decay dynamics of excited d(A)20·d(T)20 

duplex in Figure 3.41 shows that the decay dynamics at 305 nm is mirror to the bleach 

recovery dynamics at 254 nm. The observation suggests deactivation of the CT state 

to the ground state is related to the overall long lived excited state dynamics of 

d(A)20·d(T)20 duplex. According to the weak absorption and bleaching signal after 20 

ps, we preliminary estimate relatively low CT state quantum yield in excited 

d(A)20·d(T)20 duplex. The very weak CT state emission from d(A)20·d(T)20 duplex 

actually originates from the low CT state quantum yield in photoexcited d(A)20·d(T)20 

duplex and it is not likely related to its low emission efficiency.  

Similar to the case in d(AT)10, early time excited state dynamics of 

d(A)20·d(T)20 duplex composes of significant contribution of monomer-like excited 

state. Distinctive excited adenine monomer absorption displays at ~380 nm in the 

transient absorption spectra of d(A)20·d(T)20 duplex. Ultra-fast deactivation of the 

monomer-like ππ* state to the vibrationally hot ground state gives rise to the growing 
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absorption at ~300 nm. The band shifting of the ~300 nm absorption band from 0.1 to 

1.5 ps found in equal molar mixture of dAMP and TMP due to vibrational cooling 

process is not observed in TA spectra of d(A)20·d(T)20 duplex. This feature suggests 

continuous replenishment of hot vibrational state of S0 by a comparatively long lived 

state (e.g. exciton). Thus, the excited absorption at ~300 nm is composed of 

absorption by excitonic state. The TA result of d(A)20·d(T)20 duplex also implies an 

involvement of excitonic state. 

Excited state decay dynamics for d(A)20·d(T)20 duplex in Figure 3.41 exhibits 

high contribution of picoseconds timescale decay component at 382 nm with respect 

to d(A)20 and d(AT)10. It is believed that a more rigid stack structure in homogenous 

duplex reduces the static disorder and contributes to stronger exciton absorption.1 The 

TA finding of d(A)20·d(T)20 duplex agrees well with the proposed strong exciton 

absorption in A·T duplex. Global analysis of the excited state decay dynamics for 

d(A)20·d(T)20 duplex requires three-exponential function with time constants 0.44 ps 

(τ1), 4 ps (τ2) and 100 ps (τ3) to simulate the decay dynamics satisfactorily. The 

contribution of ultra-fast 0.44 ps (τ1) component can only be found in TA signal at 

382 nm which suggests that τ1 component corresponds to the monomer-like adenine 

excited state relaxation. The 4 ps (τ2) time constant is assigned to the deactivation 

dynamics of excitonic state because similar dynamics can be found in TRF of 

d(A)20·d(T)20 duplex and that is related to the fast depolarization of fluorescence. It 

should be noted that d(A)20·d(T)20 duplex exhibits the greatest fraction (23%) of this 

exciton component at 382 nm TA signal with respect to d(A)20 (10 %) and d(AT)10 

(6%). This is consistent to the expected reduced static disorder and stronger exciton 

absorption in homogenous duplex.1 
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According to the fitting parameters of d(A)20·d(T)20 duplex, ~84% absorption 

decay dynamics at ~300 nm is described by the τ2 time constant and only ~16% 

absorption signal is related to τ3 time constant. Compares to d(AT)10, ~46% 

absorption decay dynamics for d(AT)10 at ~300 nm is described by the τ2 time 

constant and ~54% absorption signal is related to τ3 time constant. The d(A)20·d(T)20 

duplex shows a relatively low fraction of the CT state component. Compares the 

fraction of CT state component at the 254 nm bleaching region among the three DNA 

samples d(A)20·d(T)20 duplex, d(AT)10, and d(A)20, d(A)20·d(T)20 duplex shows the 

lowest τ3 contribution (32%) with respect to that of d(A)20 (57%) and d(AT)10 (56%). 

Low contributions of the τ3 component for d(A)20·d(T)20 duplex suggests a less 

favorable CT state formation in d(A)20·d(T)20 duplex. 

It is interesting that obtained 100 ps (τ3) time constant in d(A)20·d(T)20 duplex 

is shorter than that in d(A)20 with 155 ps(τ3) time constant in which the two sequences 

contain A-A stacking pair for CT state formation(A-A excimer). This implies base 

pairing may somehow affect the stability of the CT state and alters the CT state 

deactivation dynamics. Such observation is contrast to the calculation result in 

previous publication in which the authors stated that the decay of the CT state in the 

single and the double strand is not significantly different.18  

The long lived triplet state and photoproduct signature are not significantly 

observed in TA spectra of d(A)20·d(T)20 duplex. This is probably due to strong 

absorption of adenine monomers and exciton states that fades out monomer-like 

thymine excited state dynamics. We do not refuse any excitation energy transfer 

mechanism that deactivates the precursors (e.g. 1nπ* state) for triplet state and 

photoproduct formation leading to the loss of these signatures in bleaching region. 
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Since the photoproducts do not absorb UV beyond 250 nm, the dynamic change of the 

photoproducts is hard to be determined in our spectroscopic system.  

The constituent d(T)20 strand in d(A)20·d(T)20 duplex may absorb less UV 

photons according to the extinction coefficient of the monomers, however, it should 

also give rise to significant transient absorption signal at ~300 nm. In duplex, the 

d(T)20 strand was aligned in B-DNA conformation so that the thymine bases stacked 

properly than that in its single strand conformation.  Under stacked geometry, it is 

possible for assemblies of thymine bases to form excitonic state and CT state as in 

d(A)20 oligomer after UV excitation. As a result, excited state dynamics of 

d(A)20·d(T)20 duplex should compose of deactivation processes of excited individual 

d(T)20 strand and d(A)20 strand. Above interpretation bases on the excitation energy 

(in frame of exciton theory) that is separately distributed on individual strands in 

d(A)20·d(T)20 duplex and this has been suggested in previous calculation studies.33,34 

According to these studies, a delocalization of excitation occurring over only adenine 

or thymine chromophores but not both was predicted. However, calculation study in 

framework of exciton theory has showed significant interstrand coupling,29 though 

smaller than that in H aggregate fashion, but is still large enough to induce 

delocalization of the excitation. In accordance to this exciton theory, the excited state 

dynamics observed at ~300 nm as a result corresponds to the relaxation of excitonic 

states in which excitation is shared among both adenine and thymine moieties in 

d(A)20·d(T)20 duplex. 
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Figure 3.40. Temporal evolution of Transient Absorption spectra of 267 nm excited d(A)20·d(T)20 

duplex and equal molar mixture of dAMP and TMP obtained in pH 7 potassium phosphate buffer. 

Time delays displayed are in picoseconds scale. * Artifacts due to excitation and probe beam. 
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Figure 3.41. Normalized time-dependence of the Transient Absorption decay dynamics of 267 nm 

photoexcited d(A)20·d(T)20 duplex and equal molar mixture of dAMP and TMP obtained at indicated 

wavelengths from the Transient Absorption spectra displayed in Figure 3.40. The solid lines represent 

the IRF convoluted three-exponential function fitting to the experimental data. The data from 

d(A)20·d(T)20 duplex with time delays before and after 9 ps are displayed, respectively, on a linear and 

logarithmic time axis.  
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Table 3.6. Fitting parameters obtained from global analysis of the Transient Absorption dynamics at 

the representative wavelengths. *incorrect contribution due to pump probe two photon effect 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

d(A)20  

λ (nm) τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

254 

0.21 

(0) 

2 

(-0.43) 

155 

(-0.57) 

305 (0) (0.4) (0.6) 

382 (0.79) (0.1) (0.11) 

dAMP  

λ (nm) τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

254 

0.12 

(0) 

0.41 

(-0.02) 

1.96 

(-0.98) 

297 (0) (0.6) (0.4) 

382 (0.87) (0.13) (0) 

d(T)20 

λ (nm)   τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) τ4 

/ps 

(a4) 

254 

0.73 

*(0.47) 

2.6 

(-0.42) 

120 

(-0.02) 

6000 

(-0.09) 

305 (0.26) (0.67) (0.06) (0.01) 

382 (0.7) (0.22) (0.06) (0.02) 

TMP 

λ (nm)   τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

254 

0.65 

*(0.51) 

2.08 

(-0.46) 

1072 

(-0.03) 

305 (0.27) (0.71) (0.03) 

382 (0.84) (0.14) (0.03) 
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equal molar mixture of dAMP and TMP 

λ (nm)   τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

254 

0.24 

(0) 

1.1 

(-0.05) 

2.1 

(-0.95) 

297 (0) (0.91) (0.08) 

382 (0.74) (0.25) (0.01) 

d(AT)10 

λ (nm)   τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

254 

0.15 

(0) 

3.5 

(-0.44) 

70 

(-0.56) 

305 (0) (0.46) (0.54) 

382 (0.84) (0.06) (0.1) 

d(A)20·d(T)20 

λ (nm)   τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

254 

0.44 

(0) 

4 

(-0.68) 

100 

(-0.32) 

297 (0) (0.84) (0.16) 

382 (0.7) (0.23) (0.07) 
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3.4 Discussion 

There has been controversy about the pairing effect on the excited state 

dynamics of d(A)·d(T) duplex.12,15,48 In regard to similar excited state dynamics 

obtained for d(A)18 and  d(A)18·d(T)18 duplex, Kohler and coworkers proposed 

excited state dynamics of d(A)18·d(T)18 duplex is governed mainly by the A-A 

excimer formed by adenine stacking pair and base pairing effect introduced by 

adjacent T strand plays a minor role on the excited state dynamics.12 Markovitsi et al. 

argued that base pairing in d(A)·d(T) duplex should give rise to a different excited 

state dynamics with respect to its constituent A strand because no significant A-A 

excimer emission signature can be found in steady state fluorescence spectrum of 

d(A)18·d(T)18 duplex.13 They attempt to explain the excited state dynamics obtained 

from d(A)·d(T) duplex and d(A) strand by exciton theory and suggested the ordered 

structure together with electronic coupling introduced by pairing to T strand 

contributes to a different exciton property. Rely on the valuable information from 

ultrafast spectroscopy; we attempt to explain the nature of electronically excited 

DNAs. 

 

3.4.1 Ultra-fast (sub-ps and ps) decay dynamics arise from collective (exciton) 

and non-collective domains (monomer-like state) 

 It is well known from photophysical studies that when chromophores are 

located close to each other, they may be coupled and behaved in a collective way.28,65 

As a multichromophoric system, it is undoubted that DNA carries the possibility of 

forming molecular excitons upon UV absorption so that excitations are spread over 

several of bases. The idea of excitons formation in DNA was discarded because of the 
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similar UV absorption spectrum to those isolated bases which contradicts to the 

expectation that exciton formation should give rise to extensive spectroscopic shift on 

UV spectrum.21 Previous calculation studies showed that the dipolar coupling is 

capable of inducing delocalization of the excitation over several bases that forming 

Frenkel exciton in DNAs and it is not necessary to produce large spectral shift on 

absorption spectrum.21,30-32 Markovitsi et al. further supported the hypothesis of 

excitons formation by the observed ultra-fast decay of fluorescence anisotropy for 

DNA models such as d(A)20·d(T)20.
13,49,52,53 They found that the fluorescence photons 

emitted from DNA oligomers depolarized in sub-picoseconds scale which implies that 

an energy transfer mechanism takes place in excited DNAs. They explained in frame 

of exciton theory that the intraband scattering brings the initial excitonic state to the 

exciton band minimum in 100 fs which is accompanied with spatial extent of the 

excitation energy. Since the excitation located at the low-lying excitonic state that is 

significantly displaced from Franck Condon region, the fluorescence transition 

moment and hence the polarization of fluorescence photons is changed accordingly 

and results in decay of anisotropy.  

According to the proposed exciton theory,21,25,30,65 the strength of the dipolar 

coupling is affected by the relative orientation of the chromophores which depends on 

particular conformation of the DNAs. It is reasonable that less ordered region (e.g. 

terminal) in DNA strand contains bases showing non-collective behavior and results 

in monomer-like excited state. Previous time resolved studies found that there is 

significant contribution of sub-picoseconds timescale ultra-fast decay dynamics in 

DNA oligomers.1,9,11,12 It is believed that the ultra-fast excited state decay dynamics 

originates from non-stacked monomeric bases in the DNA strands. Sub-picoseconds 

timescale ultra-fast decay dynamics with consistent time constants to adenine and 
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thymine monomers have been found in both TRF and TA spectroscopic results for 

DNA oligomer models d(A)20, d(T)20, d(AT)10, and d(A)20·d(T)20 duplex. Especially 

in DNA sequences containing adenine bases, a distinctive ultra-fast decaying transient 

absorption peak at ~380 nm that is similar to TA of adenine monomer can be found. 

This provides supportive evidences for the involvement of monomer-like excited state 

contributions in the overall excited state decay dynamics of DNAs. 

 Recent publication suggested upper limit of 5% non-stacked bases in duplex 

DNA sample cannot account for the fact that nearly half of all excitation (contribution) 

decays on an ultra-fast timescale.66 Kohler et al. expected ultrafast internal conversion 

to the electronic ground state is still significant in well-stacked region.66 Nonetheless, 

Kohler et al. monitored the bleaching signal at 250 nm in TA measurement and 

deduced the ultra-fast contributions from the dynamics with corresponding time 

constant τ1 ~3.4 ps. It is oversimplified to assign the bleach recovery dynamics at 250 

nm as the ultra-fast relaxation process of monomer. It is true for a monomeric state 

that decays rapidly to hot ground state and subsequent picoseconds timescale 

vibrational cooling process repopulates the thermally stabilized ground state leading 

to recovery of absorption signal at 250 nm. However, instead of vibrational cooling 

process, there should be additional picoseconds timescale decay dynamics that 

contributes to the recovery dynamics at 250 nm bleaching region. The nearly half 

contributions of ultra-fast dynamics observed at 250 nm bleaching region by Kohler 

et al. actually involves multiple components.66   

Picoseconds scale decay dynamics with ~2 ps time constant has been obtained 

from the TRF results for d(A)20, d(AT)10, and d(A)20·d(T)20 duplex. Since no 

vibrational cooling process can be observed in temporal evolution of fluorescence 

signal, obtained ~2 ps time constant from TRF verifies the presence of additional 
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excited state dynamics. Moreover, band shifting of the TA band ~300 nm that arises 

from vibrational cooling process and  displayed in TA spectra of adenine, thymine, 

and their equal molar mixture, is not observed in TA spectra of oligomer samples 

d(A)20, d(AT)10 and d(A)20·d(T)20 duplex. This suggests the presence of long lived 

excited state which continuously replenishes the vibrationally hot ground state in 

these oligomer samples. Besides, this relatively long lived (~3 ps) species absorbs 

strongly at ~300 nm leading to slow decay dynamics at ~300 nm. Consequently, the 

picoseconds timescale dynamics obtained in the bleach recovery region for oligomer 

samples is related to relaxation process of monomer-like state (non-collective) and 

another long-lived species arising from collective behavior of oligomer.  

 

3.4.2 Excitonic state population in d(A)20, d(AT)10 and d(A)20·d(T)20 

The picoseconds timescale decaying species is related to the proposed low-

lying excitonic state that occurs in well stacking region of oligomers (collective 

domains). According to the TRFA results, oligomer samples d(A)20, d(AT)10 and 

d(A)20·d(T)20 duplex demonstrate ultra-fast decay of fluorescence anisotropy which 

suggests that energy transfer processes involve in the multi-chromophoric DNA 

molecules. Differently, no significant depolarization process occurs in early time 

fluorescence dynamics of d(T)20 and this reflects no energy transfer process in d(T)20. 

The observation probably relates to the high flexibility and insignificant stacking 

feature (demonstrated by very weak hypochromic effect) of d(T)20. This suggests that 

energy transfer process in DNAs strongly depends on the bases orientation. 

The Förster-type energy transfer in DNAs has been discarded owing to the 

similar anisotropy decay rate of the homopolymer (polyd(A)·polyd(T) duplex) and 
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alternating polymer(polyd(AT) ·polyd(AT) duplex).13 Markovitsi et al. expected the 

rate of Förster-type energy transfer for homopolymer should be 8 times faster than 

that of alternating polymer owing to the different electronic coupling between 

neighboring bases.13 Obtained similar anisotropy decay rate for homopolymer and 

alternating polymer which is incompatible with Förster transfer and this evokes those 

scientists explaining the energy transfer mechanism in frame of exciton theory. They 

proposed intraband scattering, occurring in less than 100 fs, brings the initial 

excitonic states to exciton band minimum. Emission which stems from large numbers 

low-lying excitonic states associated with different polarizations leads to fast 

depolarization. Because the proposed ultra-fast depolarization occurs within 100 fs 

that is faster than the IRF (instrument response function) of TRF system, all detected 

fluorescent photons from these excitonic states should be depolarized. The temporal 

evolution of anisotropy under this circumstance should initially display a low 

anisotropic value (i.e. r = 0.1). We found that the zero time fluorescence anisotropy 

spectra for oligomers d(A)20, d(AT)10 and d(A)20·d(T)20 duplex actually nearly 

resemble their monomeric bases and decay rapidly in few hundreds femtoseconds. In 

regard to this anisotropic decay feature, we suppose the involvement of bright 

monomer-like fluorescence (non-collective domain) overwhelms the initially detected 

emission signal and contributes to similar anisotropy spectra with respect to the 

adenine and thymine monomers. Subsequent Ultra-fast monomer-like excited state 

relaxation in sub-picoseconds timescale (~0.4 ps) reduces the contributions of the 

photons from localized excited state and gives rise to the growing fraction of exciton 

fluorescence in later timescale (i.e. 1 ps).  The depolarized fluorescence from low-

lying excitonic state features the anisotropy spectra in later timescale leading to 

reduced anisotropy (r ~0.1 after ~5 ps) for d(A)20, d(AT)10 and d(A)20·d(T)20. The 
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monomer-like excited state fluorescence from excited oligomers d(A)20, d(AT)10 and 

d(A)20·d(T)20 duplex has been verified by the TA results which shows adenine 

monomer-like excited state absorption at ~380 nm.  

The obtained picoseconds timescale decay dynamics gives an insight to the 

energy transfer mechanism. Although Förster-type energy transfer is able to cause 

fluorescence depolarization, spatially displaced excited monomer states generated by 

Förster-type energy transfer from Franck Condon region to low-lying acceptor which 

is incapable of explaining the lengthened (~2 ps) picoseconds lifetime observed in 

both TRF and TA spectroscopies. As a result, the observed ultrafast energy transfer 

mechanism in DNA is better explained by the exciton model such that random exciton 

migration to the low-lying excitonic state located at the exciton band minimum 

contributes to the observed fluorescence depolarization. The finally low-lying 

excitonic state persists for few picoseconds and results in detectable (~2 ps) 

picoseconds kinetics. 
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3.4.3 Excitation delocalization and exciton migration 

Upon 267 nm excitation, the fates of excited states in DNA (collective or non-

collective) that are directly populated have been already determined by particular 

conformation and bases orientation. In the case of less ordered conformations, 

localization of the excitation on a single base leads to monomer-like behavior and 

results in relaxation from the bright monomer ππ* state. Actually, it is difficult to find 

an entirely separated nucleic base in DNA so that each constituent bases interact with 

each other differently causing diversify of absorption energy (exciton band). For 

weakly coupled assembly, collective of bases still form an excitonic state in which the 

sharing of excitation energy or perturbation to electron density on neighboring bases 

is not substantial that gives rise to a strong monomer-like character. Recent 

publication suggested the exciton is capable of decaying to a localized electronic state 

contributes to bright monomer-like emission.17,18 This kind of excitation is believed 

localized and gives high anisotropy. For strongly coupled assembly in DNA strand 

where bases are well stacked, excitonic states generated upon UV excitation 

composes of assemble of nucleic bases. The excitation energy of excitonic state is 

substantially shared among several bases. At the well stacking region, neighboring 

assembly with similar bases distance and orientation would be nearly iso-energetic to 

the Franck Condon region. This makes exciton migration to be strongly allowed and 

contributes to the spatial extent of excitation energy. Ultra-fast exciton transfer in B-

form d(A)10·d(T)10 DNA model has been proposed in previous calculation study.67 

This kind of energy migration has already been found in solar light harvesting 

system.68 The electronic coupling between molecules can be turned over orders of 

magnitude simply by the separation and orientation of chromophores.68 Inspired from 

assuming the neighboring assembly in ordered conformation forming similar 
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excitonic state, we believe exciton migration in DNA strand would be strongly 

sensitive to seeking neighboring achievable iso-energetic excitonic state that gives 

rise to substantial dependence toward base to base orientation and DNA conformation 

for energy transfer. 

 

3.4.4 Pairing effect on excitonic state 

In d(A)20·d(T)20 duplex, although thymine bases do not stacked with adenine, 

the inter-base distance between adenine and thymine is still short to induce significant 

electronic coupling in J-aggregate fashion leading to sharing of excitation energy 

between interstrand bases. Calculation studies has suggested that excitons in 

d(A)n·d(T)n duplex tend to be localized on a single strand.4,33,34 The hypothesis 

underlying such reasoning is the excitation energy mismatch between the adenine and 

thymine monomers which limits the delocalization of excitation. It is contradictory 

that concerning the excitation energy of individual monomers for the calculation of 

excitonic state in d(A)n·d(T)n duplex. However, base pairing in duplex conformation 

sufficiently causes appreciable separation of the HOMO and LUMO of the system.42 

Electronic structure of DNA depends on many factors such as dipolar coupling, 

orbital overlap, solvent polarity and also hydrogen bonding etc. which are able to 

mediate the energy of nucleic bases and contributes to diversified energy pool. 

