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Abstract

Photo-induced intramolecular charge transfer (ICT) and luminescence are
among the most significant processes in nature and have ample applications in
chemistry, biology, and development of new materials. Methyl-4-
dimethylaminobenzoate (DMABME) is a prototype molecule showing the ICT
while a series of gold(l) oligo-phenyleneethynlene (PE) complexes provide rare
example exhibiting ligand controlled luminescence upon photo-excitation. In
spite of the interest and previous studies on these two types of systems,
fundamental processes and factors governing the ICT in DMABME and the
luminescence from the gold(l) PE complexes have remained unclear. With a
purpose to address these issues, this thesis is conducted by integrating a range of
time-resolved spectroscopic methods which combines the broadband time-
resolved emission with transient absorption in timescale ranging seamlessly from
femtosecond to hundreds microseconds for DMABME and the gold(l) PE
complexes with excitation at varied selected wavelengths and solvent conditions.
The study provides direct evidence for determining dynamics and deactivation
pathways of the overall cascades of photo-excittd DMABME and gold(l) PE

complexes.

The study of DMABME in acetonitrile provides unequivocal evidence for
a common origin of L, n* nature for both the ICT state and its precursor the
locally excited state. Comparison of the time-resolved processes observed for
DMABME in acetonitrile and in methanol unveils a remarkable effect of solvent
hydrogen bonding (H-bonding) in altering strongly the dynamics and pathway of

the excited state deactivation. It is identified for the first time that, in the protic



solvent methanol, the H-bonding between solute and solvent promotes formation
of an H-bonded ICT state which in turn opens up an effective channel of internal

conversion to the ground state not available in acetonitrile.

The time-resolved studies on gold(l) complexes containing oligo(p-PE),
oligo(m-PE), and oligo(o-PE) ligands allow direct observation of the intersystem
crossing (ISC) from emitting excited singlet to triplet state as well as to identify
unambiguously the pathways for luminescence from these complexes. The
results showed that, for the gold(l) oligo(p-PE) complexes, the rate of ISC is
controlled largely by the extent of n-conjugation of the PE ligand in the excited
singlet state. With an increase of ligand m-conjugation, the ISC rate drops by
several orders of magnitude leading to a dramatic increase of the lifetime of
prompt fluorescence (PF). This challenges the conventional view of heavy atom
prompted ISC in luminescent transition metal complexes. Moreover, it is found
that all the complexes investigated exhibit dual emission with the low energy
component due to the phosphorescence from emitting triplet state and the high
energy component the fluorescence, composed of PF and very long living
delayed fluorescence produced through triplet-triplet annihilation (TTA) from the
emitting triplet state. The efficiency of TTA is observed to vary with both the PE
ligand length and the substitution pattern of the ligand, contributing a key factor

for the varied luminescence behaviours displayed by these complexes.

The work presented in this thesis demonstrates the power of time-
resolved spectroscopy in unravelling the elementary steps and key factors for the
dynamics and pathways of excited state processes. The results enable clearer

pictures to be obtained for clarifying controversies on the ICT of the para donor-



acceptor compounds and for a better understanding of the photophysics of
luminescent gold(l) complexes which should prove useful in applications such as

photo-catalysis and design of organic light-emitting diodes.
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Chapter 1 Introduction

1.1 Overview of the Interaction of Matter with Light

To understand how light interacts with molecular system, we should first
consider that light consists photons, each of which has a quantum of energy
proportional to its frequency (v). Absorption of photon by a molecule occurs
when the photon has exactly the amount of energy that matches the energy
difference (AE) between a low (E;) and a higher (E2) energy level of the
molecule, leading the molecule to excite from the low to the high electronic state.
This process is called electronic transition and can be described by the equation

below:
AE=E,—-E, =hv Where h is the Planck’s constant

Electronic transition is an instantaneous process where the Franck-
Condon principle applies. Due to the large difference (by ~1000 times) in mass
between a proton and an electron, the motions of nuclei are usually much slower
(10" — 10™ s) compared to that of the electrons (10™° — 10 s5).M? As a
consequence, the absorption of photons by a molecule can only initiate an abrupt
jump of the electrons from one electronic orbital to another without changes in
the positions of the more massive nuclei in the molecular entity and its

environments.!?



fluorescence

Potential Energy
absorption

So

Figure 1.1  Jablonski diagram of some radiative and non-radiative processes
available to a photo-excited molecule. Radiative and non-radiative transitions are
indicated in straight and wavy arrows respectively. (VR = vibrational relaxation;

IC = internal conversion; ISC = intersystem crossing; CT: charge transfer state)

After absorbing the photon, the molecule may dissipate the energy it
gained through various possible pathways as outlined in Figure 1.1 using the
Jablonski diagram.™® In the figure, the vertical axis represents the potential
energy of the system. In this diagram, only the electronic levels corresponding to
the ground state (Sp), the lowest electronically excited singlet state (S;) and

lowest electronically excited triplet state (T;) of the molecule are shown. The



upper electronically excited singlet (S,) and triplet (T,) states are not included in
the figure, for most of the photophysical processes concerned in this thesis take
place from the lowest excited state. This is so even when the system is subjected
to high energy excitation that produces the higher energy S, state, the S, to S;
relaxation is ultrafast, usually happens in femtosecond (fs) timescale, before the

onset of most photophysical and photochemistry processes.

The diagram in Figure 1.1 depicts radiative and non-radiative decay
pathways between the different excited states and between the excited states and
the So. In brief, the commonly encountered radiative pathways in both the

absorption or emission processes are:

(i) Spin-allowed singlet-singlet absorption of photons (So + Av — S;);

(i) Spin-forbidden singlet-triplet absorption of photons (So + ~v — Ty);

(iii) Spin-allowed singlet-singlet emission, called fluorescence (S; — So + Av);

(iv) Spin-forbidden triplet-singlet emission, called phosphorescence (T1 — Sp +

hv)

On the other hand, the non-radiative processes are:

(v) Spin-allowed conversions between states of the same spin, called internal

conversion (IC) (e.g. S1 — Sp + heat);



(vi) Spin-forbidden conversions between excited states of different spin (e.g. S;
— T; + heat) or between the triplet and the ground state (e.g. T; — So + heat),

called intersystem crossing (ISC).

(vii) Non-radiative decay along the singlet manifold and relaxes to an electronic

state having a charge transfer (CT) character, called CT state.



1.2 The Radiative and Non-Radiative Energy Dissipating

Pathways

Upon ultraviolet (UV) excitation (purple upward arrow in Figure 1.1), the
molecule in the Sy is prompted to the S;. Promptly after the excitation, the S;
molecule, normally in the vibrationally excited states, first undergoes vibrational
relaxation (VR) to lose the excess vibrational energy to the surrounding and
relaxes to the lowest vibrational energy level of S;. After this, the vibrationally
“relaxed” S; molecule may deactivate back to the Sy via a number of relaxation
pathways. It can decay back to the Sy radiatively and this gives out the singlet-
singlet (S;—Sp here) luminescence called fluorescence (orange downward
arrows in Figure 1.1). This radiative transition occurs between states of the same

multiplicity, is spin-allowed and proceeds at the rate of ~10°— 10° s.**

The S; molecule can also take the non-radiative channel to convert into
the So, a process called IC, the non-radiative counterpart of the radiative
transition between the states with the same multiplicity. Unlike the very rapid IC
from the S, to S; (S, — S1), the rate of IC from S; to Sp (S1 — Sp) is usually
much slower since the rate of IC is controlled largely by the difference in energy
between the correlated state, while the energy difference between the S; and S,
in many cases, is much larger than that between the S, and S;. The very rapid S,
— S IC actually accounts for the negligible fluorescence from the upper excited
states and the fact that the major contribution of fluorescence in the steady state

spectrum is from the S; state of the molecule.