Transition energy of adenine and thymine bases under this circumstance would be 

matched and therefore allow coherently share of excitation energy between bases on 

adjacent strand in d(A)20·d(T)20.  

According to the calculation study,33 the coupling between the two thymine 

bases on the same strand is small and the authors expected that the mobility of the 
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exciton along the thymine strand is low. Such calculation result predicts a rather 

localized excited state on the thymine strand which should give rise to localized 

fluorescence photons accordingly. Contribution of photons from thymine monomer-

like excited states in d(T)20 strand may cause a high anisotropy value. Nonetheless, 

the temporal evolution of the fluorescence anisotropy for d(A)20·d(T)20 duplex shown 

in Figure 3.32 displays similar ultra-fast decay of anisotropy with respect to that of 

d(A)20 and d(AT)10 and suggests a high mobility of excitons in d(A)20·d(T)20 duplex. 

Because there is no significant thymine strand feature (maintained high anisotropy 

value) in TRFA spectra, the nature of excitonic state in d(A)20·d(T)20 duplex probably 

involves delocalized excitation to adjacent strand.  

 

3.4.5 Factors controlling CT state formation  

In regard to the long lived components displayed in TRF and TA spectra for 

DNA oligomers such as d(A)n, d(AT)n, and d(A)n·d(T)n duplex, previous publications 

have assigned them as the excimer, exciplex or CT state (charge transfer state) which 

decay slowly with ~100 ps lifetimes by charge recombination process.1,9,11,12,14,17,18,50 

It is believed that the CT state formed in DNA oligomers arises from excited state 

charge transfer between two closely stacked bases.14 Corresponding ~100 ps excited 

state lifetimes for DNA oligomers d(A)20, d(AT)10, and d(A)20·d(T)20 duplex have 

been obtained from our TRF and TA spectroscopies which show that the possible 

formation of the proposed CT states. According to the steady fluorescence and TRF 

results, the d(A)20·d(T)20 duplex exhibits insignificant red-shifted emission that 

implies a low CT state yield in this duplex. The implication is further confirmed by 

the transient absorption of d(A)20·d(T)20 duplex which shows a weak bleaching and 
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absorption signature for the long lived CT state. The contribution of CT state to the 

overall excited state decay dynamics reduces from ~57% in the single-stranded d(A)20 

to ~32% in the double-stranded d(A)20·d(T)20. With respect to the stronger excimer 

emission from excited d(A)20 single strand, we tentatively propose that base pairing 

effect hinders the CT state formation in excited d(A)20·d(T)20 duplex.  

Strong electronic couplings between chromophores are usually accompanied 

by low-lying charge-transfer states.68 Apart from dipolar interaction, orbital overlap 

between stacking bases may allow stronger electronic coupling and induces higher 

propensity of CT state formation. Since orbital overlap between adjacent stacking 

bases is sensitive to base to base orientation and is controlled by the conformation of 

DNA, we believe that Watson-Crick base pairing in duplex conformation provides 

physical constrains for the achievement of desirable orientation for CT state formation. 

However, in case of self-complementary d(AT)10 oligomer which possesses the 

duplex conformation, both TRF and TA spectra of d(AT)10 show strong CT state 

character. The spectroscopic results of d(AT)10 refuse to the hypothesis of base 

pairing restriction for CT state formation in DNA duplex. This suggests Watson-Crick 

base pairing may not be the only factor that controls the CT state formation in DNA 

duplex. 

Compares the two DNA samples d(A)20·d(T)20 duplex and d(AT)10, both 

constitute by A·T pairs but they are different in stacking sequence. The d(AT)10 

oligomer composes of bases that stack alternatively such that adenine base stacks with 

two proximal thymine bases. It is reasonable to think that charge transfer would be 

substantially favored in stacking bases when the two constituent bases possess 

different electronic property. According to the ionization potential and electronic 

affinity of adenine and thymine, Herbert et al. suggested the CT state formed with 
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electronic composition that strongly favors adenine as the electron donor and thymine 

as the acceptor.34 In regard to the extensive bathochromic shift of CT state emission 

for the d(AT)10 oligomer (~450 nm, Stokes shift of ~8500 cm-1), it is not difficult to 

imagine that the electronic energy of the CT state arising from A-T stack is 

comparatively lower with respect to A-A excimer in d(A)20 (~360 nm, Stokes shift of 

~4500 cm-1). The more stabilized CT state in d(AT)10 oligomer may attribute to the 

different electronic property of the constituent bases. The low energy CT state in 

d(AT)10 oligomer would be energetically more favorable for the relaxation of 

prerequisite low-lying excitonic states leading to high yield of CT state in d(AT)10. 
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Scheme 3.1. Schematic energy diagram showing the proposed deactivation pathways for 267 nm 

photoexcited d(A)20·d(T)20 duplex, d(AT)10 and d(A)20 oligomers in aqueous solution. The vertical 

solid arrows represent the absorption and emission transitions of corresponding states: the curved lines 

indicate nonradiative deactivation pathways with corresponding decay time constants labeled for the 

related excited states. Schematic diagram for spatial extent of excitonic state in d(A)20 oligomers had 

not shown below. 
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3.4.6 Overall excited state decay dynamics of 267 nm photoexcited d(A)20·d(T)20 

duplex, d(AT)10 and d(A)20 oligomers 

Scheme 3.1 displays the proposed deactivation pathways for 267 nm 

photoexcited d(A)20·d(T)20 duplex, d(AT)10 and d(A)20 oligomers in aqueous solution. 

Upon 267 nm UV illumination, excitonic states in these DNA strands are generated in 

which excitation energy being shared among several bases including intrastrand and 

interstrand bases. For less ordered assemblies in DNA strands, distribution of 

excitation energy concentrates on single base and adjacent bases are weakly affected. 

The excitation is localized and the excited state behaves as a monomer that decays in 

sub-picoseconds scale (~0.4 ps). In case of ordered assemblies, efficient excitonic 

migration occurs leading to spatial extent of excitation. Depending on the ground state 

conformation which controls the base to base orientation and electronic coupling, the 

initially generated excitonic state is capable of migrating to adjacent nearly iso-

energetic excitonic state. Multiple exciton migrations bring the excitation toward low-

lying state. Owing to the change of fluorescence transition moment at the destination 

(low-lying excitonic state), the emitted photons from excitons are depolarized leading 

to ultra-fast decay of anisotropy. It is believed that initial excitonic state decay to the 

exciton band minimum within 100 fs.25 The low-lying excitonic state subsequently 

evolves to CT state which gives rise to long-lived and red-shifted emission. 

 We found that the formation of CT state may rely on the intrinsic CT state 

electronic energy which contributes to different CT state yield for d(A)20·d(T)20 

duplex and d(AT)10. In regard to this observation, we believe that transformation of 

the prerequisite excitonic state to CT state is allowed when the process is 

energetically favorable. This is related to the establishment of low-lying CT state in 

which can be achieved by nuclear or bases reorientation. We suppose that 



161 

 

picoseconds timescale (~3 ps) nuclear and bases reorientation is capable of stabilizing 

the CT state and leads to favorable exciton to CT state transformation. Because of 

different stacking bases, the electronic energy of CT state in d(AT)10 oligomer (A-T) 

is sufficiently lower than the excitonic state that contributes to efficient CT state 

formation. On the contrary, homogenous sequence d(A)20·d(T)20 duplex consists of 

high-lying CT state. Base pairing in d(A)20·d(T)20 duplex constraints the required 

nuclear and bases reorientation for the achievement of low-lying CT state causing 

inefficient transformation. As a homogenous sequence, excited d(A)20 oligomers 

demonstrates strong CT state features. The single strand conformation of d(A)20 

allows diversification of base to base orientation which contributes to desirable 

orientation for low-lying CT state. In addition, the lack of Watson-Crick hydrogen 

bonding in d(A)20 allows faster nuclear and base reorientation to achieve low-lying 

CT state and consequently gives rise to high CT state yield.  
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Chapter 4. Femtosecond time-resolved spectroscopic 

study of Adenine (A) and Guanine (G) containing 

DNAs 

4.1 Introduction 

In the previous chapter, we present femtosecond time-resolved fluorescence 

and transient absorption characterization for A and/or T containing model DNAs; the 

results show that 260 nm excitation may lead to population of excitonic state in which 

excitation energy is shared among several stacking bases. Given that the exciton 

formation in DNAs is governed by electronic coupling between the interacting 

nucleobases and the strength of the coupling varies depending on factors such as base 

orientations and identity of constituent bases, etc., a number of excitonic states which 

altogether comprise the so-called exciton band can be generated upon photoexcitation. 

Migration of the initially populated excitonic states to the exciton band minimum 

gives rise to excitation energy transfer and this is manifested by depolarization of 

fluorescence photons.1-4 Our fluorescence anisotropy results in the last chapter reveal 

ultra-fast depolarization of fluorescence in the single-stranded d(A)20 and double-

stranded d(AT)10 and d(A)20·d(T)20 but not in single-stranded d(T)20 that suggests the 

stacking property plays an important role in controlling the exciton formation and the 

exciton migration in DNAs. The low-lying excitonic state at the exciton band 

minimum may subsequently decay in a few picoseconds timescale into a trap state 

(usually with charge transfer character) that has excitation localized on a pair of 

nearest-neighbor bases.5-8 Such charge transfer (CT) natured trap state (CT state in 
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short) contributes to the red-shifted transient emission observed at ~20 ps after 

excitation for d(A)20, d(AT)10 and d(A)20·d(T)20 with the emission peak maximum at 

~360, ~450, and ~350 nm respectively. This finding indicates that the emission 

energy of CT state depends on the identity of constituent bases in the DNA. The 

relaxation of the CT state gives the long-lived excited state dynamics with time 

constants ~140, ~70, and ~100 ps for d(A)20, d(AT)10, and d(A)20·d(T)20 respectively. 

By comparing between single-stranded d(A)20 and double-stranded d(A)20·d(T)20 the 

relative contribution of the long-lived component to the overall excited state decay, 

we deduced that the pairing in double-stranded DNAs restricts the formation of CT 

state leading to remarkably reduced involvement of the long-lived component in the 

excited state dynamics in d(A)20·d(T)20 double helix.  

Previous observations on the A/T containing model DNAs reflect that the 

excited states of DNAs can be strongly affected by various factors including such as 

the conformation adopted by the DNA strands and the identity of the constituent bases, 

etc. Indeed, recent study on dG-doped d(A)20 by Temps and co-workers suggested 

that base sequence and higher order structure in DNA induce complex excited state 

dynamics.9 In particular, by applying the fluorescence up-conversion technique to 

detect decay of fluorescence at 350 nm wavelength, these researchers found that the 

mean fluorescence lifetime of a series of G-doped d(A)20 DNAs decrease from 8.05 

ps for d(A)20 to 3.54 ps for d(AAGAA)4 sequence and to 1.75 ps for dA(AGA)6A 

sequence with substitution of only a few G bases; and as the G content was raised, 

such as d(AG)10, the mean fluorescence lifetime increases again to 3.78 ps. They 

attributed the longer excited state lifetime in d(AG)10 than dA(AGA)6A to originate 

due to involvement of distinctive structural changes. Based on the result of Circular 

Dichroism (CD) spectra, the structural changes were associated mainly to inclusion of 
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G quadruplex structure in d(AG)10 which is not present in dA(AGA)6A. They 

proposed that shorter distances between stacked bases or modified H-bonding 

interactions promoted by the quadruplex structure may affect the excited state 

dynamics and account for the variation of the fluorescence decay. 

By using the same fluorescence up-conversion method, Markovitsi and co-

workers reported that G quadruplex that is formed from TG4T oligomer10 and G4-

wire (long nanowires containing ca. 800 guanine tetrads) that is made by G polymer11 

features mean fluorescence lifetime (<τ>) of 2.62 ps at 360 nm and 1.32 ps at 340 nm, 

respectively, both of which are longer than that of the individual dGMP nucleotide 

(<τ> = 0.52 ps).11 This again provides clear evidence for the influences of higher 

order conformation on the excited state dynamics of DNAs.  

It is known that, for G-rich DNA sequence, Hoogsteen hydrogen bonds hold 

four guanine bases to form a so-called planar guanine tetrad (Figure 4.1) and 

assembly of guanine tetrad usually assisted by a center metal ion (e.g. Na+ or K+) 

gives rise to G quadruplex structure as illustrated in Figure 4.2.10,11 The structure 

relies critically on the involvement of guanine, the DNA bases that is capable of 

forming stable Hoogsteen hydrogen bonds with the neighboring two guanine bases in 

adjacent DNA strands. For alternating sequence like d(AG)10, although it is possible 

for four d(AG)10 strands to assemble a structure that contains planar guanine tetrads, 

the upper and lower layer A bases in such structure can only interact relatively weakly 

with each other due to their lack of ability to form Hoogsteen hydrogen bonds. Recent 

studies report that insertion of a single non-G nucleotide into G-runs (3-6 guanines) 

generally disrupts the G-quadruplex formation.12,13 It is therefore very likely that the 

quadruplex structure may not be involved to significant extent in d(AG)10 and 

accordingly may not be relevant to the excited state dynamics of this oligomer. 
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As an extension of our work on A/T DNAs, we present in this chapter 

femtosecond broadband time-resolved spectroscopic characterization for a number of 

A and G containing single-stranded model DNAs which include d(AAGAA)4 and a 

series of alternating AG oligonucleotides of varying length d(AG)n=2,4,10. The 

d(AG)n=2,4,10 were chosen to explore how the strand length may affect the nature and 

dynamics of photoexcited DNA. In view of the more facile oxidation of G (ionization 

potential (I.P. = 7.77 eV) compared to A (I.P. = 8.26 eV) and the fact that usually G 

plays a dominant role in acting as the trap site in the oxidation induced DNA 

damage,14,15,16 the dG-doped oligomers and in particular comparison between excited 

states of d(AG)10 and d(AAGAA)4 which the strand lengths are nearly identical were 

studied. These studies provide evidence for interplay between the excitation energy 

transfer (exciton formation and exciton migration) and development of trap state in 

photoexcited DNAs as to elucidate formation pathway of the CT state as well as how 

this is affected by the sequence and identity of constituent base units. 
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Figure 4.1. Schematic representation of guanine tetrad formed via Hoogsteen hydrogen bonds 

indicated by dashed lines between neighboring guanine bases. The R represents the deoxyribose group 

covalently linked to the guanine moiety.11 
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Figure 4.2. Top and side views of the d(GGG)4 quadruplex structure derived from molecular dynamics 

calculations. Sodium cations (in yellow) are located in the central cavity.11 
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4.2 Results 

 4.2.1 Melting curve 

 Melting Curves of d(AG)2, d(AG)4, and d(AG)10 were obtained following the 

same procedure as described in Chapter 3.  The kinetic mode of HITACHI U3900H 

UV-Visible Spectrometer was empolyed to monitor variation of absorbance at 260 nm 

as a function of temperature. In the measurement, the samples (~4 ml) dissolved in pH 

7 potassium phosphate buffer were gradually heated up from 10 to 90 ºC. In doing so, 

the melting curve measurement monitors the thermal degradation of the selected DNA 

system which the DNA conformation relies on the stacking or/and pairing interaction 

between the constituted bases.1,9,17-19 Literature study shows that G quadruplex 

structure formed by triguanosine diphosphates (G3) exhibits a sudden increase at 

~68ºC in the melting curve measured with the absorbance at 260 nm.20 Accordingly, 

if G quadruplex structure existed in d(AG)2, d(AG)4, d(AG)10, a sudden change in 260 

nm absorbance would be expected in the melting curve of these DNAs. 
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Figure 4.3. Melting curves obtained with absorbance at 260 nm for d(AG)2 (red), d(AG)4 (green), and 

d(AG)10 (blue) in pH 7 potassium phosphate buffer. 

 

As shown in Figure 4.3, none of d(AG)n=2,4,10 exhibits sudden increase in 

absorbance as rising the temperature. Instead, the melting curves of these oligomers 

all feature a nearly linear increase of absorbance as increasing temperature. Therefore, 

the melting curve result shows no evidence for G quadruplex structure in d(AG)n=2,4,10. 

On the other hand, the profiles of melting curve displayed by these sequences are very 

similar to that of single-stranded d(A)20 in chapter 3 (Figure 3.7) which adopts the B-

DNA conformation driven by stacking interaction of the bases in neutral aqueous 

solution.5,9 In this case, the increase of the absorbance as temperature rises is due to 

alleviated hypochromic effect at higher temperature when more thermal energy is 

available to weaken the stacking interaction between the bases. 
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 It has been found that the hypochromicity of d(A)n increases from 32.9% for 

n = 4 to 41.7% for n = 18.21 The higher degree of hypochromicity with longer d(A)n 

reflects better stacking and thus higher ordered structure in the longer d(A)n 

sequences. According to the result in Figure 4.3, the slope of the melting curve is 

strand length dependent, an it increases in the order of d(AG)2 < d(AG)4 < d(AG)10. 

The stronger hypochromic effect exhibited by the longer d(AG)10 resembles those 

displayed by the d(A)n systems, suggesting that the d(AG)n=2,4,10 oligomers studied 

here mostly likely also take the B-DNA conformation and feature a better stacking 

and less conformational disorder as increase of oligomer length. This is consistent 

with the literature in which an increase in the oligomer size is usually accompanied by 

a decrease in conformational disorder that may lead to stronger electronic coupling 

between neighboring bases.2,3 In view of the lack of evidence, we considered unlikely 

that d(AG)n=2,4,10 may possess conformation with the G quadruplex structure in our 

experiment condition. 
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4.2.2 Femtosecond transient absorption spectroscopy  

 Transient absorption (TA) spectra of d(AG)2, d(AG)4, and d(AG)10 were 

obtained with excitation at 267 nm in pH 7 potassium phosphate buffer solution. The 

TA spectra were recorded by using white light continuum generated by 800 nm laser 

pulse to allow detection of absorption in the wavelength range from 300 to 700 nm. 

Temporal evolution of the TA spectra obtained for d(AG)2, d(AG)4, and d(AG)10 are 

shown in Figure 4.4. Comparison of the spectra shows that, in general, the three 

oligomers display similar feature both in the TA spectral profiles and the decay 

dynamics of TA spectra, however, subtle but important differences are also observed. 

When comparing with the early time (~0.1 ps) TA spectra reported for 

monomeric dAMP5 and dGMP,22 the early time TA profiles of d(AG)n=2,4,10 (0.1 ps 

spectra in Figure 4.4) appear to contain, albeit to a small extent, the signature ~400 

nm absorption due to monomeric adenine. The ~400 nm absorption diminishes 

rapidly within ~1 ps and this is accompanied with a subtle growth in the TA at ~320 

nm. As mentioned in the previous chapter, the rapid deactivation of monomer-like 

state gives rise to vibrationally hot ground state that shows absorption at ~320 nm. 

The rapid growing of ~320 nm TA as the decay of TA at ~400 nm may arise due to 

ultrafast relaxation of monomer-like state which absorbs at ~400 nm to the 

vibrationally hot ground state that shows absorption at ~300-330 nm. For all the three 

samples, the growth of TA at ~320 nm  reach maximum by ~0.4 ps after the 

excitation and thereafter the TA spectra decay in hundreds picoseconds timescale 

without obvious change in the TA profiles.  

Figure 4.5 shows kinetic profiles derived from the TA spectra (Figure 4.4) for 

d(AG)2, d(AG)4, and d(AG)10. For each of the oligomer, the kinetic profiles were 
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obtained from TA at ~310, 330, 380, and 420 nm. It can be seen that the decay profile 

is wavelength dependent. For all the three oligomers, the decay profiles at ~380 and 

420 nm exhibit more involvement of fast decay in sub-picoseconds timescale than the 

profiles at ~310 nm and 330 nm. 

The decay profiles exhibited by d(AG)n=2,4,10 require fitting with three 

exponential functions. Fitting analysis of TA profiles at ~380 and 420 nm resulted in 

time constants ~0.25 ps (τ1), 2.5-4.6 ps (τ2) and 210 ps (τ3). While those for the ~310 

and 330 nm profiles exhibited a rapid rising component with time constant ~0.4 ps (τ1) 

and two slower decay components with time constants ~2.1-3.8 ps (τ2) and ~205 ps 

(τ3). The time constants (τi=1,2,3) and associated pre-exponential factors (ai=1,2,3) which 

can be taken to reflect percentage contribution of the related time component are 

listed Table 4.1 for all the three oligomers at the four selected probe wavelengths.  

For the TA profiles at ~310 and 330 nm, the ~0.4 ps (τ1) rising component is 

likely due to the formation of vibrationally hot ground state caused by rapid decay of 

monomer-like state. The contribution of this rising component is low (<~10 %) and 

the profiles at ~310 and 330 nm are made mainly by the two late time components 

τ2~2.1-3.8 ps and τ3~205 ps. Making comparison of data obtained for the three 

oligomers shows that the percentage contribution of the τ2~2.1-3.8 ps component 

decreases as increase of strand length: a2 is ~55% in d(AG)2, ~48% in d(AG)4, and 

~40% in d(AG)10. In contrast to this, the τ3~205 ps component displays increasing 

contribution in longer oligomer such that the a3 is ~38%, 44% and 54% in d(AG)2, 

d(AG)4, and d(AG)10, respectively. In addition to the variation in the percentage 

contribution, the time constant of τ2 component for the ~310 and 330 nm TA 

increases slightly with increasing the strand length: the τ2 is 2.13 ps for d(AG)2 and it 
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is 2.68 and 3.82 ps for d(AG)4 and d(AG)10, respectively. The faster time constant and 

greater involvement of the τ2 in shorter d(AG)n oligomer corroborates with the 

temporal evolution of the TA spectra (Figure 4.4) which show increasingly faster 

decay of TA at ~320 nm in shorter d(AT)n oligomer. 