Besides, the molecule in the photo-initiated S; state can relax non-

radiatively along the singlet coordinate and formed the CT state (Figure 1.1).
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One of the most commonly formed CT states is the intramolecular CT (ICT)
state which its formation is favoured when an electron donating and accepting
group is linked together in a molecular entity. In this regard, a large fraction of
electronic charge is transferred from the electron donor to the electron acceptor.
As a result, positive charge is developed at the donor site and at the same time
negative charge can be seen at the acceptor moiety. Similar to the photo-initiated
S; state, the CT or ICT state can also take the radiative or the non-radiative

channel to the Sy via fluorescence or IC respectively.

Besides IC and fluorescence, for the molecule in S; state or relaxed
singlet CT state can also change its state of spin and converts from the singlet
manifold into the triplet manifold, a process known as ISC (the horizontal wavy
arrows in Figure 1.1). ISC is a spin-forbidden process due to non-radiative
transition between states of different spin multiplicity. Generally, the rate of 1ISC
is governed by the spin-orbit coupling (SOC) and the energy difference between
the precursor singlet and the successor triplet state. The rate of ISC varies from

1

~10° s in aromatic hydrocarbon to ~10" — 10" s in molecules containing

“heavy atoms”.>™ The much faster rate of ISC displayed by the “heavy atom”
containing molecules is considered to arise due to increased SOC induced by the
heavy atom. This is mostly observed with transition metal containing systems
where the enhancement of SOC is considered to be proportional to the atomic

number of the metal ion, the so-called “heavy atom effect”.™®

After the ISC, the nascent T1 molecule may perform VR dissipating the
excess vibrational energy prior to other relaxation processes. Then, the

vibrationally “relaxed” T; may depopulate back to the Sy through radiative or



non-radiative channel. The radiative decay produces emission named
phosphorescence and the non-radiative process called ISC. Phosphorescence (the
red downward arrows in Figure 1.1) is due to the radiative transition between
states of different multiplicity and proceeds in a much slower rate than that of
fluorescence due to spin-forbidden nature of this transition. For the similar
reason, the rate of non-radiative T; — Sp ISC is also much slower, and thus the
lifetime of the T, is normally very long ranging from 10™ to 10? s under
deoxygenated condition. This is in contrast to the singlet natured excited state

which normally has lifetime in the 10® to 10° s.>*

It is worth noting that, apart from the fluorescence emitted from the
photo-excited singlet state, the so-called prompt fluorescence (PF), there is in
some cases “delayed fluorescence” (DF) arising due to re-populated of the
singlet state from the triplet (T, — S;) after the S; — Ty ISC. Such T; — S; re-

population can take place through two possible mechanisms.

One is thermal activation and the other the triplet-triplet annihilation
(TTA)."® The process of thermal activation induced DF is also called the triplet-
to-singlet up-conversion. In this case, the repopulated S; and therefore the DF
features a lifetime which is nearly identical to the lifetime of the T..%**® DF
given by this mechanism mostly occurs in molecules possessing small singlet-

triplet energy gap, such as benzophenone and fluorescein.'

On the other hand, TTA proceeds when two triplet state molecules collide
and “annihilate” each other, producing one molecule in the higher energy S; and
the other in the lower energy Sy (i.e., T; + T1 — S1+ Sp). With this mechanism,

the re-populated S; and thus the DF displays lifetime that is about half of the



lifetime of the T1.*°® It is clear that, to distinguish the mechanism leading to the
DF, an effective method is to measure and make comparison of the lifetime
displayed by the DF and the phosphorescence from triplet state. The mechanism
of thermal activation is implied by nearly identical in the lifetime of DF and
phosphorescence; while the TTA mechanism expects the lifetime of DF being

about half of the phosphorescence lifetime.?°6910

In order to investigate the overall deactivation cascade of photo-excited
system, time-resolved methods based on various spectroscopic techniques have
been applied widely to directly probe the dynamics and spectral feature of the
transient excited states. In this thesis, a combined application of fs broadband
time-resolved fluorescence (fs-TRF) and fs transient absorption (fs-TA) in
conjunction with nanosecond (ns) transient absorption (ns-TA) and ns time-
resolved emission (ns-TRE) was used to characterize the excited state pathways
and the corresponding relaxation dynamics of two types of molecular systems:
one is the typical donor-acceptor (D-A) molecules 4-dimethylaminobenzoates
(DMABZs) and the other a series of gold(l) metal complexes containing the

oligo-phenyleneethynylene (PE) ligands.

DMABZs can be recognized as pure organic molecules while oligo-
gold(l) PE complexes can be classified as organometallic compounds. Although
they belong to different molecular categories, they both facilitate ISC owing to
the carbonyl substitution on the aromatic scaffold in DMABZs and the SOC
induced by the heavy metal ion centre in oligo-gold(l) PE complexes
respectively. Nevertheless, their respective excited state dynamics and the factors

governing their excited state behaviour are still largely unexplored. As a result,



methyl-4-dimethylaminobenzoate (DMABME) is selected as a representative of
DMABZs. Its corresponding deactivation cascade in acetonitrile and the
competing ICT reaction with respect to ISC are first presented in Chapter 3. The
result acts as a paradigm to represent the deactivation pattern for para-amino
substituted aromatic carbonyl compounds. Furthermore, by comparing the
spectral and temporal features of DMABME in methanol versus in acetonitrile in
Chapter 4, the role of the solvent hydrogen bonding (H-bonding) effect on the

dynamics and pathways of the excited state decay can be revealed.

On the other hand, for the oligo-gold(l) PE complexes, the excited state
dynamics upon the incorporation of heavy gold(l) metal ion into the PE ligand,
together with the effect of ligand n-conjugation in promoting and controlling the
ISC rate of the complex is depicted in Chapter 5. Moreover, in Chapter 6, the
ligand length and substitution pattern dependent excited state dynamics
governing the dual emission character of the oligo-gold(l) PE complexes is

presented.



1.3 Background of the Photo-Induced Intramolecular Charge

Transfer Reaction of DMABZs

In the recent decades, the excited states of DMABZs have been
intensively studied because of the fundamental interest in photo-induced ICT*"*?
and the practical application of these type of compounds as active ingredients in
the UVB sunscreens.™*® Having the dimethylamino as electron donor and the
benzoate moiety the electron acceptor group, this type of compound has been
considered as model system for study of various aspects of the ICT reaction
occurring in the singlet excited state.**'2%% |_jke the prototype D-A molecule 4-

1112 these so-

dimethylaminonitrile (DMABN, 2 in Scheme 1.1) in polar solvent,
called ester analogues of 2 exhibit dual fluorescence induced by the ICT reaction

from the initial locally excited (LE) to the ICT state.

A large number of literature studies have been revealed for a substantially
higher ICT reactivity for the ester analogues than 2. In contrast to the little
involvement of ICT of 2 in non-polar solvent, the ICT fluorescence has been
reported for the esters in aliphatic hydrocarbon solvents.™*® Recently, fs studies
reported a ~1 ps ICT time constant for ethyl-4-dimethylaminobenzoate
(DMABEE, 1b in Scheme 1.1) in acetonitrile,?>?' much faster than the ~5 ps ICT
time reported for 2 in the same solvent.??® Although the increase in the ICT rate
has been attributed to the stronger electron affinity of the alkoxycarbonyl group

11,16
2,

in 1 than that of the cyano in the details of the ICT pathway for the ester

analogue have remained unclear. There have been different views regarding the

ICT reaction, in particular the precise electronic nature of the LE state.?*%*2°

10
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Scheme 1.1  Structures of the studied and related compounds.