TA dynamics at ~380 and 420 nm show similar dependence on the length of 

d(AG)n oligomers. Such as, the contribution of the fastest τ1~0.25 ps component 

decreases with increasing strand length: the a1 reduces from ~51% in d(AG)2
 to ~43% 

in d(AG)10 (Table 4.1). Since the decay corresponding to τ1 at the ~400 nm TA is due 

to deactivation of monomer-like state, the observed decrease in the contribution of τ1 

may suggest less fractional involvement of the monomer-like state in longer d(AG)n 

oligomer. In addition, like the decay profiles at ~310 and 330 nm, the 380 and 420 nm 

profiles feature long-lived τ3 component that has more percentage contribution with 

increase of d(AG)n length: the a3 varies from ~22% in d(AG)2 to ~27% in d(AG)4, and 

~35% in d(AG)10.  

Noticeably, it can be seen from Table 4.1 that, despite the change in the 

percentage contribution, the time constant of the τ3 component is barely dependent on 

the absorption wavelength and is nearly identical for the three d(AG)n oligomers. This 

combined with the fact that the late time (>~30 ps) TA spectra recorded for 

d(AG)n=2,4,10 share very similar spectral profiles (broad TA with max at ~310 nm) 

suggests strongly that a common long-lived state, irrespective of the strand length, is 

involved in photo-excited d(AG)n=2,4,10.  
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Figure 4.4. Temporal evolution of transient absorption spectra recorded at the denoted time intervals 

(in the unit of ps) after 267 nm excitation of d(AG)2, d(AG)4, and d(AG)10 in pH7 potassium phosphate 

buffer. *Artifact from probe beam. Arrows indicate rapid decay of TA band at ~ 400 nm. 
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Figure 4.5. Normalized time-dependence of transient absorption decay profiles obtained at the 

indicated wavelengths from the transient absorption spectra displayed in Figure 4.4 for d(AG)2, d(AG)4, 

and d(AG)10. The solid lines represent IRF (instrument response function) convoluted three-

exponential fitting to experimental decay profiles at 310 nm (square), 330 nm (circle), 380 nm 

(triangle), and 420 nm (cross). Data with time delay before and after 10 ps are displayed, respectively, 

on a linear and logarithmic time axis.  
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Table 4.1. Fitting parameters obtained from kinetic analysis of the transient absorption time profiles at 

the selected wavelengths.   

 

 

 

 

 

 

 

 

 

 

 

  

d(AG)2 

λ (nm)  τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

310 
0.34 

(-0.08) 
2.13 

(0.54) 
204 

(0.38) 

330 (-0.04) (0.57) (0.38) 

380 
0.23 

(0.52) 
2.55 

(0.26) 
214 

(0.22) 

420 (0.50) (0.29) (0.22) 

d(AG)4 

λ (nm)  τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

310 
0.41 

(-0.1) 
2.68 

(0.47) 
207 

(0.43) 

330 (-0.08) (0.48) (0.44) 

380 
0.25 

(0.51) 
3.22 

(0.22) 
211 

(0.27) 

420 (0.44) (0.28) (0.27) 

d(AG)10 

λ (nm)  τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

310 
0.40 

(-0.07) 
3.82 

(0.39) 
204 

(0.53) 

330 (-0.06) (0.4) (0.54) 

380 
0.29 

(0.44) 
4.66 

(0.21) 
218 

(0.35) 

420 (0.42) (0.24) (0.34) 
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4.2.3 Femtosecond time-resolved fluorescence spectroscopy and fluorescence 

anisotropy  

4.2.3.1 Femtosecond time-resolved fluorescence spectroscopy 

Figure 4.6 compares temporal evolution of broadband TRF spectra obtained 

with 285 nm excitation of d(AG)10 and d(AAGAA)4 in pH 7 potassium phosphate 

buffer. According to the TRF spectra, both the oligomers display fluorescence with 

apparently very similar spectral profiles. The early time TRF spectra (at <~0.45 ps, 

Figure 4.6) for both d(AG)10 and d(AAGAA)4 feature similar profiles with the 

maximum intensity at ~310-330 nm and a long tail extending beyond ~500 nm. These 

initial TRF spectra appear close to superposition of the corresponding monomeric 

spectra made by the constituent adenine and guanine base.5,22 It is noted in this regard 

some subtle difference between the 0.45 ps spectra from d(AG)10 and d(AAGAA)4. 

The 0.45 ps spectrum of d(AG)10 features the max at 330 nm and that of d(AAGAA)4 

at 310 nm. In view of that monomeric adenine features fluorescence with max at ~300 

nm (Figure 3.18) and that of guanine at 330 nm,22 the difference in the spectra of 

d(AAGAA)4 and d(AG)10 can be associated to the larger content ratio of adenine to 

guanine in the former (4A:1G) than latter (1A:1G) oligomer. The difference is only 

subtle relate to that, compared to guanine, adenine shows much weaker absorption at 

the 285 nm excitation wavelength; the absorption extinction coefficient at 285 nm is 

~5700 M-1cm-1 for guanine and 500 M-1cm-1 for adenine.23 In addition, since the 

involvement of exciton population in the early time after photo-excitation of d(AG)10 

and d(AAGAA)4, the small difference in the fluorescence peak maximum might also 

be due to difference in the excitonic state between the two oligomers. 
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It can be seen from Figure 4.6 that, for both d(AG)10 and d(AAGAA)4, the 

initial TRF spectra decay rapidly accompanied by a red-shift of the emission band to 

max at ~430 nm at 40 ps after the photo-excitation. The fluorescence dynamics 

exhibited by d(AG)10 and d(AAGAA)4 appear to be similar to that of d(A)20 and 

d(AT)10 that respectively features fluorescence at ~310 nm and 320 nm at the early 

time and red-shifted emission at ~360 nm and 450 nm at late time due to radiative 

decay of the long-lived CT states. The 40 ps transient emission spectrum of d(AG)10 

and that of d(AAGAA)4 resemble closely with each other (Figure 4.6), suggesting one 

common excited state is involved both in d(AG)10 and d(AAGAA)4. In d(AAGAA)4, 

the containing of A-A sequence may allow formation of A-A CT state (excimer) as 

we found in d(A)20 (in chapter 3). In regard to A-A excimer state gives emission band 

with max at ~360 nm (at 50 ps), if this state was involved, one would expect that 

d(AAGAA)4 displays significant different transient fluorescence from that of d(AG)10 

which can generate only A-G CT state. The close similarity in the late time spectra 

bewteen d(AAGAA)4 and d(AG)10 and the lack of the ~360 nm emission in the 

former strongly suggests that the long-lived fluorescence in both the oligomers are 

due to the A-G CT state. 

Fluorescence decay dynamics of 285 nm photoexcited d(AG)10 and 

d(AAGAA)4 was shown in Figure 4.7. Simulation of the fluorescence time profiles 

for both the samples requires three-exponential function with time constants derived 

to be 1 ~0.44/0.35 ps,  2 ~4.00/3.50 ps, and 3 ~200/200 ps for d(AG)10/d(AAGAA)4. 

The time constants and the related pre-exponential factor obtained at several selected 

fluorescence wavelengths (340, 350, 450, and 480 nm) for the two oligomers are 

displayed in Table 4.2. It can be seen from Figure 4.7 and Table 4.2 that the 

fluorescence decay varies strongly with the fluorescence wavelength. The 
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fluorescence at blue side of the spectra (e.g. at 340 nm or 350 nm) contains large 

contribution (~79% in d(AG)10, ~84% in d(AAGAA)4) due to the sub-picoseconds 

component (1); while the decay at longer wavelength (e.g. 450 nm or 500 nm) shows 

increasing contribution from the 2 ~  4 ps/3.5 ps for d(AG)10/d(AAGAA)4, and 3 

~200 ps in both the oligomers. For the sub-picosecond component of d(AG)10, the 

~0.44 ps time constant obtained from TRF spectroscopy appears slower than that the 

~0.29 ps time constant derived from the TA time profile at 400 nm (Table 4.1). As 

describe above, for d(AG)10, the 0.29 ps dynamics of 400 nm TA arise mainly from 

the monomeric adenine excited state relaxation. The 0.44 ps fluorescence decay at 

340 nm and 350 nm is however due to weight sum of decay dynamics from excited 

states of adenine and guanine.  

Both the TA and TRF dynamics show the similar 2 ~4 ps time constants. This 

several picoseconds dynamics is reminiscent of the cooling process of vibrationally 

hot ground states of photo-excited monomeric DNA bases.14,24,25 However, since the 

vibrational cooling process is not radiative, the 2 ~4 ps time constant which is also 

observed in the TRF is unlikely related to the cooling process. 

The fluorescence decays of d(AG)10 and d(AAGAA)4 at the 450 nm, and 500 

nm wavelengths contain long-lived component with 3 ~200 ps time constants. The 

percentage contribution of the ~200 ps component was found to be ~13%/17% in 

d(AG)10 and ~15% /20% for d(AAGAA)4 at the emission wavelength of 450 nm/500 

nm. In contrast to this, it can be seen from Table 4.2 that the emission at the shorter 

340 nm and 350 nm wavelengths exhibits no contribution of this long lived 

component.  
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4.2.3.2 Femtosecond time-resolved fluorescence anisotropy  

To provide further evidence for the deactivation dynamics of excited states, 

temporal evolution of time-resolved fluorescence anisotropy for d(AG)10 and 

d(AAGAA)4 were measured and the results are displayed in Figure 4.8. The 

anisotropy value (r) at ~340 nm at 0.1 ps for d(AG)10 is ~0.28. This value is lower 

than the theoretical value of 0.4 when same electronic transition is involved in the 

fluorescence as in the absorption process4,26; and this implies possible involvement of 

excitation energy transfer. The initially low anisotropy value has been found in 

monomeric purine (A) and (G) bases.23 According to Figure 3.22, the monomeric (A) 

base dAMP exhibits r ~0.27 at ~340 nm in 0.1 ps. The anisotropy of this monomeric 

fluorescence exhibits a wavelength dependent feature that the anisotropy value 

reduces according to increasing emission wavelength. The dAMP anisotropy value at 

longer emission wavelength at ~380 nm appears at a lower r ~0.22 in 0.1 ps. This 

initially low fluorescence anisotropy and wavelength dependent feature for purine 

base (A) and (G) has been explained by the involvement of the two overlapped La and 

Lb transitions.2,22,23 In case of 267 nm photoexcited monomeric dAMP, ultra-fast 

internal conversion from higher energy La state to lower energy Lb state gives rise to a 

change in fluorescence polarization leading to the initial depolarization to r ~0.27. In 

case of excited monomeric dGMP22, with the same 285 nm excitation source with 

respect to d(AG)10 and d(AAGAA)4, the anisotropy spectra also demonstrate 

wavelength dependent feature with reduced anisotropy value r0 ~0.3 at 340 nm. 

Similarly, fluorescence anisotropy for d(AAGAA)4 at ~340 nm at 0.1 ps also 

feature a value (r~0.3) lower than 0.4. In general, for both d(AG)10 and d(AAGAA)4, 

the TRFA spectra are wavelength dependent, the anisotropy value decreases as 

increase of the emission wavelength. Such as, for d(AG)10 at 0.1 ps, the value of r was 
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found to be 0.26 at ~340 nm and 0.16 at 440 nm; for d(AAGAA)4, the corresponding 

value is 0.3 at 340 nm and 0.2 at 440 nm.  

From Figure 4.8, it can be seen that, for d(AG)10 and d(AAGAA)4, the 

anisotropy at nearly all detected wavelengths drops as time and this occurs most 

significantly in the time interval of 1.5 ps after the photo-excitation. It is clear that 

temporal loss of anisotropy occurs to a much greater extent in d(AAGAA)4 than in 

d(AG)10. For instance, for d(AG)10, the anisotropy at ~340 nm changes from 0.27 at 

0.1 ps to 0.25 at 1.5 ps; while this is from ~0.3 at 0.1 ps to 0.2 at 1.5 ps for the case of 

d(AAGAA)4. Since the emission at ~340 nm and 350 nm exhibit no contribution of 

the ~200 ps long-lived component, the rapid decay of anisotropy at around these 

wavelengths should associate to the fast 1 and 2 decay components. On the other 

hand, at long wavelengths (e.g. from 360 to 500 nm) where the decay dynamics has 

significant contribution from the ~200 ps component, the fluorescence shows 

significant depolarization with the anisotropy value nearly approaching zero at 5 ps 

after the excitation. Since this is not observed in the short wavelengths (<~350 nm), it 

is reasonable that the depolarization at ~360-550 nm is related specifically to the 

growing contribution of the long lived ~200 ps component. 
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Figure 4.6. Temporal evolution of broadband TRF spectra (upper panel) of 285 nm photo-excited 

d(AG)10 and d(AAGAA)4 in pH 7 potassium phosphate buffer. TRF spectra at representative time 

intervals (0.24, 4, and 40 ps) after the photoexcitation are also shown. The selected spectra are rescaled 

according to the maximum intensity of the spectra. *Artifacts due to solvent Raman line. 
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Figure 4.7. Normalized experimental (at 340 nm (squares), 350 nm (circles), 450 nm (triangles), and 

480 nm (crosses)) and fitted (solid lines) fluorescence decay profiles obtained from 285 nm 

photoexcited TRF spectra of d(AG)10 and d(AAGAA)4 in Figure 4.6. The data with time delays before 

and after 10 ps are displayed, respectively, on a linear and logarithmic time axis. 

 

Figure 4.8. Temporal evolution of broadband TRFA spectra of 285 nm photo-excited d(AG)10 and 

d(AAGAA)4 in pH 7 potassium phosphate buffer. 
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Table 4.2. Fitting parameters obtained from global analysis of the fs-TRF decay profiles at the 

representative wavelengths. 

 

 

 

 

 

 

 

 

 

  

d(AG)10 

λ (nm)  τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

340 

0.44 

(0.79) 

4.00 

(0.21) 

200 

(0) 

350 (0.77) (0.23) (0) 

450 (0.33) (0.54) (0.13) 

480 (0.14) (0.69) (0.17) 

d(AAGAA)4 

λ (nm)  τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

340 

0.35 

(0.84) 

3.50 

(0.16) 

200 

(0) 

350 (0.81) (0.19) (0) 

450 (0.46) (0.39) (0.15) 

480 (0.35) (0.45) (0.20) 
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4.3 Discussion 

4.3.1 Effect of strand length on the excited state dynamics of alternating AG 

DNAs  

Our results on the melting curve (Figure 4.3), fs-TRF(A) (Figure 4.6 and 

Figure 4.8) and fs-TA (Figure 4.4) provide consistent and complementary evidence 

that the excited states of d(AG)n=2,4,10 can be described by the two-domain model 

proposed in the literature for A/T DNAs.5-8,14,21,27 It shows also that, irrespective of 

the strand length, these oligomers have a common long-lived excited state with 

lifetime of ~200 ps. The formation of such state was found to be favored in the longer 

oligomer. In addition, our fs-TRF and fs-TA data provide direct dynamics 

characterization and spectral signatures, both in the absorption (max~320 nm) and 

emission (max~430 nm) for the long-lived excitation in d(AG)n=2,4,10. This is 

unprecedented in the literature and is important for understanding the electronic 

nature of excited states involved in the deactivation processes. The similarity in the 

spectra and deactivation dynamics displayed by the d(AG)n=2,4,10 suggests that the 

excitation during the relaxation processes spans no more than four consecutive bases, 

i.e., AGAG here. Furthermore, the large Stokes shift displayed by ~420 nm emission 

implies that the ~200 ps long-lived excitation is most likely due to a CT exciplex 

formed by two stacked A and G bases.  
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4.3.1.1 Two-domain model for deactivation of d(AG)n=2,4,10  

Many time-resolved studies showing that excited state dynamics of DNAs composes 

of collective domain and non-collective domain in which the non-collective domain 

arises from non-stacked monomeric bases.5-8,14,21,27 As mentioned in the previous 

chapter, UV irradiation on DNA oligomers populates two categories of excited states. 

In the non-collective domain where bases are weakly interacted and loosely held, 

photo-excitation gives rise to monomer-like excited state. From the TA in Figure 4.4, 

it can be seen that all d(AG)n=2,4,10 show the distinctive absorption at ~400 nm which 

decay rapidly with τ1~0.25 ps time constant. The ~400 nm TA band with 0.25 ps 

decay dynamics resembles that found in the TA spectra of monomeric dAMP (Figure 

3.34), suggesting the monomer-like parentage of the 400 nm excited state absorption 

in d(AG)n=2,4,10. The ultrafast deactivation of this monomer-like adenine ππ* state, as 

that monitored at ~400 nm in the TA, leads to population of  vibrationally hot ground 

state and this may contribute to the observed rising component at ~300 nm. It can be 

seen from Table 4.1 that the fractional contribution of the ~0.25 ps (τ1) component 

varies with the strand length of d(AG)n oligomer. The longer oligomer possesses 

lower fraction (~43 %) of this τ1 component. This agrees well with the melting curve 

result that shows higher fraction of well stacked bases in longer d(AG)n oligomer, or 

in other words, more involvement of poorly stacked bases which can behave as 

monomeric base component in the shorter d(AG)n oligomer.  

The well-stacked bases constitute the collective domain where photoexcitation 

may lead to long-lived states with excitation delocalized over two or more 

consecutive bases.5-8,14,21,27 The existence of collective domain in d(AG)n=2,4,10 is 

indicated clearly by the two longer-lived components (2 ~3.5 ps, 3 ~200 ps, Table 
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4.1 and 4.2) showed in the fs-TA (Figure 4.4) and fs-TRF (Figure 4.6). According to 

the previous publications and also in the previous chapter, the early time excited state 

dynamics in the collective domain may arise due to excitonic states.5-8,14  The τ2 time 

constant obtained from TA dynamics at 380 nm and 420 nm for d(AG)n=2,4,10 

sequences shows a little strand length dependent feature. This suggests that exciton 

fluorescence lifetime for d(AG)n=2,4,10 sequences depends on the strand length. The 

varying τ2 time constant among the three samples is accounted for by the quenching 

mechanism of excitonic state (e.g. CT state/exciplex formation or localization of 

excitation to monomer-like state). It has been found from melting curve experiment 

that the longer d(AG)10 composes of higher fraction of well stacked bases and more 

ordered structure. The more ordered bases in d(AG)10 do not favor deactivation 

processes which require longer scale nuclear or base reorientation. On the contrary, 

the shorter sequences d(AG)2 and d(AG)4 appear more flexible and the dynamic 

disorder of bases in these shorter sequence facilitates the exciton deactivation 

processes which leads to shorter τ2 time constants.  
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4.3.1.2 Electronic nature and effect of strand length on the long-lived excitation 

The influence of strand length on excited state dynamics can be derived from 

the fs-TA data in Figure 4.4 and Table 4.1. TA spectra in Figure 4.4 show that longer 

d(AG)10 oligomer exhibits stronger TA band at ~300 nm by 1 ps after decay of most 

of the monomer-like excited state population. The dynamic change observed from TA 

band at ~ 300 nm is due to combined influence of several dynamic processes 

including the sub-picosecond decay (1) of monomer-like excited state, the vibrational 

relaxation of hot ground state populated by the sub-picosecond excited state 

decay,14,24,25,8,28 relaxation of excitonic state, and decay of ~200 ps long-lived 

excitation. For the TA at long wavelength, e.g. ~400 nm, the absorption energy 

corresponds to a bathochromic shift of ~9500 cm-1 from the red-edge ground state 

absorption at 290 nm. As the vibrational cooling of hot ground state usually occurs at 

probe wavelength lower than 360 nm,24 it is reasonable that the long wavelength TA 

is originated due to absorption of excited state species including the monomer-like 

state, excitonic states and CT exciplex.  

In regard to the collective domain that give rises to excitonic states, the ~1 ps 

TA especially at the long wavelength (>~380 nm) can be associated to excitonic state 

with lifetime of ~3.5 ps (τ2); the spectral profiles of these TA spectra therefore 

provide the signature of exciton absorption in d(AG)n=2,4,10. It is noted at this point 

that, the 1 ps TA from d(AG)4 and d(AG)10 resembles closely to the counterpart 

spectrum of d(AG)2.  This implies that, regardless of the strand length, the excitation 

delocalization of the excitonic states does not span more than four stacked bases in 

the collective domain. This agrees with the literature study which proposed that the 

delocalization length of exciton in single-stranded homoadenine d(A)n is 3-4 bases.27  



195 

 

Our TA result shows that all the three investigated d(AG)n=2,4,10 oligomers 

share a common long-lived state having lifetime of ~200 ps (τ3) lifetime. Making 

correlation of the dynamics produced by fs-TRF (Figure 4.6) and fs-TA (Figure 4.4) 

indicates that this state features emission with max~430 nm, corresponding to a 

bathochromic shift of ~7000 cm-1 from the emission of monomer-like state. It is noted 

that in their study on the excited states of d(A)20·d(T)20 and its single-stranded DNAs, 

Markovitsi and co-workers stated that the strength of dipolar coupling for Frenkel 

excitons formed from stacked or paired bases does not exceed a few hundreds of 

wavenumbers.29 Therefore, it is very unlikely that the ~200 ps decaying state is due to 

the Frenkel excitons formed from dipolar coupling between the stacked bases. The 

large Stokes shift is however the evidence for CT exciplex parentage of the ~200 ps 

species.5-8,14 

Noticeably, the fitting result on fs-TA of d(AG)n=2,4,10 (Table 4.1) shows that 

the longer oligomer features greater involvement of the ~200 ps component. This 

observation is in accordance with the work by Kohler and co-workers which shows 

from fs TA studies on adenine (A) homo-oligomers (dA)n=2-6,8,12,18 that stacked bases 

are responsible for the long lived excited state, while unstacked bases give rise to the 

monomer-like signal.21 By monitoring the dynamics of S0 recovery, this study showed 

that all of the examined systems (dA)n=2-6,8,12,18 display the same long-lived ~183 ps 

excited state species and that the yield of this species increases with the strand length. 

The work proposed that the static base stacking disorder fully accounts for the length-

dependent fs-TA signal because the fraction of stacked bases varies in the same 

manner as the fraction of the ~183 ps component. In addition, Markovitsi and co-

workers also reported the so-called size effect on d(A)20·d(T)20 and polyd(A)·polyd(T) 

(containing ~2000 base pairs).2 By using the method of fluorescence up-conversion 
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and monitoring the fluorescence dynamics in ~10 ps timescale, they observed that the 

average lifetime of photoexcited polyd(A)·polyd(T) ( ~2.5 ps) is longer than that of 

d(A)20·d(T)20 (~1.3 ps). The result was attributed to an increase in the size of duplex 

which is accompanied by a decrease in conformational disorder and the stacking 

distance. This may lead to stronger inter-base electronic coupling and therefore a 

greater portion of the long-lived state in polyd(A)·polyd(T) than that in d(A)20·d(T)20. 

Taken together, it is sensible to suggest that the phenomenon of longer strand 

favors formation of long-lived state as revealed here in d(AG)n=2,4,10 and reported for 

d(A)n=2-6,8,12,18
21 and polyd(A)·polyd(T) vs d(A)20·d(T)20,

2 could be universal for many 

other oligomeric DNAs. Therefore, static base stacking disorder which is affected by 

strand length is an important factor for the fractional involvement of the long lived 

excited state in the single- and double-stranded DNAs. 
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4.3.2 Dynamics and deactivation pathway of d(AAGAA)4 and d(AG)10  

To investigate effect of base composition and base sequence on the excited states of 

DNAs, we compared TRF and TRFA spectra obtained with 285 nm photoexcited 

d(AG)10 and d(AAGAA)4. The TRF data (Figure 4.6) show that both the oligomers 

exhibit long-lived excited state with λmax ~430 nm fluorescence and lifetime of ~200 

ps. The state is attributable to exciplex with charge transfer character between two 

stacking A and G bases. On the other hand, the distinct feature revealed in the 

temporal change of TRFA (Figure 4.8) suggests strongly that the exciplex state in the 

two oligomers is formed through two different deactivation pathways after the photo-

excitation.  

 

4.3.2.1 Guanine as a trap site for excitation energy 

Guanine has been proposed as the major electron donor in DNAs and to 

usually act as trap site for electronic excitation energy.16,30 Literature study suggested 

that oxidation of guanine through electron transfer to 2-aminopurine is the main cause 

for fluorescence quenching of photo-excited 2-aminopurine contained in DNAs.16 In 

guanine-doped sequence like d(AG)10, it is possible that the excitation energy is 

trapped by charge transfer from guanine. For this oligomer, the most likely CT state 

that may possibly occur is by electron transfer from guanine to adenine in the 

collective domain, which is facilitated by the stacking conformation and close contact 

between the two bases.  

285 nm excitation leads to population of the non-collective and collective 

domain of single-stranded d(AG)10 and d(AAGAA)4 which respectively gives rise to 
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the ultrafast monomer-like relaxation and the long lived excited state. The melting 

curve data and the TA results show that relative involvement of the collective versus 

non-collective domain is affected by the fraction of well stacking bases in single-

stranded d(AG)n=2,4,10. The dependence on stacking conformation, the large 

fluorescence Stokes shift and the long lifetime (~200 ps) of the long-lived excitation 

agree well with the formation of exciplex state in DNAs.14,5-8,31 Within this picture, 

the initial excitation in the collective domain may evolve into the exciplex state 

brought about by electron transfer between the stacking adenine and guanine. The 

~200 ps decay dynamics is brought about by charge recombination of the exciplex.  

It is noted that, similar to the large scale of Stokes shift observed here for 

d(AG)2,4,10 and d(AAGAA)4, extensive bathochromic shift from long-lived 

fluorescence (max~460 nm, 50 ps lifetime) is also found (Figure 3.26) in the 

alternating base sequence d(AT)10. On the other hand, CT excimer generated by 

photoexcited homogeneous pair such as A-A in d(A)20 (Figure 3.18) gives rise to less 

degree of bathochromic shift (by ~4500 cm-1 with the max~360 nm). The extent of 

Stokes shift exhibited by CT exciplex is determined by the intrinsic excited state 

electronic energy of the electron donating and accepting component. It is known that 

the CT exciplex state can be treated as arising due to excited electron transferred from 

higher lying donor electronic state to lower lying acceptor excited state.32 The 

radiative relaxation to the donor ground state (see Figure 4.9) leads to the red-shifted 

emission.32  
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Figure 4.9. Molecular orbital treatment of exciplex formation and emission (donor excited)32 

 

 

Figure 4.10. Molecular orbital treatment of exciplex formation and emission (acceptor excited)32 

 Within these pictures, the comparatively lower LUMO-HOMO energy 

(deduced according to fluorescence energy) of thymine or guanine22 in relative to 

adenine may result in a smaller energy gap between donor HOMO and acceptor 

LUMO in exciplex state (A-T or A-G). This leads to greater Stokes shift of the 

exciplex fluorescence in these hetero-oligomers. 

In d(AAGAA)4, the consecutive A-A sequence in well stacked conformation 

may allow formation of A-A excimer which is expected to give emission peaking at 

~360 nm. Differently, there is only one possible exciplex could be formed in d(AG)n 
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oligomer which is A-G stacked CT state which corresponds to transient emission 

peaking at ~430 nm. The lack of ~360 nm emission and the close similarity in the late 

time (40 ps and after) TRF between d(AG)10 and d(AAGAA)4 suggests that A-A 

excimer is not favored during the relaxation process. The excitation energy is 

seemingly trapped in A-G pair leading to similar transient fluorescence as that 

showed by d(AG)10.  

Temps and co-workers reported dynamics of fluorescence (at 350 nm, with 

excitation at 269 nm and 284 nm) for a series of G-doped d(A)20, C-doped d(T)20 

DNA oligomers and the corresponding duplex DNAs by means of fluorescence up-

conversion. They observed that the fluorescence decay at the examined wavelength 

(350 nm) and the examined timescale is strongly dependent on the base sequence and 

is also affected by the higher-order structure of the DNAs.9 For the systems studied, 

excitation at 284 nm produced nearly identical dynamics as observed with 267 nm 

excitation. Global fitting of the 350 nm fluorescence decay in d(A)20 was reported to 

give dynamics featuring three time constant (with percentage contribution): 0.63 ps 

(~81%), 5.80 ps (~13%) and 97 ps (~7%) with an average lifetime of 8.05 ps; the 

corresponding result on d(AAGAA)4 is ~0.63 ps (~86%), 5.80 ps (~35%), and 97 ps 

(~1%) with average lifetime of 3.54 ps; for d(AG)10, the result is 0.63 ps (~53%), 5.80 

ps (~26%) and 97 ps (~2%) with average lifetime of 3.75 ps. The shorter average 

lifetime in d(AAGAA)4 and d(AG)10 with respect to d(A)20 arises from the lower 

percentage contribution of the long lived component. The 97 ps time constant 

reported in this study for d(AG)10 and d(AAGAA)4 appears to be shorter than the 

~200 ps time constant produced by our TA and TRF measurement. This variation 

might be due to the different experimental and fitting methods. Instead of monitoring 

the broadband fluorescence spectrum in our work, Temp and co-workers used 
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fluorescence up-conversion method which allows monitoring dynamic change of 

fluorescence intensity at a single designated emission wavelength (e.g. the 350 nm). 

According to our TRF results on d(AG)10 and d(AAGAA)4 (Figure 4.6), the long-

lived ~200 ps fluorescence occurs mainly at long wavelengths and bears minute 

contribution at 350 nm. In this regard, the minute contribution is largely in line with 

the very small percentage contribution (~1-2%) of the long-lived component reported 

by Temp and co-workers for these two oligomers. Due to its very low fluorescence 

intensity at ~350 nm, it is in fact very difficult for the fluorescence up-conversion 

method to measure the precise lifetime of the long-lived component. The ~97 ps time 

constant reported by Temp and co-workers was derived from Global fitting the 350 

nm fluorescence decay of d(AG)10 and d(AAGAA)4 together with d(A)20. This Global 

fitting analysis may leads to time constant defined by the faster d(A)20 excited state 

dynamics and therefore the shorter 97 ps time constant. In our method, the 

fluorescence decay dynamics of d(AG)10 and d(AAGAA)4 are fitted separately. In 

addition, the dynamic change of emission signals covering the red region (e.g. 450 

and 480 nm) which are related to the exciplex emission are also fitted and therefore 

the obtained long lived ~200 ps time constant should truly reflect the lifetimes of A-G 

exciplex state. 

 

 

 

 

  



202 

 

4.3.2.2 Deactivation pathway  

According to the anisotropy spectra in Figure 4.8, the temporal change of 

anisotropy for d(AG)10 and d(AAGAA)4  is very different. There is rapid decay of 

anisotropy at ~330 nm for d(AAGAA)4. Work by Markovitsi and co-workers also 

showed that the fluorescence anisotropy for both the A/T polymers and oligomers 

decay rapidly with respect to the its constituent monomers.2,4 These observations are 

considered as evidence for occurrence of excitation energy transfer in these DNAs by 

means of intraband scattering between excitonic states. In addition to the monomer-

like excited state, 285 nm photoexcitation may populate a large number of excitonic 

states in which excitation energy is shared among several stacking bases. As each of 

the excitonic state features a different polarization of transition dipole moment, 

energy transfer from the initial excitonic state to the low-lying excitonic state is 

accompanied by change of transition dipole moment and as a result depolarization of 

the fluorescence. It has been suggested that energy transfer through intraband 

scattering in exciton band occurs within 100 fs.4 This is beyond the instrument 

response function (~250 fs) of our TRF system.  

The observed rapid decay (from 0.1 ps to 1.5 ps) of anisotropy at ~300 nm for 

d(AAGAA)4 in Figure 4.8 arises from weighted sum of fluorescence anisotropy due 

to fluorescent photons from the monomer-like excited state (localized and polarized) 

and the low-lying excitonic state (depolarized). Energy transfer to the low-lying 

excitonic state in d(AAGAA)4 accounts for trapping of excitation energy in A-G pairs. 

Because of this trapping process, d(AAGAA)4 exhibits the same A-G exciplex 

emission peaking at ~430 nm in 40 ps with respect to d(AG)10 (Figure 4.6). In regard 

to the observed common exciplex emission for d(AG)10 and d(AAGAA)4, there 
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should be a preference toward energy transfer to A-G pair in photoexcited 

d(AAGAA)4 that hinders the A-A excimer emission. 

285 nm photoexcitation populates a number of excitonic states with excitation 

delocalized among several bases. Considering the lower electronic energy of guanine 

than adenine (on the basis of absorption and fluorescence energies),33 the excitonic 

states that involve excitation on guanine are expected to be energetically lower and 

constitute the exciton band minimum. This assumption agrees with previous 

calculation study of d(AT)10 and d(A)20·d(T)20 which shows that the lowest energy 

S0→S1 transition on adenine exhibits the greatest contribution to the low energy 

exciton state.34 Intraband scattering from Franck Condon exciton states to the low-

lying exciton states located at exciton band minimum therefore leads to excitonic state 

containing guanine moiety. This provides an explanation to the guanine as the trap 

site for excitation energy. Because the trapping of excitation to the low-lying 

excitonic state through exciton migration (intraband scattering) occurs within ~100 fs 

that is much faster than required nuclear motions (few picoseconds timescale) for 

stable CT state (excimer/exciplex) formation,6,7 A-A excimer fluorescence is not 

observed in d(AAGAA)4. 

The r ~0.26 value of early time (0.1 ps) fluorescence anisotropy for d(AG)10 at 

~340 nm is lower than the value (0.3) from d(AAGAA)4 at the corresponding time 

delay. At 0.1 ps time delay, overall fluorescence photons detected by TRF are 

dominated from radiative transition of short-lived non-collective domain (monomer-

like excited state) (according to Table 4.2, over ~80 % fluorescence intensity decay in 

sub-picoseconds timescale). With the same 285 nm excitation source, recent 

photophysical study showed that dGMP exhibits emission wavelength dependent 

anisotropy with r0 ~0.3 at 340 nm and r0 ~0.22 at 440 nm, which is similar to the 
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anisotropy spectra of d(AG)10 and d(AAGAA)4.
22 The fluorescence anisotropy at 0.1 

ps is therefore mainly due to the fluorescence from monomer-like excited state. 

Markovitsi et al. has summarized the zero-time anisotropies r0 of the four nucleotides 

by using 267 nm excitation source and showed that dGMP monomer has a lower r0 = 

0.15 than that of r0 = 0.24 for dAMP monomer.23 In regard to the different r0 for 

dGMP and dAMP, the slightly higher anisotropy (at 0.1 ps) for d(AAGAA)4 to 

d(AG)10 would arise from the increased fraction of adenine monomer-like emission in 

d(AAGAA)4. 

In contrast to the significant loss of the fluorescence anisotropy in 

d(AAGAA)4, the anisotropy at ~330 nm for d(AG)10 exhibits insignificant decay. This 

indicates that exciton migration does not likely occur in excited d(AG)10. For the 

excitation in collective domain of d(AG)10, the excitonic state (that corresponds to the 

emission at ~340 nm) remains localized and does not contribute to spatial extent of 

excitation energy and depolarization. The possible reason for the limited degree of 

excitation energy transfer in d(AG)10 would be related to the restricted exciton 

migration route. Scheme 4.1 shows the schematic energy diagram for the excited state 

deactivation pathways of 285 nm photoexcited d(AG)10. 
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Scheme 4.1. Schematic energy diagram showing the proposed deactivation pathways for 285 nm 

photoexcited d(AG)10 oligomer in aqueous solution. The vertical solid arrows represent the absorption 

and emission transitions of corresponding states; the curved lines indicate non-radiative deactivation 

pathways with the corresponding decay time constants labeled for the related excited states. Upper 

panel shows simulation of excitation delocalization created by 3Ds Max in which adenine and guanine 

bases are labeled orange and blue respectively and with excitation finally localizes on A-G CT state. 

Excitation of the terminal base is displayed on the left.  
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For 285 nm low energy excitation, excitonic states located at the lower part of 

exciton band for d(AG)10 are populated. Because exciton migration to the higher 

excitonic state is energetically unfavorable, the possible excitonic states in d(AG)10 

that is able to accept the excitation energy (285 nm) from Franck Condon region is 

less. According to the short excitation delocalization length (3-4 bases) of excitonic 

state in DNA oligomers suggested in previous publication27 and observed in TA of 

d(AG)n=2,4,10, the base composition of excitonic state in d(AG)10 which possesses 

short (AG) repeating unit should varies slightly. In regard to the calculation study 

which showed that excitonic state energy is determined by transition energy of bases 

involved,34 the energy of excitonic states in d(AG)10 would be similar. Under this 

circumstance, the excitonic state would reach a local minimum through a very short 

distance of migration (e.g single base) and that do not cause significant change in 

transition moment. This low-lying excitonic state no longer migrates to neighboring 

excitonic state and remains localized that gives rise to local exciton fluorescence and 

results in stable anisotropy r ~0.25 at 5 ps.  
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Scheme 4.2. Schematic energy diagram showing the proposed deactivation pathways for 285 nm 

photoexcited d(AAGAA)4 oligomer in aqueous solution. The vertical solid arrows represent the 

absorption and emission transitions of corresponding states; the curved lines indicate non-radiative 

deactivation pathways with the corresponding decay time constants labeled for the related excited 

states. Upper panel shows simulation of exciton migration created by 3Ds Max in which adenine and 

guanine bases are labeled orange and blue respectively and with excitation finally localizes on A-G CT 

state. Excitation of the terminal base is displayed on the left.  

 

Scheme 4.2 shows schematic energy diagram for the excited state deactivation 

pathways of 285 nm photoexcited d(AAGAA)4. 285 nm excitation populates excited 

states in both the non-collective (monomer-like excited state) and collective domain 

(excitonic state). The population fraction of the two types of excited states is 

determined by static disorder of the stacking bases in single-stranded B-DNA 

conformation. Ultra-fast radiative deactivation of monomer-like excited state in the 

non-collective domain contributes to high anisotropy r ~0.3 at ~340 nm in 0.1 ps. In 
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the collective domain, excitonic states are generated in which excitation is shared 

among several stacking bases. Energy transfer from Franck Condon excitonic state to 

the low-lying excitonic state located at the exciton band minimum gives rise to spatial 

extent of excitation energy. Since the involved excitonic states feature different 

transition moment to the other, the energy transfer process between excitonic states 

leads to depolarization of fluorescence. Comparison of the TRF and TRFA data 

acquired for d(AAGAA)4 and d(AG)10 strongly suggests a tendency of excitation 

energy transfer to the guanine  site in d(AAGAA)4. The reason underlying the 

excitation energy trapping mechanism is explained by the low-lying excitonic state 

that composes G moiety. The low-lying excitonic state composing a G moiety 

subsequently evolves into the long-lived A-G exciplex (CT state) which was found to 

feature a lifetime of ~200 ps. The ~3.5 ps (τ2) time constant observed from TRF of 

d(AAGAA)4 is attributable to the nuclear and base re-arrangement required to 

facilitate the inter-base electronic coupling for the formation of CT state. Radiative 

transition of the CT state to ground state gives rise to red-shifted emission peaking at 

~420 nm and a strong depolarization of the fluorescence (r ~0) at the wavelength 

range from ~400 to 500 nm. The A-G exciplex with CT character accounts for the 

long-lived ~200 ps excitation that was observed in both d(AG)10 and d(AAGAA)4. 
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Chapter 5. Femtosecond time-resolved fluorescence 

study of NADH. A case for ultrafast energy transfer 

promoted by stacked base conformation 

5.1 Introduction 

The incidence of skin cancer continues to rise and the general public is 

concerning about the adverse outcome of increased ultraviolet irradiation on human 

health. Ultraviolet radiation is carcinogenic via both of its mutational and 

immunosuppression effect on the skin.1 Nicotinamide (amide form of vitamin B3) 

found in a range of cosmetic and skin care products is believed to inhibit photo-

carcinogenesis.2 Both topical nicotinamide and oral niacin, which converts in vivo to 

nicotinamide, have been shown to prevent photoimmuno-suppression and skin 

carcinogenesis in mice and human.2-6 Microarray studies suggested that nicotinamide 

normalizes subsets of apoptosis, energy metabolism and immune function related 

genes that were down-regulated by UVexposure.7 Nicotinamide is the primary 

precursor of nicotinamide adenine dinucleotide (NAD) which plays a critical role in 

cellular energy production as well as in DNA synthesis and repair.8 The protective 

effect of nicotinamide involves its role in cellular energy metabolism and energy-

dependent cellular processes such as post-irradiation DNA repair.2 Besides, NAD is 

the sole substrate of poly-ADP ribose polymerase (PARP), which is a multi-

functional enzyme playing an important role in DNA repair, genomic stability and 

regulation of p53 tumor suppressor gene expression.9 
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NADH, the reduced form of NAD, is a key cofactor for oxidation and 

reduction reactions in Krebs cycle. It is also a widely known chromophore and the 

measurements of its autofluorescence are expected to provide important information 

on cellular conditions and metabolic activities.10,11 NADH exhibits strong absorption 

at ~340 nm and emits ~450 nm fluorescence, which is believed to arise from the 

reduced form of the nicotinamide moiety.12,13 In contrast to the reduced form, the 

oxidized form NAD does not absorb at 340 nm and exhibits no fluorescence.14 Both 

the reduced and the oxidized forms have an absorption band at shorter wavelength 

~260 nm which arises mainly from the adenine moiety.12 Decades ago, study of 

fluorescence lifetimes and quantum efficiencies for NADH and analogies reported 

that upon excitation at 260 nm, the efficiency of energy transfer from the adenine to 

the nicotinamide moiety in NADH was 34% in aqueous solution.12 The excitation 

energy transfer in NADH converts the potentially harmful ultraviolet radiation to 

lower energy visible fluorescence, protecting the molecule from damage by ultraviolet 

irradiation. 

The emission band (max= 310 nm) of the donor (adenine moiety) and the 

absorption of the acceptor (nicotinamide moiety) in NADH show substantial overlap 

and this suggest that the energy transfer may take place through the Förster resonance 

energy transfer (FRET) mechanism.15 FRET is a strongly distance dependant 

radiationless transfer of energy from the excited donor fluorophore to the acceptor 

fluorophore; the efficiency of energy transfer through FRET is inversely proportional 

to the sixth power of the distance between donor and acceptor.15-17 Literature 

fluorescence studies on NADH showed that efficiency of excitation energy transfer in 

NADH relies on the proximity of the adenine and nicotinamide chromophores.12,13 In 

water, the polar environment encourages folding conformation leading the two 
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aromatic chromophores in NADH to stack with each other which assists the energy 

transfer.  