Like the other para-substituted benzene derivatives, the lowest energy
absorption band of DMABZs is composed of two close lying nn* transitions
corresponding to the So to L, and Sp to Ly in Platt’s notation.****%" The two
transitions are both in-plane polarized but with the polarization direction
perpendicular to each other. The L, polarization is parallel to the long molecular
axis while that of the L, along the short axis. Therefore, the L, state has
inherently the ICT character and can be more stabilized than the Ly by increasing
the donor and/or acceptor strength or the solvent polarity.***® As a result, the
difference in energy (AE) between the L, and Ly and even the relative ordering of
the two states can be varied by changing the donor/acceptor or polarity of solvent.
It is now well accepted that, for 2 at the Franck-Condon (FC) region, the energy
of L, is higher than L, irrespective of the solvent property, i.e., the L, is
corresponding the S, state while the L, the S; state.'*?*?® The ICT of 2 is
therefore an adiabatic process proceeding with the L, as precursor to the ICT
state which is L in parentage.**6:2629:30

11



For 1 in the gas phase, the energy of the L, is still higher than that of L, at
the FC region but having a reduced AE when compared to that of 2 due to the
increased strength in the A group, which is benzoate in 1 and benzonitrile in
2113132 However, steady state fluorescence anisotropy studies?® and some
theoretical calculations®” suggested that the ordering in FC of the L, and Ly, state
could be reversed in the solution phase, implying that solvent plays an important
role in varying the energies of the two states.™'® In this regard, the well known
twisted ICT (TICT) model***? states that the Ly/L vibronic mixing presents in 2
Is no longer existed in the deactivation cascade of 1 and the related carbonyl
analogous, 4-dimethylaminobenzaldehyde (DMABA) and 4-
dimethylaminoacetophenone (DMAAP) (3 and 4 in Scheme 1.1). Within this
context, the ICT in DMABZs occurs entirely on the L,(S;) hyperpotential energy
surface and the kinetics is controlled mainly by entropy activation relevant to

such as the rearrangement of the molecular structure.*2%%

There is however a different view in the so-called planarized ICT (PICT)
or state coupling model which questions the L, versus Ly energy inversion in the
FC region.**?*#2® This model assumes that the order of energy level in the FC
region (i.e., Si(Lp) and Sy(L,)) is retained in DMABZs as in 2 and proposes that,
in solution, the ICT reaction occur through the same pathway in the two types of

D-A molecules.'®%

It also suggests that the reduced AE in 1 may facilitate the
vibronic mixing between Ly, and L, and is responsible for the faster ICT in 1b
than in 2. As a consequence, a question remains concerning the character of *LE

state of DMABZs: does the LE feature a L, character as suggested by the state

coupling model or in the L, character proposed by the TICT model?
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In addition to the nature of the LE state, the excited state process of 1 is
also complicated by ISC which brings the excited state population from the
singlet to the triplet manifold. This is so because 1 bears the carbonyl group
attached to the phenyl ring and it is widely known aromatic carbonyl (AC)
compound usually features a high ISC efficiency and a very rapid I1SC rate."* For
instance, a nearly unitary ISC efficiency has been reported for AC compounds
such as benzophenone and acetophenone; and ISC time constant of several to
tens ps for p-aminobenzophenone and p-hydroxylphenacyl phosphates,°
which is comparable to the ICT time reported for 1b.2°?! Therefore, for 1, ISC is

expected to be an important competing process to quench not only the radiative

process but also the ICT reaction in the solution phase.