It is known that singlet–to–singlet electronic energy transfer is generally 

distance dependent and is promoted by electronic coupling between the involved 

chromophores; the shorter the distance separating the interacting chromophores, the 

stronger the electronic coupling between them and the larger efficiency of the energy 

transfer.15 Besides, through the FRET, the excitation energy transfer may proceed by 

other process such as migration of exciton state that is formed initially upon photo-

excitation of electronically coupled multi-chromophore system.18,19 One remarkable 

example in this regard is found in multi-chromophoric systems (chlorophylls) in 

plants. The protein scaffold in light-harvesting complex renders appropriate 

orientation and spatial proximity of the involved chromophores.18 The appropriate 

orientation and spatial proximity induces electronic coupling and hence energy 

transfer from one chromophore to the other.18 In addition, as proposed in the 

literature19,20 and demonstrated in the previous chapters of this thesis, dynamic 

relaxation of exciton states created upon excitation due to electronic coupling between 

adjacent bases plays an important part in the ultrafast excitation energy transfer in 

DNA oligomers and DNA polymers. As for the case of NADH, due to the lack of 

direct measurement, it remains largely unknown about the precise timescale for the 

excitation energy transfer and how this is affected by environment; it is also unclear 

whether the energy transfer takes place by the FRET mechanism (as suggested by the 

spectral overlap between the donor emission and acceptor absorption) or it is 

mediated by excitonic state which is likely to be involved due to the stacking 

interaction between the adenine and nicotinamide moieties in NADH.  
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To help address these issues, we report in this chapter femtosecond broadband 

time-resolved fluorescence (fs-TRF) and fluorescence anisotropy (fs-TRFA) study on 

NADH in solvents of different property and on a model compound 1-benzyl-1,4-

dihydronicotinamide (B-Nic) for comparison. The results show that excitation energy 

transfer in NADH takes place in timescale faster than ~50 fs. According to the 

previous time-resolved studies on DNA oligomers, energy transfer in such ultrafast 

timescale may not be related to the Förster type mechanism but may occur due to the 

migration of excitonic states.21 Indeed, comparison of the results on NADH and B-

Nic affords evidence that exciton migration in the stacked conformation of NADH 

might be involved to account for the excitation energy transfer; and this provides 

explanation to the reported high sensitivity on the base orientation of the energy 

transfer and fluorescence quantum yield of NADH.12,13 These findings provide 

valuable information on the energy transfer mechanism in stacked nucleotides and 

lend further support to the picture of exciton migration for energy transfer in DNA 

oligomers. In addition, the fs-TRF and fs-TRFA measurements on NADH reveals in 

tens picoseconds timescale dynamic Stokes shift and depolarization of nicotinamide 

fluorescence, which we attributed to segmental motion of the nicotinamide moiety 

rendered its diminishing electronic interaction with the adenine moiety. The overall 

results demonstrate how proximity and relative orientation of chromophores may 

affect electronic coupling between them and that the stacking interaction between the 

adenine and nicotinamide moiety in NADH is a prerequisite for occurrence of 

excitation energy transfer through exciton migration. The knowledge on excited state 

dynamics for multi-chromophore system like NADH is significant for designing new 

materials in areas such as nano-bioelectronics and light harvesting devices. 
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5.2 Results 

5.2.1 Steady-state absorption and fluorescence spectra of NADH  

Figure 5.1 shows steady-state absorption and fluorescence spectra recorded for 

NADH in (pH 7) buffered aqueous solution. The absorption spectrum of AMP in the 

(pH 7) buffered water is also shown in the figure for comparison. 

200 300 400 500 600 700
0

5000

10000

15000

20000

0.0

0.5

1.0

1.5

2.0
 

 N
or

m
al

iz
ed

 in
te

ns
ity

 

M
ol

ar
 A

bs
or

pt
iv

ity
 (1

03 M
-1
/c

m
-1
)

Wavelength (nm)

 

Figure 5.1. Steady state absorption (blue) and fluorescence spectra of NADH and absorption spectrum 

of AMP (red) in pH 7 buffered water. The fluorescence spectra were obtained with excitation at 260 

(green) and 340 nm (orange) and the spectra were normalized for comparison. 

It can be seen from Figure 5.1 that, at wavelength above 200 nm, NADH 

features two absorption bands: one at ~340 nm due to transition (S0→S1) from the 

nicotinamide moiety and the other at ~260 nm which is nearly identical in wavelength 

to the lowest energy absorption due to the S0→ππ* transition in AMP. However, the 
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molar absorptivity of the 260 nm band in NADH is less by ~10% than that of the 260 

nm absorption in AMP. This is reminiscent of the hypochromic effect in DNA 

oligomers and polymer, suggesting the presence of electronic coupling between the 

ππ* state of adenine and higher singlet excited state (Sn) of the nicotinamide moiety. 

The observation reflects a significant hypochromic effect associated with strong 

electronic coupling between stacked aromatic system and implies participation of 

excitonic state in stacked NADH. 

The nearly identical fluorescence spectra (with max ~450 nm) produced by 

excitation at 260 and 340 nm is indicative efficient excitation energy transfer to the 

nicotinamide moiety upon excitation at 260 nm where the absorption process is 

believed to arise mainly from the adenine moiety.12 
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5.2.2 Femtosecond time-resolved fluorescence spectra of NADH 

For the fs-TRF experiments, sample solutions of NADH in buffer (pH 7) was 

excited by 260 nm or 340 nm pump laser; the TRF spectra obtained with the two 

excitation (at time intervals ≤~4 ps after the excitation) are depicted in Figure 5.2. The 

TRF spectra obtained at time intervals > 4 ps after the excitation are depicted in 

Figure 5.3. The two excitation wavelengths (260 and 340 nm) were chosen to probe 

excited state dynamics especially for those related to the excitation energy transfer in 

the photo-excited NADH. For comparison purpose, displayed in Figure 5.2 also 

includes TRF spectra recorded for AMP with 260 nm excitation in buffered (pH7) 

aqueous solution (Figure 5.2(c)) as well as spectra obtained by subtracting the AMP 

spectra from the 260 nm photoexcited NADH TRF spectra (Figure 5(d)). 

It can be seen from Figure 5.2 that the TRF produced by 340 nm excitation 

(Figure 5.2 (a)) shows a subtle red shift in wavelength (440 nm at 0.1 ps to 460 nm at 

4 ps) at early times (in <~4 ps); the transient fluorescence spectrum at 4 ps with 340 

nm excitation resembles closely the transient fluorescence spectrum at 4 ps recorded 

with the 260 nm excitation (Figure 5.2 (b)). The nearly identical TRF profiles at 4 ps 

as shown in Figure 5.2 (a) and (b) present explicit evidence that 260 and 340 nm 

excitation of NADH lead eventually to a common fluorescent state due to the 

nicotinamide moiety, testifying the very rapid excitation energy transfer (upon 260 

nm excitation) with the energy finally localized on the nicotinamide moiety. As 

shown in Figure 5.2 (b), the early time TRF for the 260 nm excited NADH features 

spectra peaking at ~310 nm which are very similar to the TRF of AMP shown in 

Figure 5.2 (c). The ~310 nm transient emission band of NADH can therefore be 

attributed to originate mainly from the ππ* excited state of the monomer-like adenine 

moiety (the non-stacked adenine as described later in this chapter) in NADH.  
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The TRF of AMP (Figure 5.2 (c)) features a long tail extending beyond 500 

nm. The TRF given by 260 nm photoexcited AMP and NADH were normalized and 

displayed in Figure 5.4. It can be seen that the transient fluorescence of AMP in 390 

to 590 nm wavelengths overlap with the transient fluorescence from the nicotinamide 

chromophore in NADH and make about up to 10% of the NADH fluorescence at the 

early time delay (<~0.2 ps). To aid evaluation of the 260 nm excited fluorescent 

dynamics of nicotinamide moiety in NADH, it is helpful to subtract from the 

contribution due to the monomer-like adenine at the corresponding time delay. It can 

be seen from Figure 5.2 (d) that the subtracted TRF spectra resemble closely the 340 

nm excited TRF in Figure 5.2 (a). This provides direct evidence that, upon excitation 

at 260 nm, the excitation energy transfer takes place at time beyond the time 

resolution of the TRF measurement.  
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Figure 5.2. Temporal evolution of TRF spectra recorded with (a) 340 nm and (b) 260 nm excitation of 

NADH in pH 7 buffered water. (c) TRF spectra of 260 nm excited AMP in pH 7 buffered water. (d) 

Spectra obtained by subtraction of the AMP spectra (in (c)) from the 260 nm excited NADH spectra (in 

(b)). #Spikes at ~340 and ~385 nm are artifacts due to excitation laser and solvent Raman line 

respectively. 
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Figure 5.3. Temporal evolution (from 4 ps to 2000 ps) of TRF spectra recorded with (a) 340 nm and (b) 

260 nm excitation of NADH in pH 7 buffered water. Arrows indicate the red shifting of emission band. 
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Figure 5.4. Intensity normalized TRF spectra obtained with 260 nm excited NADH (blue to dark blue) 

and AMP (red to orange) in ph 7 buffered water.  
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5.2.3 Femtosecond time-resolved fluorescence anisotropy spectra of NADH 

To glean more information for the excitation energy transfer in photoexcited 

NADH, we have measured fs-TRFA spectra to help evaluate the dynamics of excited 

state depolarization. TRFA spectra obtained from 340 nm photoexcited NADH are 

displayed in Figure 5.5 (a). The TRFA at time zero features anisotropy value (r0) of 

~0.4 corresponding to the theoretical value that is expected when the excited state 

responsible for the fluorescence is the same state that accounts for absorption of 

photons. The TRFA at time zero is independent of the fluorescence wavelength 

implies that the fluorescence at all the wavelengths covered (~380-600 nm) is 

stemmed from one single excited state, the S1 state of the nicotinamide moiety in 

NADH. It can be seen from Figure 5.5 (a) that the value of fluorescence anisotropy (r) 

decreases gradually after the photoexcitation, e.g., r varies from 0.4 at ~ 0 ps to 0.35 

at 10 ps, and then 0.25, 0.18, and 0.1 at 50, 100, and 200 ps respectively. Nonetheless, 

it is worth noting that the value of r alters little at the very early time within 1 ps after 

the photoexcitation. The gradual decline in the fluorescence anisotropy at the ten to 

hundred picoseconds timescale is typical and can be attributed to fluorescence 

depolarization given rise by both the segmental motion of the nicotinamide 

chromophore and the rotational diffusion of the whole molecule in solvated 

environment. The minute change in the r value at early times is not surprising. 

According to the relevant literature studies,22 the given size of the involved 

chromophore and molecules would expect rotational diffusion to occur only in tens to 

hundreds ps timescale, agreeing with the result we have observed.    

Figure 5.5 (b) displays TRFA spectra obtained for 260 nm photoexcited 

NADH in the buffered water. TRFA spectra recorded for AMP in the same solvent 

with 260 nm excitation are shown in Figure 5.5 (c) for comparison. It is clear that the 
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TRFA of NADH at early times (<~0.5 ps) are very similar to the TRFA of AMP. The 

early time of TRFA is fluorescence wavelength dependent with the value of r0 being 

~0.3 at ~300 nm which decreases as increase of fluorescence wavelength to, e.g., r0 

~0.17 at ~400 nm; the r0 value keeps little change at wavelength beyond ~400 nm. As 

mentioned in Chapter 3, for the case of AMP, the reduced time zero anisotropy r0 

(~0.3) with respect to the theoretical value (0.4) and the wavelength dependence of 

the r values (at ~300 to 400 nm) are due to involvement in the absorption and 

fluorescence of two closely lying electronic states the La and Lb ππ* states of the 

adenine chromophore.23,24 The close resemblance between the early time TRFA of 

NADH and the TRFA of AMP at ~300-400 nm is in full agreement with the 

assignment of the ~310 nm transient fluorescence band in NADH to the fluorescence 

of monomer-like adenine moiety. On the other hand, it is noted that fluorescence of 

NADH at wavelengths > 400 nm comes mainly from the S1 state of nicotinamide 

moiety and that, with excitation at 260 nm, large part of this fluorescence is produced 

as a result of excitation energy transfer. Within this context, the smaller value of 

NADH anisotropy at ~400-500 nm (r0 = ~0.17) than at ~300 nm (r0 = ~0.3) can be 

considered to arise due to the energy transfer and reflect difference in polarization of 

transition moment associated with the S1 of nicotinamide and that of the absorption 

transition. Similar to the TRFA obtained with 340 nm excitation (Figure 5.5 (a)), the 

anisotropy value of 260 nm photoexcited NADH from 400 to 600 nm (Figure 5.5 (b)) 

remains unchanged irrespective of the fluorescence wavelength and it decays in ten to 

hundreds ps timescale due to the rotational diffusion. The wavelength independence 

of the anisotropy at wavelength range from 400 to 600 nm corroborates a single 

excited electronic state, i.e., the S1 of nicotinamide moiety, is responsible for the 

fluorescence at the visible wavelengths. This lends further support to a common 
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fluorescent state which is involved at later time (>4 ps) for 260 and 340 nm 

photoexcited NADH.  

The ~0.17 anisotropy value we obtained for nicotinamide fluorescence with 

260 nm excitation (Figure 5.5(b)) is slightly higher than the value (~0.15) reported in 

the literature using steady state measurement (solid state, in propylene glycol at -60 

ºC).25 The reasons for the deviation might be due to the different techniques for the 

measurement of anisotropy value. Anisotropy found in solid sample can simply 

ignore the rotational diffusion of the sample molecules and the obtained reduced 

anisotropy (r = 0.15) truly reflects energy transfer process alone. With steady state 

method which measured the time-integrated fluorescence spectra,25 the contribution of 

adenine fluorescence is less significant due to the much lower fluorescence intensity 

(Φ = 6x10-5)26  than that of the nicotinamide fluorescence(Φ ~ 1.2 x10-2)27 (see also 

Figure 5.1). 

 In the ultra-fast measurement, the ultrashort time window allows detection of 

fluorescence signal from adenine at early timescale so that the early time anisotropy 

value we observed at wavelengths >400 nm is given as a weighted sum of 

contributions from the adenine and the nicotinamide moiety (see also in Figure 5.4, 

significant contribution of adenine fluorescence at wavelengths >400 nm). Indeed, by 

subtraction of the contribution due to adenine, the TRFA spectra as shown in Figure 

5.5 (d) observed a time zero anisotropy value of ~0.15 for the nicotinamide 

fluorescence which is coincident with the value reported for the sample in solid state 

from previous study.12,25 The same fluorescence anisotropy value obtained from both 

the methods afford further evidence that the tens to hundreds ps fluorescence 

depolarization (Figures 5.5 (b) and (d)), which is not seen in the solid state study, 
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must arise due to rotational diffusion of the molecules in the environment of solution 

phase. 
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Figure 5.5. Temporal evolution of time-resolved fluorescence anisotropy spectra of (a) 340 and (b) 260 

nm excited NADH in pH7 buffered water. (c) time-resolved fluorescence anisotropy spectra of 260 nm 

excited AMP in pH7 buffered water. (d) time-resolved fluorescence anisotropy spectra obtained by 

subtracting the AMP fluorescence intensity (I‖(t) or I⊥(t) ) from fluorescence intensity (I‖(t) or I⊥(t) ) 

of NADH the photoexcitation. In (a) and (d), anisotropy spectra at wavelengths <~400 nm are not 

shown due to very weak signals and low signal to noise ratio. 
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5.2.4 Kinetic analysis of time-resolved fluorescence of NADH 

Early time NADH fluorescence decay profiles at three wavelengths 330, 410 

and 470 nm were plotted in Figure 5.6 (a). The 330 nm fluorescence decay directly 

monitors the monomer-like adenine excited state relaxation in NADH. The 

corresponding nicotinamide emission decay kinetics at 410 and 470 nm shown in 

Figure 5.6 (a) has been corrected by subtracting the adenine contribution. A subtle but 

observable time delay for the rising of fluorescence signal between the adenine 

fluorescence at 330 nm and the blue edge of nicotinamide fluorescence at 410 nm can 

be found. The time lag for the growing of 410 nm fluorescence signal was derived to 

be less than ~ 50 fs from the kinetic profile in Figure 5.6 (a). A longer time lag for the 

growing of fluorescence signal can be found at 470 nm. The exhibited ~50 fs time lag 

for the emission from nicotinamide moiety demonstrates the time required for excited 

state energy transfer in NADH. The subsequent picoseconds scale decay of 410 nm 

signal associated with the rising of 470 nm nicotinamide emission signal accounts for 

the red shifting of overall nicotinamide emission profile. This red shift of 

nicotinamide emission may arise due to an ensemble of relaxation processes 

associated with the initially populated S1 excited state of nicotinamide including 

vibrational relaxation and solvent fluorophore interaction etc.28 To verify that the time 

lag of emission signals was not induced by inaccurate chirp-correction, AMP 

fluorescence decay dynamics obtained with the same chirp-correction were prepared 

and displayed in Figure 5.6 (b) as reference. The 330 nm emissions of AMP and 

NADH were also compared and showed in Figure 5.6 (c) to certify identical 

instrument response and time delay of the two experimental conditions. No significant 

time lag of the fluorescence signals can be found in the fluorescence kinetics of AMP 
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(Figure 5.6 (b)) and suggests the observed time lag in Figure 5.6 (a) is not related to 

chirp-effect. 
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Figure 5.6. Experimental (, , and ) and fitted (solid lines) fluorescence time profiles obtained from 

260 nm photoexcited time-resolved fluorescence for (a) NADH and (b) AMP at the denoted 

fluorescence. (c) Comparison of NADH and AMP fluorescence dynamics at 320 nm.  

Overall fluorescence decay dynamics originated from nicotinamide moiety 

were analyzed and shown in Figure 5.7. Three exponential functions were required to 

fit the fluorescence decay at various wavelengths. In Figure 5.7, the fluorescence time 

profiles with both the 260 and 340 nm excitation are wavelength dependent; the 
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higher energy 430 nm emission decays more rapidly than that of lower energy 460, 

490, and 520 nm emission and the lower energy emission composes of slow rising 

component. This wavelength dependence of fluorescence decay is a direct result of 

the fluorescence red-shift as displayed in Figure 5.3. The 430 nm emission signal for 

the 260 and 340 nm excitation composes of fast decay component with time constant 

(τ1) 1.8 ps and 1.3 ps respectively. Instead, the 520 nm emission signal composes of 

negative pre-exponential factors (a1) for the corresponding (τ1) component (a1 = -0.17 

for 260 nm excitation, a1 = -0.20 for 340 nm excitation) which reflects a fast growing 

emission dynamics.  The fast τ1 ~1.5 ps excited state dynamics obtained from 260 nm 

and 340 nm photoexcited NADH likely corresponds to the fast relaxation processes 

such as vibrational relaxation and solvent relaxation associated with the excited S1 

state of nicotinamide.  

On the other hand, the 520 nm emission signal continuously rises in tens of 

picoseconds and gives rise to the τ2 ~35 ps (a2 = -0.12) and τ2 ~20 ps (a2 = -0.04) for 

260 nm and 340 nm photoexcited NADH respectively. This rising component is more 

pronounced in the excited dynamics for 260 nm photoexcited NADH. The band 

shifting process is hardly correlated to the reorientation of solvent molecules and 

vibrational relaxation of excited state because these processes occur at much faster 

rate.16,28 We propose that the red-shift in nicotinamide fluorescence arises from two 

stabilization processes. Instead of the fast relaxation process due to vibrational 

relaxation and solvent relaxation etc., relieved electronic interaction (i.e. induced 

dipolar repulsion from adenine moiety at Franck Condon geometry) between the two 

stacked aromatic systems due to long timescale molecular motion (i.e. adenine moiety 

reorientation) probably stabilizes the nicotinamide S1 excited state leading to slow 

band shifting processes. In aqueous state, the stacking properties of NADH should 
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under molecular motion control that allows reorientation of adenine dipole moment 

and gives rise to stable nicotinamide S1 excited state. Molecular motion of the two 

chromophores adenine and nicotinamide associated with comparable tens of 

picoseconds dynamics was observed indirectly by fluorescence anisotropy findings 

that showed in later paragraph. 

The lifetimes of NADH fluorescence are shown in Table 5.1. The time 

constants τ3 ~318 ps obtained from fluorescence decay dynamics of 340 nm 

photoexcited NADH deviates from the time constants of ~400 ps obtained previously 

by nanosecond laser.12,27,29 In other case, a mean lifetime of 300 ps has been found for 

NADH by Tromberg and coworkers using frequency-domain lifetime measurement.30 

The reasons for the deviation of time constant assign to the use of ultrafast laser 

system that is capable of evaluating ultrafast decay dynamics accurately. Scott and 

coworker’s works obtained the same time constants of 400 ps from both 260 nm and 

340 nm excitation measurements.12 Since energy transfer from donor to acceptor 

would tend to lengthen the observed lifetime of the acceptor emission, the same 

emission lifetimes they obtained encourage them to predict an ultrafast energy 

transfer rate in NADH. Nevertheless, a different τ3 time constants ~318 and ~420 ps 

for 340 and 260 nm excitation was obtained respectively by using ultrafast system and 

a longer emission lifetime was obtained from TRF spectra for 260 nm excitation. The 

different fluorescence lifetimes obtained by using 260 nm and 340 nm excitation 

sources may originate from the varied electronic properties of the S1 excited state of 

nicotinamide. Folded conformation has been found to affect the energy transfer 

efficiency from adenine to nicotinamide.12,13 It is believed that the fraction of folded 

conformation is highly reduced in the presence of 50% volume ratio of methanol in 

water leading to 50% reduced fluorescence intensity for 260 nm photoexcited 
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NADH.13 The changed polarity of the solvent influences the stacking properties of the 

two aromatic systems and hence the proximity and energy transfer between the two 

chromophores. The finding infers emission measurement on 260 nm photoexcited 

NADH merely observing the emission from a fold conformation. In contrast, emission 

intensity for 340 nm photoexcited NADH composes of emission contributions from 

both folded and unfolded conformations. The longer time constant obtained in 260 nm 

excitation measurement simply reflects the radiative relaxation of S1 excited state of 

nicotinamide in stacked comformation. In case of 340 nm excitation, irradiation 

abruptly populates the S1 electronic state of nicotinamide in stacked and also non-

stacked NADH. The non-stacked nicotinamide that experience little or no electronic 

interaction from adenine possibly behaves differently to the stacked counterpart. An 

involvement of additional nonradiative relaxation pathway for the non-stacked 

nicotinamide may contribute to a faster rate of S1 state relaxation and results in faster 

emission decay dynamics. The fluorescence decay dynamics of 340 nm photoexcited 

NADH is consistent to fluorescence decay dynamics obtained from nictinamide 

mononucleotide (NMNH) with time constant of 300 ps.27 We believe the non-stacked 

nicotinamide in aqueous NADH decay more rapidly leading to the faster fluorescence 

decay dynamics with time constant τ3 ~318. 
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Figure 5.7. Normalized time-dependence of the fluorescence time profile of (a) 260 and (b) 340 nm 

excited NADH in buffer (pH 7). The solid lines represent instrument response function convoluted 

three-exponential fitting to the experimental data (, , , and ) at designated wavelengths. (c) 

comparison of the 460 nm fluorescence decay profiles obtained with excitation at 260 and 340 nm. The 

data with time delays before and after 10 ps are displayed, respectively, on a linear and logarithmic 

time axis. 
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Table 5.1. Time constants and corresponding pre-exponential factors obtained from global analysis of 

the fluorescence decay dynamics for NADH in Figure 5.7. 

 

 

 

 

 

 

 

 

  

260 nm photoexcited NADH 

λ /nm  τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

430 

1.8 

(0.10) 

34.7 

(0.28) 

420.7 

(0.62) 

460 (0.25) (-0.49) (0.26) 

490 (-0.17) (-0.06) (0.76) 

520 (-0.17) (-0.12) (0.70) 

340 nm photoexcited NADH 

λ /nm  τ1 /ps (a1) τ2 /ps (a2) τ3 /ps (a3) 

430 

1.3 

(0.16) 

20.7 

(0.34) 

318.2 

(0.50) 

460 (0.18) (-0.32) (0.50) 

490 (-0.18) (-0.05) (0.76) 

520 (-0.20) (-0.04) (0.75) 
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5.2.5 Kinetic analysis of time-resolved fluorescence anisotropy of NADH 

Base motions on tens of picoseconds timescale had been observed for 2AP (2-

aminopurine) incoroporated in RNA.22 Beside the molecular motion of the NADH 

molecule (θ~200 ps), additonal fast depolarization process on the picosecond 

timescale in NADH fluorescence has been proposed by Couprie and coworkers.29 The 

authors suggested the fast depolarization in NADH probably arises from a fast 

reorientation of the nicotinamide ring that is independent of the rest of the NADH 

molecule.  

Figure 5.8 shows time dependence of fluorescence anisotropy decay for 260 

and 340 nm photoexcited NADH. The time profiles of fluorescence anisotropy were 

obtained by averaging anisotropy value from 400-500 nm at corresponding time delay. 

The temporal change of anisotropy was fitted according to the anisotropy decay law:16 

𝑟(𝑡) = 𝑟0 ∑ 𝑔𝑗exp (−𝑡/θ𝑗)

𝑗

 

Where the r0 is the limiting or zero (initial) time anisotropy, gj is pre-

exponential factor, and j is the correlation time for the anisotropy decay dynamics 

For the current case, the r0 was taken as 0.15 and 0.4 for 260 nm and 340 nm 

excitation respectively. Two correlation times denoted θ1 and θ2 were obtained and 

listed in Table 5.2 together with the gj factors. The correlation times obtained for 340 

nm photoexcited NADH are θ1 = 16.9 ps, θ2 = 249 ps that are generally shorter than 

obtained θ1 = 36.7 ps, θ2 = 501 ps for 260 nm excitation. 

The short correlation time θ1 corresponds to the segmental motion of the 

nicotinamide bound in NADH and the long correlation time θ2 is related to the 
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rotation of the whole NADH molecule. The tens of picoseconds timescale fast 

correlation time obtained from NADH is consistent to base motions observed for 2AP 

incorporated in RNA.22 The hundreds of picoseconds timescale correlation times for 

NADH are also compatible to the rotational diffusion process of the NADH 

molecules.29 As mentioned previously, measurement of 260 nm photoexcited NADH 

merely observes emission in folded conformation. For 340 nm excitation, the 

unfolded fraction provides alternative rotational axis that contributes to faster rotation 

rate leading to apparent shorter correlation time. Figure 5.9 shows the possible 

conformations of aqueous NADH with reference to previous publication.29 The 

rotation around the long axis in unfolded NADH is believed to be faster because the 

rotational motion drags less surrounded solvent molecules.16 This rotational axis 

contributes to the shorter correlation time θ2 = 249 ps obtained for 340 nm 

photoexcited NADH. Furthermore, the non-stacked nicotinamide in unfolded 

conformation relieves the hydrophobic attraction arising from adenine moiety and 

orients more freely compared to the stacked nicotinamide. Consequently, the 

segmental motions of the nicotinamide in the unfolded conformation would be faster 

and results in observed shorter correlation time θ1 = 16.9 ps. 

The time dependent fluorescence anisotropy in Figure 5.8 were fitted by two 

exponential decays, so that the anisotropy decay law is simplified as equation shown 

as below.16 

𝑟(𝑡) = 𝑟𝑒(𝑓𝑆𝑒−𝑡/θ
S + 𝑓𝐿𝑒−𝑡/θ

L) 

The subscripts S (θS) and L (θL) refer to the short (θ1) and long (θ2) correlation 

times respectively. The expression of r(t) for macromolecules containing fluorophore 
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that undergoes segmental motion is different from a simple sum of exponential decays 

and is better expressed as equation below.16 

𝑟(𝑡) = 𝑟0[α𝑒−𝑡/θF + (1 − α)]𝑒−𝑡/θP 

The anisotropy at any time (t) depends on the extent of depolarization due to 

both internal motion r0α and overall rotation of macromolecule r0 (1-α) where θP and 

θF is the correlation time of overall rotation of macromolecule and the segmental 

motion respectively. The shorter correlation time, the θ1 or θS here, is typically not 

equal to the correlation time of the segmental motion θF. The actual value of θF can be 

estimated according to the relationship:16 

1

θS
=

1

θF
+

1

θP

 

1

θL
=

1

θP
 

The calculated correlation time θF is 39.6 ps and 18.1 ps for 260 nm and 340 

nm photoexcited NADH respectively. It is notable that this correlation time is close to 

the time constant (2) describing the fluorescence red-shift with the corresponding 

excitation (Table 5.2). This finding demonstrates that molecular motions such as base 

to base reorientation in NADH is probably related to the change of electronic 

interaction between stacked chromophores and hence the stabilization of excited state 

(S1 state of nicotinamide) that contributes to the red shifting of emission in tens of 

picoseconds timescale.  
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Figure 5.8. Time-dependence of fluorescence anisotropy decay of 260 (circles) and 340 nm (triangle) 

photoexcited NADH derived from the TRFA spectra in Figure 5.5. Normalization of anisotropic value 

at r0 = 0.15 and r0 = 0.4 for 260 and 340 nm excitation respectively. The solid lines represent two-

exponential fitting to the experimental data. 

 

Table 5.2. Time constants obtained from kinetic analysis of the fluorescence anisotropy decay for 

NADH shown in Figure 5.8. 

Excitation Wavelength (nm) 260 340 

θ1 (ps) 

θ2 (ps) 

θF (ps) 

g1 

g2 

36.7 

501 

39.6 

0.16 

0.8 

16.9 

249 

18.1 

0.22 

0.75 
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Figure 5.9. Schematic diagram showing the possible conformations of aqueous NADH. (left) Folded 

form, (right) unfolded form that were drawn with reference to previous publication.29 
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5.2.6 Steady-state absorption and fluorescence spectra of 1-benzyl-1,4-

dihydronicotinamide (B-Nic) 

Energy transfer from adenine to nicotinamide moiety in aqueous NADH has 

been found sensitive to the proximal stacking of the two chromophores.12,13 The 

spectral overlap of the fluorescence from donor adenine and acceptor nicotinamide 

absorption at 340 nm readily evokes the Förster energy transfer mechanism in 

aqueous NADH. Nonetheless, in previous chapters, we showed that energy transfer in 

stacked nucleic bases may take place due to exciton migration. Besides the Förster 

energy transfer, the sensitivity toward stacking property of constituent chromophores, 

the strong electronic coupling leading to hypochromic effect displayed in absorption 

spectrum together with the observed ultrafast growing of nicotinamide fluorescence 

by 260 nm irradiation suggest energy transfer in stacked NADH may also attribute to 

the exciton migration. In order to gain more spectroscopic information to provide 

conclusive proof for the possible exciton migration in aqueous NADH, we obtained 

the TRF and TRFA of the isolated nicotinamide moiety. In frame of exciton theory, 

strong dipolar coupling interaction of chromophores relies on close proximity and 

also matching of electronic energy for particular transition moments.17 Consequently, 

in case of exciton formation in stacked NADH, the nicotinamide should possess 

significant oscillator strength at 260 nm irradiation. 

Isolation of the nicotinamide moiety began with breaking down the ribose 

phosphate backbone to give nicotinamide mononucleotide NMN+. Nicotinamide 

adenine dinucleotide (NAD+) was broken down to nicotinamide mononucleotide 

(NMN+) that displayed in Figure A1 following previous synthetic method.31,32 

Synthetic procedures were shown in appendix enclosed at the end of this chapter. The 

synthesized nicotinamide mononucleotide is in oxidized form that does not absorb 
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340 nm irradiation due to the lost of conjugated system.33 For spectroscopic 

measurement, the NMN+ is reduced to NMNH that gives rise to absorption at 340 nm. 

We chose a clean catalytic method for the reduction of NMN+ to NMNH. Aqueous 

phase catalytic reduction of NMN+ to NMNH relies on the use of water-soluble 

phenanthroline complex of rhodium shown in Figure A2. Reduction mechanism and 

procedures of NMN+ are shown in appendix. It is unfortunate that the reduction of 

NMN+ to NMNH accompanies with the formation of side-product leading to 

absorption peaking at ~275 nm (see appendix, Figure A3). There is biochemical study 

on the reduced NADH showing that the C5=C6 double bond on the pyridinium ring is 

labile to addition reaction.34 Cyclization at the C6 position toward the adjacent 

hydroxyl group from ribose is possible in NMNH that contributes to the loss of 

conjugated system on nicotinamide. To ensure no intramolecular addition process, the 

ribose group in NMNH is required to remove. We decided other molecular models for 

the time-resolved spectroscopic studies of isolated nicotinamide. The ribose group on 

NMNH is replaced by substitution of benzyl group to give 1-benzyl-1,4-

dihydronicotinamide (B-Nic). The molecular structure of B-Nic is shown in Figure 

5.10. 

 

 

Figure 5.10. Stucture of 1-benzyl-1,4-dihydronicotinamide (B-Nic). 
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Absorption spectra of the B-Nic is compared with the aqueous NADH 

absorption spectrum and displayed in Figure 5.11 (a). Since B-Nic possesses limited 

solubility in aqueous phase, it was dissolved in acetonitrile (CH3CN) during steady 

state measurement. It is apparent that the absorption peak maximum for the S1 

electronic state of nicotinamide in NADH (~340 nm) is blue-shifted with respect to 

the isolated monomer nicotinamide (~348 nm, corresponds to Stokes shift of ~680 

cm-1). The blue-shifted absorption band readily evokes the stacking induced strong 

electronic interaction in NADH. The TRF and TRFA studies for 260 nm and 340 nm 

photoexcited NADH suggest that the long timescale (~30 ps) aromatic ring 

reorientation is related to emission band shifting toward lower energy. The 

observation implies a relative high-lying S1 state of nicotinamide in stacked NADH 

(due to stacking with adenine) and subsequent reorientation of aromatic systems gives 

rise to relieved electronic interaction from adenine associated with stabilization of S1 

excited state. In ground state geometry, the nicotinamide in NADH would experience 

high electronic interaction or even partial orbital overlap from adjacent stacked 

adenine that probably destabilizes the S1 state of nicotinamide leading to blue shifted 

absorption transition. This electronic interaction due to proximal stacking adenine is 

removed in isolated nicotinamide B-Nic, as a result the S1 electronic state of 

nicotinamide appears lower energy in absorption spectrum. According to the emission 

features of the two samples that shown in Figure 5.12, the emission profile of NADH 

is red-shifted with respect to the emission band of B-Nic. It has been suggested 

previously that the stacking reorientation and bases motion in NADH is related to the 

change in S1 state emission energy. The greater fluorescence Stokes shift found in 

NADH (~8100 cm-1) with regard to the fluorescence Stokes shift of B-Nic (~5300 cm-
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1) is more likely related to the stacking adenine in NADH instead of the simple 

solvent effect alone.  

 

Figure 5.11. (a) Steady state absorption spectra of NADH in H2O (pH 7) and B-Nic in CH3CN used for 

steady state fluorescence measurement. The corresponding fluorescence spectra are shown in Figure 

5.12. (b) The corresponding excitation spectra monitoring emission signal at 460 nm. Excitation 

intensity is normalized at 340 nm. 

 

 

 

Figure 5.12. Steady state fluorescence spectra of (a) 340 nm and (b)260 nm photoexcited NADH in 

H2O (pH 7), B-Nic in CH3CN. 

  

250 300 350 400 450
0.0

0.2

0.4

250 300 350 400 450
0.0

0.5

1.0

1.5

2.0

Wavelength (nm)

A
bs

or
ba

nc
e 

(A
.U

) 

(a)

 

 

 

 

 NADH in H
2
O pH 7 

 B-Nic in CH
3
CN

 NADH in H
2
O pH 7 

 B-Nic in CH
3
CN

N
or

m
al

iz
ed

 In
te

ns
ity

 

Wavelength (nm)

(b)

 

 

 

 

300 400 500 600 700 800
0.0

0.2

0.4

300 400 500 600 700 800
0.0

0.5

1.0

1.5

2.0

340 nm (ex)

 NADH in H
2
O pH 7 

 B-Nic in CH
3
CN

Wavelength (nm)

R
el

at
iv

e 
In

te
ns

ity
 (A

.U
) (a)

 

 

 

 260 nm (ex)

 NADH in H
2
O pH 7 

 B-Nic in CH
3
CN

R
el

at
iv

e 
In

te
ns

ity
 (A

.U
) 

Wavelength (nm)

(b)

 

 

 

 



243 

 

Excitation spectra obtained from probing at 460 nm emission intensity for 

NADH and B-Nic are compared in Figure 5.11 (b). The excitation spectra of NADH 

and B-Nic display similar features to the corresponding absorption spectra. Subtle 

differences can be observed in the high energy 260 nm absorption band. For 260 nm 

photoexcited NADH, energy transfer from a higher energy state to the S1 electronic 

state of nicotinamide gives rise to visible emission. It is no doubt that the excitation 

spectra of NADH showed significant contribution of 260 nm absorption band due to 

efficient energy transfer. It is reasonable that the 260 nm absorption band in excitation 

spectrum is lower than that in absorption spectrum because the energy transfer 

efficiency never reaches 100% for aqueous NADH. Previous publication showed that 

the energy transfer efficiency in NADH is 34 %.12 In aqueous state, observed 

emission intensity from nicotinamide S1 electronic state for 260 nm photoexcited 

NADH depends on the fraction of stacked conformation, relaxation rate of donor 

excited adenine or excitonic state and also nonradiative pathway of the S1 electronic 

state of nicotinamide etc. All these factors contribute to the loss of excitation energy 

from 260 nm irradiation leading to observed 34 % energy transfer efficiency. 

It can be found that the isolated nicotinamide model B-Nic possesses 

significant absorption at 260 nm. It should be noted that the higher energy absorption 

at ~260 nm for B-Nic does not correspond to the benzene ring absorption. We found 

that in methyl substituted model, 1-methyl-1,4-dihydronicotinamide, also gives the 

same absorption profile. According to the excitation spectrum in Figure 5.11 (b) and 

the emission spectrum in Figure 5.12 (b) of B-Nic, 260 nm irradiation populates the 

higher excited electronic state of nicotinamide and subsequent internal conversion 

gives rise to the S1 emission. As a consequence, the nicotinamide moiety should 

possess iso-energetic (260 nm) absorption transition moment to adenine moiety and 
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electronic coupling of these transition moments allows exciton formation in stacked 

NADH. 

260 nm irradiation on isolated nicotinamide B-Nic leads to visible emission 

peaking at ~ 450 nm. It is clear that the emissive S1 state originates from higher Sn 

electronic state of nicotinamide which is directly populated by 260 nm irradiation. In 

NADH, 260 nm irradiation should also directly populate the higher Sn electronic state 

of nicotinamide (especially in nonstacked conformation) in which the process 

provides another relaxation pathway for the excited NADH. As a consequence, there 

are at least two deactivation pathways for 260 nm photoexcited NADH to generate the 

visible (~460 nm) emission which include the direct absorption by nicotinamide 

moiety due to its own Sn state and also the energy transfer from adjacent adenine or 

excitonic state. To clarify the contribution of the two deactivation pathways which 

give rise to the nicotinamide emission, we obtained TRF spectra of NADH that 

dissolved in 1:1 degased CH3CN: H2O.    
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5.2.7 Femtosecond time-resolved fluorescence spectra of NADH in 1:1 aqueous 

CH3CN 
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Figure 5.13. Temporal evolution of the broadband TRF spectra of 260 nm excited NADH obtained in 

(a) 1:1 aqueous CH3CN and (b) H2O (pH 7).  

Figure 5.13 compares the temporal evolution of the broadband TRF spectra of 

260 nm excited NADH obtained respectively in 1:1 aqueous CH3CN (a) and buffered 

water (pH7) (b). It is clear that the emission intensity from nicotinamide S1 state 

(~460 nm) is extensively reduced when NADH dissolved in organic solvent (1:1 

aqueous CH3CN). Addition of organic solvent to the sample solution changes the 

solvent polarity and disrupts the stacked conformation of NADH. Since energy 

transfer from adenine to nicotinamide relies on the proximal stacking of the two 
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aromatic systems, disrupted conformation limits the energy transfer pathway for the 

generation of emissive S1 state leading to weakened emission. We believe that the 

observed nicotinamide emission in Figure 5.13 (a) which the NADH dissolved in 1:1 

aqueous CH3CN mainly arises from direct population of the Sn state of nicotinamide 

and Förster energy transfer from displaced adenine excited state. Steady state 

fluorescence spectrum (Figure 5.12 (b)) of isolated nicotinamide B-Nic has shown the 

direct population of Sn state (260 nm excitation) leading to emission at ~430 nm. 

According to the steady state absorption spectra shown in Figure 5.11 (a) in which the 

absorbance for NADH and B-Nic at 340 nm (S1 state absorption transition) are 

adjusted to 0.2, B-Nic displays a low absorbance ~0.08 at 260 nm with regard to 

NADH with absorbance at 260 nm ~0.46. Because of the strong oscillator strength 

(absorptivity) of adenine 260 nm absorption transition and comparatively low 

absorptivity of Sn state of nicotinamide, fraction of 260 nm irradiation that directly 

leads to population of the Sn state of nicotinamide in NADH should be less leading to 

weak nicotinamide S1 state emission in Figure 5.13 (a). Comparing to the TRF spectra 

of NADH that dissolved respectively in H2O (pH 7) and 1:1 aqueous CH3CN, we 

strongly believe that the excitation energy transfer from adenine or excitonic state to 

nicotinamide S1 state is the dominant pathway that contributes to the (~460 nm) 

emission in stacked NADH upon 260 nm excitation.  
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5.2.8. Femtosecond time-resolved fluorescence spectra of B-Nic 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. Temporal evolution of the broadband TRF spectra of (a) 260 nm and (b) 340 nm excited 

B-Nic obtained in nitrogen purged CH3CN. TRF spectra of 340 nm excited (c) B-Nic obtained in 

nitrogen purged CH2Cl2. #Spikes correspond to artifacts due to excitation source and Raman lines 

respectively.  
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Figure 5.15. Normalized time-dependence of the fluorescence decay profiles of B-Nic obtained at 

indicated wavelengths from the TRF spectra in Figure 5.14 (a), (b), (c) correspondingly. The solid lines 

represent instrument response function convoluted two-exponential fitting to the experimental data (, 

, , and ) at designated wavelengths. The data with time delays before and after 10 ps are displayed 

respectively on a linear and logarithmic time axis. 
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Table 5.3. Time constants obtained from global analysis of the fluorescence decay dynamics for B-Nic 

shown in Figure 5.15. 

 

Figure 5.14 shows the temporal evolution of the broadband TRF spectra of 

260 and 340 nm photoexcited B-Nic. Comparing with the emission properties using 

two different excitation sources, 260 and 340 nm photoexcited B-Nic share very 

similar emission profiles with broad emission band peaking at ~450 nm. The 

fluorescence decay profiles at designated emission wavelengths are shown in Figure 

5.15. Two exponential function with corresponding time constants τ1 ~1 ps and τ2 

~560 ps is used to fit the fluorescence decay dynamics of 260 and 340 nm 

photoexcited B-Nic. The ultrafast decay time constant (τ1 ~1 ps) obtained from the 

decay dynamics which arises from the band shifting of emission is due to rapid 

solvent relaxation process and vibrational relaxation process etc. The τ2 time constant 

corresponds to the relaxation dynamics of S1 electronic state of B-Nic. There are no 

obvious differences in the emission profiles and the excited state lifetimes for 

photoexcited B-Nic which are generated by using two different excitation sources 

(260 and 340 nm). The emission is generated from common S1 excited state. The 

former 260 nm excitation populates the higher excited state on nicotinamide and 

subsequently decays to the emissive S1 state by internal conversion that results in the 

observed visible emission. 