Fs experiments on closely related 3 and 4 (Scheme 1.1) found that the
photo-populated nn* state decays rapidly (~2 ps time constant) leading to
formation of both the ICT state and a mn* natured triplet (®Ty) state in
acetonitrile.*® Taking into account that the DMABZs type of molecules are used
as ingredient in sunscreen products and that the *T; of AC compounds like
DMABZs is capable of sensitizing DNA to yield potentially harmful

3639 information on the °T; state

photolesions for the onset of skin cancer,
produced after absorption of UV radiation in molecules as 1 would have
important implication for sunscreen safety and for assessing the appropriateness
of these compounds as the sunscreen ingredient. In short, the deactivation
cascade of UV-excited DMABZs has remained largely unclear in the literature

and little is known for certain about the dynamics and formation efficiency of the

3T, state.
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To help address these issues, broadband fs-TA, fs-TRF anisotropy (fs-
TRFA), fs-TRF, and ns-TA spectroscopy were used to study excited state
dynamics of DMABME (1a in Scheme 1.1) in the solution phase. The data
obtained are depicted in Chapter 3 and these provide a direct and comprehensive
characterization of the dynamics and spectral signatures for the LE, ICT and the
3T, states of 1a in acetonitrile. The results presented on one hand provide a
compelling evidence for clarifying the up to now uncertain LE state electric
origin, and on the other hand reveal a clearer picture for the ICT reaction as well

as the competing pathway of ISC leading to formation of the *T; state.
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1.4 Background of the Hydrogen-Bonding Effects on DMABZs

Besides the excited state dynamics and spectral characteristics, the dual
emission of la (Scheme 1.1) is of great interest due to its sensitivity to the
property of environment.* It is known that the dual emission arises due to the
photo-induced ICT reaction with the blue component from the LE state and the
red component from the ICT state. The structural conformation of the ICT state
of this molecule has been under extensive debates, recent experimental study

provides strong evidence supporting the TICT mode] 1120324042

On the other hand, the dual emission of its analogues such as 2 and 3
have been demonstrated to be highly solvent polarity dependent.’***** For
instance in 2, only LE fluorescence is observed in non-polar solvents; while in
polar solvents, the long wavelength ICT fluorescence appears. Upon increasing
the solvent polarity, the relative intensity of the red-shifted ICT emission grows
in accompanied with a decrease in the intensity of the blue LE fluorescence.
Besides, the solvent polarity influence can be reflected from the strong
solvatochromic red shift of the ICT fluorescence band maximum and the
decrease in the ratio of LE to ICT (LE/ICT) emission intensity.*** Based on the
correlation of the intrinsic emission character (the LE/ICT emission intensity
ratio or the ICT emission band maximum) with respect to the surrounding micro-
environment, this kind of prototype is capable to serve as a probe to indicate the
polarity change in the solvent environment or identify the target compound when

it is tethered to a sensing unit.*>*’

Giving the potential application of dual emission compounds as the

environmental sensor, it is important to understand in detail the influence of
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solvent on the emission property of these compounds.*®* Unfortunately, how
precisely the interaction between the molecule and surrounding solvents may
affect the excited state dynamics and therefore the emission property is largely
unexplored for DMABZs type of molecules, to the best of our knowledge.
Having explored the excited state deactivation pathway for 1a in polar aprotic
acetonitrile (Chapter 3), we present in Chapter 4 our time-resolved study on the
deactivation cascade of 1a in polar protic solvent methanol to elucidate the effect
of solvent, in particular the H-bonding property of solvent, on the deactivation

pathway.

It is relevant to note that literature studies have found that for a
substantial number of dual emission ICT molecules, including the best known 2,
the intensity ratio of the blue to red emission component, the red emission
maximum and the overall emission quantum vyield vary significantly in aprotic
versus in protic solvent.**#**° For instance, the ICT band emission quantum yield
drops from 0.030 to 0.017 and the ICT red emission shifts from ~480 nm (20800
cm™) in acetonitrile to ~508 nm (19700 cm™) in methanol.>* The drastic drop in
the emission quantum yield was attributed to the H-bonding formation between
the ICT state and solvent molecules in protic solvent, which on the other hand
does not occur in the aprotic solvent.?*** The H-bonding opens up an
additional deactivation channel, which is the IC, for the deactivation of the ICT
state to the So. In Chapter 4, results obtained from broadband fs-TA and fs-TRF
studies are presented for a clearer picture on how the H-bonding may affect the

excited state dynamics and the overall deactivation pathway of la.
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1.5 Background of the Intersystem Crossing Rate of Oligo-

gold(l) PE Complexes

ISC is of fundamental importance for transition metal complexes, its
efficiency plays a pivotal role in a wide range of applications of the transition
metal complexes, including light-harvesting antennae for solar energy conversion,
new materials for luminescence sensing, photo-imaging and optoelectronic
devices, etc.>**® Despite of its spin-forbidden nature, the ISC in many
luminescent metal complexes proceed at very high rate, surpasses the spin-
allowed relaxation pathway(s) such as the radiative decay and nonradiative IC of

the excited singlet state to the S,.

Indeed, recent ultrafast time-resolved studies found that ISC in a number
of d-block metal complexes takes place in ultrafast timescale (<~1 ps) with a
close to unitary yield of the triplet state, leading to a limited contribution of PF
from the photo-populated singlet excited states.””® As a result, a widely
accepted model nowadays considers that most of the functional roles exhibited
by transition metal complexes are derived from the triplet excited states, as the
precursor singlet states are quenched by the rapid ISC at a very early stage before
they are significantly involved in the photophysical and/or photochemical
processes. The prompt ISC in transition metal complexes has long been

125456 \which is expected to facilitate spin

attributed to the “heavy-atom effect
crossover by SOC with the efficiency proportional to increase in the atomic

number of the metal ion.

However, recent investigations have observed evidences questioning this

simplistic correlation and proposed that additional factors may also influence the
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ISC and therefore the kinetics of excited state dynamics. Taking the less heavier
Fe(Il)-diimine complex as an example, it shows formation of the triplet metal-to-
ligand charge transfer state (*MLCT) in <20 fs after photo-excitation,®® however,
both [Cu(diimine),]” and [Pt(dinap),]” (dinap = 2,2’bis(diphenylphosphino)-1,1°-
binaphthyl) feature a relatively long-lived singlet metal-to-ligand charge transfer
state (*MLCT) excited state with ~15 and ~3 ps lifetime respectively.®® The
relatively slow ISC in the later two systems was considered to arise due to a
reduction in the state mixing between the *"MLCT and *MLCT owing to excited

state structural distortion in these complexes.

Furthermore, a series of Rh(Ill) complexes anchoring 2,5-bis(arylethynl)
rhodacyclopentadienes were reported to display very long-lived and intense
fluorescence (fluorescence lifetime = 1.2-3.0 ns, fluorescence quantum yield, ¢
= ~0.3-0.7), in contrast to the minor involvement and ultra-short-lived PF
reported for the many other 4d or 5d metal complexes.®® Similarly, anomalous
intense fluorescence (®; = ~0.22) has also been observed with a tetranuclear
gold(l) complexes [TTE]J(AuPCys)s ([TEE]H; = tetraethynylethene, PCy; =
tricyclohexylphosphine),®* despite the involvement of four “heavy atom” gold(I)
in the complex.®® Until now, little is known for certain on the precise factor(s)
governing the rate of ISC in transition metal complexes as well as on the nature,

the onset and exact timescale of the ISC.

To help address these issues, in Chapter 5, we present a combined study
using broadband fs-TA coupled with fs-TRF>®*! and ns-TRE spectroscopy>® to
investigate a series of gold(l)-PE complexes 1a-3a and the corresponding ligand

systems (2b-3b). The structures of these molecules are depicted in Scheme 1.2.
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Scheme 1.2 Structure of the gold(l)-PE complexes and the corresponding free

ligands.