Sample Excitation Wavelength (nm) Solvent τ1 (ps) τ2 (ps) 

B-Nic 260 CH3CN 0.74 560 

B-Nic 340 CH3CN 1.55 560 

B-Nic 340 CH2Cl2 1.02 560 
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Subtle changes on the band shifting of emission profiles can be found in 

Figure 5.14 (c) when the solvent of the sample solution changed to dichloromethane 

(CH2Cl2). The rapid band shifting process in isolated nicotinamide B-Nic is probably 

solvent dependent and it seems to be less pronounced in CH2Cl2 solvated 

nicotinamide. The difference on the extent of band shifting of excited B-Nic links to 

the varied dielectric constant of the two solvent molecules. The greater dielectric 

constant of CH3CN (ε = 37.5) with respect to CH2Cl2 (ε = 9) gives rise to the greater 

extent of band shifting and Stokes shift in TRF spectra.16 Besides the rapid band 

shifting process, the tens of picosecond timescale band shifting process that observed 

in the TRF spectra of aqueous NADH cannot be found in photoexcited B-Nic. The 

~30 ps band shifting process in NADH is related to the sensitivity of S1 state 

electronic energy toward stacking orientation regarding to proximal adenine. As an 

isolated nicotinamide, B-Nic does not stack with adjacent aromatic system and 

definitely shows no stacking related shifting process. No additional rising component 

(~30 ps) can be found in the fluorescence dynamics of photoexcited B-Nic which 

suggests insignificant stacking feature in the model compounds. 
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5.2.9. Femtosecond time-resolved fluorescence anisotropy spectra of B-Nic 

 

 

 

 

 

 

 

 

 

 

Figure 5.16. Temporal evolution of the broadband fluorescence anisotropy spectra of (a) 340 and (b) 

260 nm excited B-Nic obtained in CH3CN.  

 

 

 

 

 

Figure 5.17. Time-dependence of the fluorescence anisotropy decay dynamics of 340 nm photoexcited 

B-Nic resulting from the TRFA spectra displayed in Figure 5.16. Data obtained from averaging 

emission signal at 420-500 nm. The solid lines represent the exponential function fitting to the 

experimental data. 
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Table 5.4. Time constants obtained from decay dynamics of fluorescence anisotropy for 340 nm 

photoexcited B-Nic shown in Figure 5.16. 

 

 

 

Fluorescence anisotropy of multi-chromophoric system provides supportive 

evidence for the energy transfer process.  The deviation from the absorption transition 

moment to the emission transition moment may give lower anisotropy value and 

suggests the presence of energy transfer process. The ~0.15 limiting fluorescence 

anisotropic value found in 260 nm photoexcited NADH is explained by the different 

transition moment of singlet excited state of the donor adenine moiety toward the S1 

state of acceptor nicotinamide.12,25 In frame of exciton theory, strong electronic 

coupling relies on the H-aggregate configuration of transition moment.35 Assuming 

exciton migration in NADH, there should be significant oscillator strength of ~260 

nm transition on nicotinamide moiety such that the transition moment aligns 

approximately parallel to the transition moment of adenine. To clarify the presence of 

exciton migration in NADH, it is crucial to show that the higher Sn state in 

nicotinamide that corresponds to absorption transition at 260 nm aligns approximately 

parallel to the transition moment of adenine in stacking conformation. Figure 5.16 

shows the temporal change of fluorescence anisotropy of B-Nic excited respectively 

by 260 and 340 nm laser sources. The zero time fluorescence anisotropy spectra for 

340 nm photoexcited B-Nic (Figure 5.16 (a)) displays a high anisotropy value r0 ~ 

0.35. The high anisotropy value demonstrates a common excited state that 

corresponds to the absorption and fluorescence processes in B-Nic upon 340 nm 

photoexcitation. A reduced zero time anisotropy value r0 ~ 0.12 can be observed in the 

Sample θ1 (ps) 

B-Nic 11.1 
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fluorescence anisotropy spectra of 260 nm photoexcited B-Nic (Figure 5.15 (b)). The 

reduced anisotropy value r0 ~ 0.12 suggests that the transition moment of energetically 

higher excited Sn electronic state of nicotinamide deviates to the transition moment of 

S1 emissive state. Observed fluorescence photons from 260 nm photoexcited B-Nic 

are depolarized leading to initially observed r0 ~ 0.12. It should be noted that the 

limiting anisotropy of the 260 nm photoexcited B-Nic is r0 ~ 0.12, which is very 

similar to that obtained in aqueous NADH with r0 ~ 0.15. The similar anisotropy 

value implies the absorption transition moments for stacked NADH and B-Nic that 

deviates to the emissive S1 state by an approximate angle of deviation. According to 

the equation for anisotropy of fluorophore in solution,16 

𝑟0 =
2

5

3 cos2 β − 1

2
 

where β is the angle between the absorption and emission transitions, r0 ~0.15 

corresponds to an angle of ~ 40∘between the absorption and emission transitions. 

For r0 ~0.12, β is ~43∘. The finding suggests that the fluorescence depolarization 

processes observed in stacked NADH and B-Nic probably originate from a common 

internal conversion process (Sn →S1) in which the transition moment of Sn state on 

nicotinamide deviates to the S1 state by ~40∘. Excitation energy transfer in NADH 

should take place as a result of generating the Sn state of nicotinamide and 

subsequently decays to S1 state leading to ultra-fast depolarization (r0 ~0.15). The 

observation agrees with the exciton formation in NADH in which excitation energy is 

coherently shared among of adenine and the nicotinamide moiety becasuse both of 

them possess iso-energetic (260 nm) and approximately parallel transition moments.  
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Exciton formation occurs when transition moments of nicotinamide Sn state 

and adenine singlet transition align approximately parallel. Under this circumstance, 

exciton migration between two stacked chromophores should give rise to a little or 

insignificant depolarization. Subsequent localization of excitation to the Sn state of 

nicotinamide allows internal conversion to S1 emissive state and gives rise to 

fluorescence depolarization (r0 ~0.15). The observed Sn state population (Figure 5.11 

and Figure 5.12) and fluorescence depolarization (r0 ~ 0.12) in B-Nic provides 

supportive evidence for the hint of approximately parallel configuration of 

nicotinamide Sn transition moment and adenine ππ* transition moment in stacked 

NADH.  

In other words, once large deviation of the anisotropy value (r0 ~0.12) for 260 

nm photoexcited B-Nic to the zero time anisotropy of 260 nm photoexcited NADH (r0 

~0.15) is obtained from TRFA, it disagrees with the hypothesis of exciton migration. 

For example, if r0 ~0.25 was obtained from 260 nm photoexcited B-Nic, the 

depolarization process in NADH will no longer be related to the internal conversion 

(Sn →S1) on nicotinamide and it becomes more likely corresponding to energy 

transfer from excited adenine moiety by FRET (with different angle of transition 

moment).  

Figure 5.17 shows the temporal change of the fluorescence anisotropy decay 

dynamics of 340 nm photoexcited B-Nic resulting from the TRFA spectra displayed 

in Figure 5.16. The fluorescence anisotropy of B-Nic in CH3CN decays rapidly in tens 

of picosecond timescale. As a freely isolated simple chromophore, the model 

compound is capable of rotating freely in solvated environment. Molecular motion of 

chromophores alters the initial polarization of excited state populations and gives rise 

to diversified fluorescence polarization in sample solution (rotational diffusion). The 
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fluorescence photons from sample solution at later timescale (i.e. 50 ps) are therefore 

depolarized. The time required for the complete loss of polarization and anisotropy 

for solvated fluorophores depends on numerous factors including size and shape of 

the fluorophores and viscosity of sample solutions etc.16 The observed fast decay of 

fluorescence anisotropy (θ1 ~ 11 ps) agrees with the nature of freely rotating simple 

fluorophores, and confirms the isolated feature of the nicotinamide models in sample 

solutions.16,22 
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5.3 Discussion 

5.3.1 Adenine stacking induced Stokes shift of S1 state emission  

Formation of exciplex state in NADH has been proposed as the reason for the 

blue-shifted emission profile with respect to its mononucleotide NMNH (reduced 

nicotinamide mononucleotide).27 However, formation of exciplex with lower energy 

ground state chromophore may lessen the electronic energy and generally results in a 

red shifted emission.36 The blue-shifted fluorescence of NADH with respect to the 

mononucleotide NMNH is more likely due to the electronic interaction of the 

proximal adenine. Recent publication has implied the tuning role of protein on 

electronic coupling in light harvesting complex.37 In addition, observed lifetime and 

spectral changes in protein bounded NADH in time-resolved imaging also reflects the 

influence of protein scaffold on electronic coupling between adenine and 

nicotinamide suggesting the presence of strong electronic interaction between these 

closely assembled chromophores.10,11  Steady state fluorescence spectra (Figure 5.12) 

also shows blue-shifted emission of NADH with regard to isolated nicotinamide B-

Nic and this is assigned due to the electronic interaction from stacking adenine in 

NADH.  

As a similar stacking model, an ultrafast fluorescence quenching has been 

found in flavin adenine dinucleotide (FAD, a dinucleotide in which the nicotinamide 

moiety is substituted by riboflavin). Photo-induced intramolecular electron transfer 

from adenine to excited flavin is believed to cause the quenching of the emission in 

stacked FAD.28,38-42 However, the formation of the charge transfer complex (exciplex) 

in stacked FAD has been ruled out due to limited spectral changes in mid-IR transient 

absorption study.22 According to this study, the appearance of the adenine bleach 



257 

 

signal in the 400 nm photoexcited FAD solution suggests that adenine does play a 

role in the fast excited state dynamics of FAD. However, the exciplex formation is 

expected to produce large spectral changes in the TRIR spectra. Since the authors did 

not observe drastic changes, they believe that the fast excited state deactivation in 

FAD is due to the intramolecular electron transfer but not exciplex formation.  

In TRFA experiment, tens-picoseconds segmental motions related correlation 

times θ1 ~40 ps and ~18 ps was obtained respectively from time dependent anisotropy 

spectra from 260 and 340 nm photoexcited NADH. Observed segmental motion of 

nicotinamide indicates a freely movable feature of nicotinamide moiety toward the 

proximal adenine in NADH and disproves the formation of tightly bounded complex. 

Emission from 260 nm and 340 nm photoexcited NADH typically originates from the 

S1 state of nicotinamide that the electronic energy of this S1 state is interacted by 

adjacent stacked adenine moiety. We performed TRF and TRFA experiment for 

NADH and isolated nicotinamide B-Nic. The TRF results for photoexcited NADH 

showed long timescale band shifting process that corresponds to τ2 ~ 35 ps and τ2 ~ 20 

ps decay dynamics for 260 nm and 340 nm photoexcited NADH respectively. The 

long timescale band shifting process is correlated to the decay of fluorescence 

anisotropy in which the TRFA results demonstrate θ1 ~40 ps (260 nm excitation) and 

~18 ps correlation (340 nm excitation) times. The tens-picosecond timescale 

depolarization process in excited NADH corresponds to the segmental motions of 

nicotinamide. The segmental motion and band shifting features are absent in the TRF 

and TRFA results of photoexcited B-Nic and this suggests the dependence of adjacent 

stacked adenine moiety for this band shifting process. Long timescale molecular 

motion (~35 ps) of nicotinamide moiety in NADH causes the depolarization of S1 

state fluorescence and simultaneously alters the electronic interaction by adjacent 
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stacked adenine. This leads to stabilization of S1 emissive state which accompanies 

with the red shifting of emission. Stacking interaction in NADH thus plays a 

significant role in mediating the S1 state energy of nicotinamide and contributes to 

large fluorescence Stokes shift (~8100 cm-1).  

 

5.3.2 Ultra-fast excitation energy transfer to nicotinamide S1 electronic state 

Instead of modifying the S1 state electronic energy, stacking interaction in 

NADH also plays an important role in excitation energy transfer. Energy transfer 

from excited adenine to nicotinamide has been proposed in the past decades.12,13 The 

generally similar emission profile for NADH to its mononucleotide encourages a 

localized nicotinamide excited state model (S1 state) to explain the excited state 

relaxation pathway of NADH. It is believed that excitation energy is directly transfer 

to the nicotinamide S1 excited state from proximal excited adenine following the 

Förster type energy transfer mechanism and then decays radiatively leading to ~460 

nm visible emission.12,13 Time dependent fluorescence dynamics of 260 nm 

photoexcited NADH (Figure 5.6(a)) shows a time lag of ~50 fs for the rise of blue-

edge nicotinamide emission. We tentatively assign the time required for excitation 

energy transfer to S1 state to be less than 50 fs. The measured time for energy transfer 

seems too fast for the Förster mechanism in which the mechanism may require 

prerequisite non-radiative relaxation from the Franck Condon region of adenine to a 

low-lying state that is iso-energetic to the absorption transition of S1 electronic state 

of nicotinamide. The required proximity between chromophores for energy transfer in 

NADH found in previous publications12,13 implies the important role of electronic 
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coupling for energy transfer and evokes the idea of exciton migration in which  we 

have found in DNA oligomers and shown in previous chapters.  

5.3.3 Stacking induced excitation energy transfer 

We performed TRF experiment for 260 nm photoexcited NADH dissolved in 

1:1 volume ratio aqueous CH3CN. The TRF results demonstrate a significant stacking 

dependent nature for excitation energy transfer in NADH. The stacking property in 

water solvated NADH brings the two chromophores adenine and nicotinamide to a 

close proximity that assists the energy transfer and contributes to more than eight-fold 

increase of transient fluorescence intensity (at 4 ps) in Figure 5.13. This apparently 

agrees with the Förster mechanism which the Förster energy transfer efficiency is 

highly sensitive to the distance (i.e. r6) between donor and acceptor.16,36 Nonetheless, 

excitation energy transfer in frame of exciton theory has been suggested in DNA 

oligomer.21 Markovitsi et al. discarded the Förster type energy transfer in stacked 

polynucleotides (A·T) and they believe that spatial extent of excitonic state toward 

low-lying excitonic state governs the excitation energy transfer within ~100 fs. For 

stacked NADH, energy transfer would take place in frame of exciton theory. Steady 

state absorption spectrum of NADH displays a hypochromic effect at 260 nm 

absorption transition (Figure 5.1). The observation suggests that strong electronic 

coupling between the ππ* transition of adenine and Sn state transition of nicotinamide 

and this agrees with exciton formation in NADH. 
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5.3.4 The nature of excitation energy transfer in 260 nm photoexcited NADH 

It should be reminded that the formation of excitonic state in stacked 

chromophores required approximately parallel alignment of transition moments.17,35 

Energy transfer in frame of exciton migration in NADH requires proper orientation of 

the transition moments for adenine and nicotinamide. The fluorescence anisotropy 

results for 260 nm photoexcited B-Nic demonstrates a similar anisotropy value r0 

~0.12 to that of NADH r0 ~0.15. In case of the same S1 emissive state for the two 

molecular system (NADH and B-Nic), the anisotropy results imply similar deviated 

angle (β ~40∘) between the absorption and emission transitions for NADH and B-

Nic. This finding suggests that the ultra-fast depolarization process in 260 nm 

photoexcited NADH may originate from internal conversion process of Sn to S1 state 

on nicotinamide. Under this circumstance, excitation energy transfer in NADH should 

take place to generate the Sn state instead of directly transferring to the S1 emissive 

state. On the other hand, because ultra-fast depolarization process in 260 nm 

photoexcited NADH (contributes to r0 ~0.15) attributes mainly to internal conversion 

of Sn state to S1 state, excitation energy transfer that prior to Sn state generation 

should not cause significant change in polarization. This implies approximately 

parallel transition moments of the 260 nm absorption transition of NADH with 

respect to the Sn state transition. The ππ* transition moment of adenine may align 

nearly parallel to the Sn state of nicotinamide in stacked NADH. The circumstance 

allows strong electronic coupling between proximal stacked adenine and nicotinamide 

leading to formation of molecular exciton in which excitation energy are delocalized 

among the two chromophores.  
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In frame of exciton theory, 260 nm irradiation abruptly populates initial 

excitonic state of NADH that the excitation energy is delocalized among the two 

chromophores adenine and nicotinamide. Exciton migration occurs between the two 

allowed excitonic states. Since the process occurs at nearly iso-energetic level that 

does not required dissipation of energy, it probably occurs in ultra-fast timescale. 

Subsequent localization of the excitonic state on nicotinamide leads to the 

development of Sn electronic state of nicotinamide. Localization of excitation from 

initial populated excitionic state has been suggested in calculation studies.43,44 The 

high energy Sn electronic state subsequently decays to the low-lying S1 state by 

internal conversion and consequently generates the visible emission (460 nm).  
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Scheme 5.1. Schematic energy diagram showing the two possible energy transfer pathways for 260 nm 

photoexcited NADH in aqueous solution. The vertical solid arrows represent the absorption and 

emission transitions of corresponding states; the curved lines indicate non-radiative deactivation 

pathways with corresponding decay time constants labeled for the related excited states. Upper panel 

shows the simulation of exciton migration and excitation finally localizes on nicotinamide S1 state.  
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5.3.5 Overall deactivation pathway of 260 nm photoexcited NADH 

Summarized relaxation pathways of excited nicotinamide are displayed in 

scheme 5.1. According to the proposed deactivation scheme displayed in Scheme 5.1, 

in water solvated environment, the two chromophores adenine and nicotinamide in 

NADH stacked together that contributes to high proximity and proper orientation for 

strong electronic coupling and results in efficient energy transfer. Electronic coupling 

in stacked NADH is supported by its absorption spectrum which exhibited 

pronounced hypochromic effect on the adenine 260 nm ππ* transition. Energy 

transfer may occur via either exciton migration or Förster type energy transfer. In case 

of exciton migration, strong electronic coupling between the ππ* transition moment of 

adenine and nicotinamide Sn transition moment gives rise to collective excitation 

(Frenkel exciton) of the system. The approximately parallel arrangement of transition 

(dipole) moments for the two chromophores in stacked NADH simultaneously 

achieves in-phase perturbation by the incoming electric vector of 260 nm irradiation 

leading to exciton formation.17 The anisotropy r0 ~ 0.15 and r0 ~0.12 resulting 

respectively from 260 nm photoexcition of NADH and B-Nic suggests approximate 

angle β ~ 40º. The finding agrees with exciton formation because the two (260 nm) 

transition moments of adenine and nicotinamide are probably aligned approximately 

parallel in stacked NADH. Since exciton formation in dissimilar aggregate is not a 

common case, the delocalized excitation between adenine and nicotinamide requires 

further calculation study to approve. According to the exciton theory, for an aggregate 

of N molecular units, the exciton band will consist of N discrete exciton states. In 

NADH, exciton migration between the two excitonic states is followed by localization 

of excitation energy on nicotinamide that generates the Sn state of nicotinamide. 

Subsequent internal conversion process develops the low-lying S1 state and 
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contributes to the observed emission. We found that the rising of S1 state emission 

occurs ~50 fs after adenine emission and tentatively suggests the energy transfer from 

Franck Condon region of 260 nm photoexcited NADH to the S1 emissive state 

requires no more than 50 fs.  

Besides the exciton migration, excitation energy transfer between adenine and 

nicotinamide moiety in stacked NADH may be achieved following the Förster 

mechanism. In case of very weak coupling between adenine and nicotinamide, 260 

nm irradiation abruptly populates the ππ* excited state of adenine in which excitation 

energy is localized on the adenine moiety. Vibrational relaxation process on excited 

adenine gives rise to low-lying state that is iso-energetically to the S1 electronic state 

of nicotinamide. Subsequent energy transfer from vibrationally relaxed excited 

adenine to nicotinamide leads to S1 state population on nicotinamide. Owing to the 

required vibrational-relaxation process, this energy transfer process should be slower 

than the exciton migration. Kasha has predicted a slower transfer rate of Förster 

mechanism <1011 sec-1 than the transfer rate >1012 sec-1 for exciton.17 Besides 

vibrational relaxation, ultra-fast internal conversion from La to Lb state in excited 

adenine also achieves a low-lying state for energy transfer. However, time-resolved 

fluorescence and transient absorption studies of adenine showed that internal 

conversion process from La to Lb state of excited adenine corresponds to the obtained 

time constant 130 fs.24 This internal conversion process is much slower than the 

observed energy transfer process ~50 fs in stacked NADH. As a consequence, the 

Förster mechanism is less compatible to the ultrafast (~50 fs) energy transfer process 

in stacked NADH. There is time-resolved study suggesting spatial extent of exciton 

corresponding to the excitation energy transfer in oligonucleotides.21 According to 

this article, Markovitsi and coworkers mentioned Förster-type energy transfer is 
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incompatible to the observed anisotropy results. The Förster energy transfer generally 

plays a role in excited NADH when the two chromophores adenine and nicotinamide 

are weakly coupled and far apart. In aqueous state, there are folded and unfolded 

conformation of NADH and results in a diversified electronic coupling environment. 

The two excitation energy transfer processes therefore coexist in aqueous NADH.  

Temporal evolution of the TRF of NADH involves a short lived component 

(τ1 ~ 1 ps). The short lived dynamics arises from the non-relaxed excited state of 

nicotinamide in NADH for which solvation dynamics or vibrational relaxation is not 

yet completed. Similar solvation dynamics had also been observed in FAD.28,41,42 

After energy transfer from adenine or excitonic state, excitation energy being 

localized on the nicotinamide moiety in which solvation process is not yet finished. 

After solvent reorientation process, the nicotinamide still bears great electronic 

interaction from adenine and gradually decay with the molecular motion. Due to the 

electronic influence from proximal adenine moiety, the initially generated 

nicotinamide S1 electronic state by energy transfer is destabilized. Subsequent slow 

molecular motion with detected dynamics τ2 ~35 ps for the adenine and nicotinamide 

chromophores gradually changes the initial proximity and orientation that relieves the 

strong electronic interaction from adenine moiety. The S1 electronic state of 

nicotinamide reestablishes to an electronically less influenced stage and causes the 

red-shift of emission profile.  The emission band shifting has been found tightly 

correlated to the motion of the chromophores in our fluorescence anisotropy results. 

The θ1 ~40 ps correlation time found in fluorescence anisotropy of 260 nm 

photoexcited NADH is explained by motion of small fragments and corresponds to 

the segmental motion of the nicotinamide moiety in NADH. 
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The overall photochemical results demonstrated that the fluorescence of 260 

nm photoexcited NADH originates from nicotinamide moiety which is initially 

stacked with proximal adenine base. The necessity of stacked conformation for 

efficient energy transfer in NADH provides an alternative paradigm for the exciton 

migration in assemble dinucleotide and polynucleotide such as DNA oligomers.  
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Appendix 

Synthesis of nicotinamide mononucleotide (NMN+) 

0.568 g NAD+ (0.04 M) and 0.932 g ZrCl4 (0.2 M) were dissolved in 10 ml D. 

I. water respectively and mixed in 100 ml round bottom flask. The mixture were 

continuously stirred and maintained at 50 ℃ in water bath for 30 minutes. After 30 

minutes, the reaction mixture was quenched by adding 10 ml of [1 M] basic solution 

of 2.123 g Tri-potassium phosphate K3PO4 (pH ~ 12). The acidity was adjusted to pH 

7.0 with [2 N] HCl and the precipitate were separated by high-speed centrifugation (8 

x 1000 RPM, 30 min). The precipitate was washed twice with 60 ml water and the 

combined supernatant was concentrated to 4 ml by rota-vaporization. The solution 

was applied to a Dowex 50 W x 8 (100-200 mesh, H+) column. The column was 

eluted with water and NMN+ product appeared in a volume of 300 ml. The product 

solution was concentrated by evaporating the eluate to a small volume and the product 

yield was estimated by using UV spectroscopy (ε = 4200 at 266 nm). The product 

yield of NMN+ was 0.17 g. The product was characterized by proton NMR 

spectroscopy and NMR spectrum was displayed in Figure A.1. The product was 

shown to be identical to authentic material with reference to previous publication.45 

1H NMR (D2O): δ 9.35 (s, 1H, H2 on Py), 9.16(d, 1H, H6 on Py), 8.87 (d, 1H), 8.19 

(dd, 1H), 6.11 (d, 1H, H1’) 4.53 (m, 1H), 4.43 (t, 1H), 4.33 (dd, 1H),4.21 (ddd, 1H) , 

4.04 (ddd, 1H). Presence of residue methanol in sample solution gives rise to 

chemical shift at 3.2 ppm. 
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Figure A1. Proton NMR spectrum of NMN+ dissolved in D2O obtained from Burker 600 MHz H-nmr 

spectrometer and the corresponding structure.  
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Catalytic method for the reduction of NMN+ to NMNH 

Aqueous phase catalytic reduction of NMN+ to NMNH relies on the use of 

water-soluble phenanthroline complex of rhodium shown in Figure A2. The 

phenanthroline complex [(η5-C5Me5)Rh(phen)Cl]Cl was synthesized following the 

publicized method.46 Except the presence of undesirable fragments due to dissociation 

in D2O during NMR measurement, the product is shown to be identical to authentic 

material. 1H NMR (D2O): δ 9.23-9.24 (d, 2H, CH), 8.67-8.69 (d, 2H, CH), 8.01-8.07 

(dd, 2H, CH), 8.05 (s, 2H, CH), 1.7 (s, 15H, CH3). 
 

 

Figure A2. Proton NMR spectrum of [(η5-C5Me5)Rh(phen)Cl]Cl dissolved in D2O obtained from 

Burker 600 MHz H-nmr spectrometer and the corresponding structure. Chemical shift at 4.7 ppm 

corresponds to the residue H2O in D2O. 
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The mechanistic scheme for the NMN+ reduction using complex [(η5-

C5Me5)Rh(phen)Cl]Cl was shown in scheme A1. The hydride source in the reduction 

process is sodium formate NaHCO2 which generates carbon dioxide as the only by-

product that is beneficial to spectroscopy measurement. Cationic complex [(η5-

C5Me5)Rh(phen)Cl]Cl is supposed to react with the formate anion to afford the 

corresponding hydrido complex that is capable of reducing NMN+ to NMNH. A 

kinetically stable six-membered ring transition state is involved in catalytic cycle for 

hydride transfer from the rhodium centre to pyridinium group. Reduction process of 

50 mg NMN+ was carried out in a 1 cm cuvette with 5 mol % catalyst and 1:45 

(NMN+ :  NaHCO2) sodium formate at 35 ℃. Prepared reaction mixture was diluted 

to Absorbance266 nm = 2 and the reaction dyanmics was monitored by using HITACHI 

U3900H UV-Visible Spectrometer. Formation of reduced NMNH can be probed from 

the growing absorption at 340 nm that shown in Figure A3. The reduction of NMN+ 

to NMNH accompanies with the formation side-product with absorption peaking at 

~275 nm. The growing dynamics is followed by the subsequent decay of 340 nm 

absorption which implies the loss of conjugated system of reduced NMNH. The loss 

of 340 nm absorption should not correspond to the proposed photo-oxidation to 

NAD+ found in NADH since subtle change of absorption peak maximum at ~ 275 nm 

can be found.33,47,48 The loss of the 340 nm absorption is more likely related to the 

proposed direct addition of HOCl to the C5=C6 double bond of the pyridine ring that 

gives rise to strong ~280 nm absorption.49 Owing to the limited HOCl in the NMN+ 

reaction mixture, the addition source contributing to the loss of conjugated system 

probably corresponds to the water molecules. However, we found that there is no 

additional 18 molecular weight for the major side-product. Mass to charge ratio 335 

m/z can be found in the negative mode mass spectrum of the side product shown in 
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Figure A4. The mass to charge ratio of the side product resembles the molecular ion 

of [NMNH-1H]1- and implies the possible intramolecular addition process. There is 

biochemical study on the reduced NADH showing that the C5=C6 double bond on the 

pyridinium ring is labile to addition reaction.34 Cyclization at the C6 position toward 

the adjacent hydroxyl group is possible in NMNH that contributes to the loss of 

conjugated system on nicotinamide. As a consequence of side product formation for 

solvated NMNH, it behaves an undesirable molecular model for time-resolved 

spectroscopy.  

  



272 

 

Scheme A1. Postulated catalytic cycle, based on previous publication, for the reduction of NMN+ to 

NMNH in aqueous solution with [(η5-C5Me5)Rh(phen)Cl]Cl as the catalyst.46 
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Figure A3. Kinetic change of the UV-absorption spectra for the NMN+ reduction reaction mixture. 
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Figure A4. Negative mode time of flight mass spectrum and the corresponding structure of the side 

product from NMN+ reduction reaction mixture. 
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Chapter 6. Conclusion 

There have been extensive studies aiming to understand the underlying 

photophysics and photochemistry of the UV-excited DNA. As the building blocks of 

DNAs, the nucleic bases, i.e., adenine (A), guanine (G), thymine (T), and cytosine (C), 

are remarkably photostable owing to their ultra-short excited state lifetimes (less than 

1 ps).1-3 The rapid decay of the excited states limits the potential harmful reaction of 

the excited states and therefore provides an effective mean to protect the nucleic bases 

from photo-damage. However, spectroscopic studies on DNA assemblies found that 

many DNAs feature long-lived excited states with lifetime in tens picoseconds to 

several nanosecond timescale.4-13 As a result, to understand the collective behavior of 

excited states of DNAs is of pivotal important for the photo-physics and 

photochemistry of DNAs.4-13 

By using femtosecond transient absorption spectroscopy, Kohler and co-

workers reported observation of similar excited state dynamics for single-stranded 

oligomer d(A)18 and double-stranded d(A)18·d(T)18, based on which they reported a 

common excimer states with lifetimes of 50-150 ps being formed in both the 

systems.8 According to this hypothesis, the inter-base pairing interaction plays an 

insignificant role in the excited state dynamics of double-stranded A·T DNAs. 

However, by applying femtosecond fluorescence up-conversion and picosecond time-

correlated single photon counting techniques, Markovitsi and co-workers observed 

different excited state dynamics for the single-stranded d(A)20 and double-stranded 

d(A)20·d(T)20 DNAs.9,11 They suggested that the pairing interaction may also play a 

significant role in the exited state dynamics of A·T DNA. According to these studies, 
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the DNA excited states are complex, governed by an ensemble of factors relevant to 

the conformation of DNA.  

In addition to the pairing effect on excited state dynamics of DNAs, the 

electronic nature and dynamics of excitation transfer as well as how these are affected 

by factors such as the identity and sequence of the base content in DNA are also open 

questions in the photophysics and photochemistry of DNA. To help address these 

issues, we have performed femtosecond time-resolved spectroscopic investigation on 

a series of model DNA oligomers and the corresponding monomeric bases for 

comparison. The findings of our study suggested that bases stacking and bases pairing 

which are affected differently by the base components in DNA duplex both play a 

significant role in DNA excited state. 

 

Two-domain system of DNA excited state dynamics 

According to the spectroscopic results of model DNA oligomers, the excited 

state dynamics of DNAs can be described by collective domain and non-collective 

domain. The non-collective domain arises from non-stacked monomeric bases while 

the collective gives rise to the long lived excited dynamics in model DNA oligomers. 

In regard to the adenine monomer-like excited state signature observed in TA spectra 

of photoexcited A/T and A/G oligomers, there should be significant portion of excited 

states in these DNA oligomers which as arise due to excited monomers and decay 

rapidly in sub-picosecond time scale. In contrast to the fast deactivation process as 

given by excited monomer, the collective domain in DNAs gives rise to long lived 

excited state dynamics which is observed in TRF and TA spectroscopies. We found 

from spectroscopic results of A/T and A/G oligomers that the collective behavior of 
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DNA strands is accounted for by two long lived excited state components, excitonic 

state and CT state, which bear different electronic nature.  

 

Excitonic state signatures in photoexcited model DNAs 

Excitonic state which arises from the collective domain of DNA bases is 

involved in the photoexcited d(A)20, d(AT)10, d(A)20·d(T)20, d(AG)n=2,4,10, and 

d(AAGAA)4. According to our fluorescence anisotropy results on d(A)20, d(AT)10, 

d(A)20·d(T)20, these oligomers exhibit rapid decay of anisotropy in sub-picoseconds 

timescale. According to the literature result on related system,9,11 depolarization of 

fluorescence from excitonic state occurs due to excitation energy transfer from the 

Franck Condon excitonic state to energetically low-lying and spatially apart excitonic 

state. The observation of ultra-fast decay of anisotropy in photoexcited d(A)20, 

d(AT)10, d(A)20·d(T)20 provides strong evidence for the involvement of excitonic state 

in these oligomers. In addition, the melting curve results which reveal alleviated 

hypochromic effect upon rising temperature lend further support to the presence of 

excitonic states in photoexcited d(A)20, d(AT)10, d(A)20·d(T)20, d(AG)n=2,4,10, and 

d(AAGAA)4. The excitation energy of excitonic state is coherently shared among 

several stacking bases. Our TA measurement shows that d(AG)n=2,4,10, oligomers 

exhibit similar absorption profiles due to excitonic states at ~1 ps. This implies that, 

regardless of the strand length, the excitation delocalization of the excitonic states 

does not span more than four stacked bases in the collective domain. This agrees with 

the literature study which proposed that the delocalization length of exciton in single-

stranded homoadenine d(A)n is 3-4 bases.13 The several picoseconds time constants 

observed consistently from both the TRF and TA dynamics for d(A)20, d(AT)10, 
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d(A)20·d(T)20, d(AG)n=2,4,10, and d(AAGAA)4 were assigned to the relaxation of 

excitonic state. It is believed that the low-lying excitonic state evolves to CT state in 

few picoseconds and this process is facilitated by nuclear or base reorientations.  

 

CT state formation in model DNAs 

The relaxation of excitation energy in DNA is similar to that found in light-

harvesting complexes in which the special pair P680 in reaction center, by providing 

energetically lower-lying site, traps the excitation energy from surrounding exciton.14 

According to spectroscopic findings of photosystem in photosynthetic system,14,15 the 

low-lying excitonic state in P680 subsequently evolves to CT state in which the CT 

state behaves as the primary charge donor in photosynthesis. Coincidentally, the low-

lying excitonic state in DNA strands also transforms to CT state which accounts for 

the hundreds of picoseconds timescale excited state dynamics observed in 

spectroscopic studies.5,7,8,12  

The TRF and TRFA results on d(AG)10 and d(AAGAA)4 reveal a common 

emission profile and nearly identical lifetime due to CT state for both the systems. 

This suggests strongly that the same (A-G) CT state is produced in the two systems. 

The observation of energy relaxation to the A-G site in photoexcited d(AAGAA)4 

indicates that the low-lying excitonic state subsequently evolves to A-G CT state.   

The several picoseconds relaxation of excitonic state to the energetically more 

stable CT state is facilitated by nuclear or base reorientations. The time dependent 

spectral shift observed for the nicotinamide emission in NADH with respect to B-Nic 

affords evidence that reorientation of the stacking geometry is capable of altering the 
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electronic energy of S1 excited state of nicotinamide. We believe that the change of 

electronic energy of the S1 state is closely related to the change in orbital overlap and 

dipolar coupling between nicotinamide and the neighboring adenine. We attribute the 

several picoseconds dynamics in the model DNAs to nuclear or base reorientations 

that promote formation from precursor excitonic state to the more stable CT, leading 

to extensive Stokes shift of emission as observed in the fs-TRF.  

The TRF results we obtained for d(A)20, d(AT)10, d(AG)10, and d(AAGAA)4 

show that the CT states in these oligomers feature red-shifted emission with lifetime 

in hundreds picoseconds timescale. The long-lived feature of CT states is in line with 

previous time-resolved studies which report hundred picoseconds dynamics for CT 

state (exciplex/ excimer) in related DNA model systems.5,7,8,12 Large scale Stokes 

shift of transient fluorescence observed in d(AT)10 (by ~8500 cm-1 from λmax~320 nm 

to λmax~450 nm) and d(AG)10 (by ~7000 cm-1 from λmax~330 nm to λmax~430 nm) 

provides supporting evidence for the attribution of long-lived excited state dynamics 

in DNA to the CT natured state. Indeed, relaxation due to excitonic states can cause 

Stokes shift by no more than several hundred wavenumbers, too small to account for 

the extensive Stokes shift observed in the fs-TRF for d(AT)10 and d(AG)10.  

Our comparative TRF study on d(A)20·d(T)20 and d(A)20 shows compellingly 

that the double-stranded d(A)20·d(T)20 exhibits much weaker CT state emission than 

the single-stranded d(A)20. The TA results we obtained for the two systems indicate 

clearly that the weak CT state emission is due to much lower CT state quantum yield 

in d(A)20·d(T)20 than d(A)20. The low CT state quantum yield in photoexcited 

d(A)20·d(T)20 suggests an important role of pairing interaction in constraining the 

excited state base reorientation for achieving the low-lying CT state. 
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Base identity, sequence and DNA conformation control the excited state dynamics of 

DNAs 

Although the electronic natures of the excitonic state and CT state are 

different, the formation and dynamics of these two types of states are both sensitive to 

the base identity, sequence and conformation of DNA. This, as a consequence, is the 

root cause for the complex excited state dynamics of DNAs.  

The results we obtained from melting curve, TRF, and TRFA measurements 

for d(T)20 and TMP show that d(T)20 features excited state spectra and dynamics very 

similarly to its constituent monomer TMP. There is no rapid decay in fluorescence 

anisotropy of d(T)20. These observations suggest that the excited state dynamics of 

d(T)20 is governed by the excited state of TMP monomer. This is explained by the 

inherent high flexibility, random base orientation, and weakly stacking character of 

the thymine oligomers which limits electronic coupling between the thymine bases in 

d(T)20.
16 As a results, d(T)20, upon excitation, exhibits no collective behavior 

(manifested by such as hypochromic effect and fluorescence depolarization) and 

behaves as an individual base TMP.  

The sensitivity of excitonic state formation toward the static disorder of bases 

in DNA oligomer is also demonstrated by the spectroscopic results on d(AG)n=2,4,10. 

The melting curve data on d(AG)n=2,4,10 show that the longer d(AG)10 strand 

experiences greater hypochromicity than the shorter d(AG)n=2,4.  In consistent with the 

greater hypochromicity in d(AG)10, the TA results on d(AG)n=2,4,10 show a lower 

fraction (43%) of non-collective domain in d(AG)10 than in d(AG)n=2,4 (~50%). These 

strand length dependent feature suggests that, after photo-excitation, the longer 
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d(AG)10 which bears comparatively more ordered conformation possesses higher 

fraction of collective domain.  

By using NADH as a paradigm for excitation energy transfer between the 

stacking nucleotides, we observed occurrence of ultrafast energy transfer (~50 fs) in 

260 nm photoexcited NADH to the S1 state of nicotinamide moiety in NADH. 

Comparison of the TRF data for 260 nm excited NADH in H2O and in 1:1 (by volume) 

H2O and CH3CN mixture shows that the excitation energy transfer, most likely due to 

the exciton migration, depends strongly on the conformation factors such as base to 

base proximity and orientation. The involvement of excitonic state in NADH is 

suggested by the hypochromicity observed in its steady state absorption spectrum and 

is also supported by the comparison of fs-TRFA obtained for NADH and its model 

compound B-Nic. The spectroscopic results we obtained for NADH strengthen the 

perspective that static order of the bases in DNA determines the excitonic state 

formation. 

In addition to the static order, the identity of bases in DNA strands also plays 

an important role in affecting the electronic energy of collective domain and this 

contributes to the complex nature of excited states of DNA. Comparison of TRF data 

obtained for d(A)20, d(AG)10, and d(AAGAA)4 shows that the G-doping in these 

DNAs leads to low-lying excitonic state at the G containing site, facilitating energy 

transfer and charge transfer.  

The identity of base also affects electronic energy of the CT state. The CT 

state formed in heterobase oligomers such as d(AT)10 and d(AG)10 exhibits larger  

Stokes shift of fluorescence than that in d(A)20. The Stokes shift was determined to be 

~8500 and ~7000 cm-1 for the former systems, but ~4500 cm-1 in the latter.  
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On the other hand, our results show that the quantum yield of CT state is 

affected profoundly by the conformation and structural dynamics of DNA strand. Our 

TRF and TA results show consistently that the quantum yield of CT state in 

photoexcited d(A)20·d(T)20 duplex is significantly lower than that in d(A)20. We 

tentatively propose that the base pairing in d(A)20·d(T)20 provides physical constraint 

for accessing the CT state, and as a result, the excitation energy in d(A)20·d(T)20 

dissipates mainly by the faster pathway due to exciton relaxation and this may help to 

prevent undesirable reactions which lead to DNA damage. 

The work in this thesis provides valuable spectroscopic information for the 

excited state dynamics of model DNAs. The results provide direct experimental 

evidences that the photophysics of DNA is complex and is governed by an ensemble 

of factors including base identity, sequence and conformation of DNA. The data 

presented in this thesis constitute stringent experimental test for related theoretical 

modeling, which altogether may lead to a more thorough understanding of DNA 

excited states, the transient species that are vitally important in life.  
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Chapter 7. Future Perspective 

In previous chapters, we demonstrated charge transfer (CT) state formation in 

polychromophoric system like DNA. The formation of CT state relies on the proximal 

stacking properties between the two interacting chromophores. It is known that 

formation of excimer/exciplex state contributes to the red shifted emission band in 

stacked poly-aromatic hydrocarbons.1-3 The capacity of showing red-shifted 

excimer/exciplex emission has been used in application such as fluorescence probe 

for detection of biological system and metal ions.4-7 In order to enhance the 

excimer/exciplex emission, the chosen chromophores were convalent linked to the 

ribose skeleton of DNA to provide appreciable proximity.4 By changing the 

chromophores, the peak maximum of excimer/exciplex emission can be tuned from 

370 to 630 nm.4  

In other cases, the chromophore was directly bonded to DNA nucleic base to 

allow extra-selectivity to the probing agent. For instance, 8-(Pyren-1-yl)-2’-

deoxyguanosine (Py-dG) was incorporated synthetically as an optical probe into 

oligonucleotides.5 In this case, DNA duplex hybridization can be traced by both 

fluorescence and absorption spectroscopy since Py-dG exhibits altered spectroscopic 

properties in double strands. Binding of pyrene chromophores at the C8 position of 

guanine base allows exocyclic amine forming normal hydrogen bond to cytosine or 

other lone pair donor. The affinity toward hydrogen bonding agents admits this 

fluorescence probe to be a potential molecular switch for detection.  

DNA aptamers are short sequence of oligonucleic acid that binds to specific 

target molecules. Introduction of fluorophore on DNA aptamers may allow effective 

detection of specific molecule.8 Since we have found that the hydrogen bonding 
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between pairing bases is capable of constraining formation of CT state, it is 

interesting to investigate whether the hydrogen bonding is also capable of reducing 

the exciplex/excimer emission of probing agent like 8-(Pyren-1-yl)-2’-

deoxyguanosine (Py-dG) in short DNA aptamers. 
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