Complexes la-3a were selected because they display the interesting PE
ligand length (1a vs 2a/3a) and substitution pattern (2a vs 3a) dependent dual
emission behavior and the large difference in the emission quantum efficiency
which is ~0.66 in 2a ~0.12 in 3a and ~0.08 in 1a.%®® Unlike the parent complex
la, complexes 2a and 3a both exhibit dual emission made of DF and
phosphorescence from the singlet zn* (*nn*) and triplet nn* (Can*) manifold of
the oligo(p- and m-PE) ligand. The *mn* to *nn* emission intensity ratio in 2a

appears to be much larger than in 3a. Besides, both 2a and 3a display also dual
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emission at low temperature (77K) due to the phosphorescence and DF with

lifetime in microsecond timescale.®

With the common Au(PCys)" moiety in 1a-3a, these complexes can be
considered as excellent models for study of the role of PE ligand on the excited
state dynamics and the emission properties of the respective systems.>’? On the
other hand, it is noted that most of the metal complexes studied in literature by
ultrafast spectroscopy feature ISC from the *MLCT natured singlet state to the
SMLCT natured triplet state. However, metal complexes having ISC from the
ligand centred (LC) excited singlet state to the LC excited triplet state are
sparsely studied by ultrafast time-resolved measurements and their excited state
cascades have remained largely unexplored. In this regard, complexes la-3a
present prototype system for investigating the role of metal on the ISC which
occurs between excited states where the excitations rest largely upon the ligand

systems.

To help achieving this goal and also to examine the effect of gold(l) on
the electronic properties of the m-conjugated and cross-conjugated p- and m-PE
ligand, comparative fs-TA and fs-TRF experiments were also conducted on the
corresponding metal-free oligo(PE) ligands 2b and 3b (Scheme 1.2). By
monitoring the spectral evolution of the excited state spectra, our work provides
direct and quantitative evidences for characterizing the dynamics and elementary

steps for the emission pathways of 1a-3a.
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1.6 Background of the Luminescence Properties of Oligo-

gold(l) PE Complexes

Gold(l) complexes bearing p-PE(n) (n = repeat number of the PE unit)
ligand have been of great interest for their attractive properties in electron
conductivity, charge-transporting and photo- and electro-luminescence
associated with the electron delocalization along the -conjugated PE backbones.
Comparing to the p-PE analogues which have a linear shape and serve as
molecular wires, the oligo- and poly-(o- and m-PE) counterparts are less studied
as optoelectronic materials.®” Recent researches on the oligo(o-PE) and oligo(m-
PE) based foldamers®® and light-harvesting dendrimers with m-PE components®®
have revived interest in these conjugated or cross-conjugated oligomers and
polymers. Despite the oligo(o-PE) and oligo(m-PE) compounds are capable to
form a folded or cyclic structure, the o- and m-PE fragments are rarely
introduced as connectors or spacers for connecting two metal centres” while

their para-substituted analogues have been extensive used for this purpose.”

Recently, there has been intense interest in developing high performance
organic light-emitting diodes (OLEDSs) by harvesting both the singlet and triplet
excitons of m-conjugated oligomers and polymers.”? The expected gain in
efficiency is based on the assumption that in organic materials, the excitons
formed upon combination of the holes and electrons are in the ratio of one singlet
to three triplets, and therefore emissive triplet excitons would lead to improved

efficiency of OLEDs.”

Immense efforts have been devoted towards searching for highly efficient

organic phosphorescent light emitters. Among the various protocols, one
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effective mean is to harness the heavy-atom effect on triplet excited states to
“switch on” phosphorescence from varied polymer-based materials. For instance,
doping the poly-(fluorene) polymer with residual palladium catalyst generated
during synthesis was found to allow substantial enhancement in the
phosphorescence quantum yield under ambient conditions.”* Solid-state room-
temperature phosphorescence was also detected from co-crystal of some
polycyclic aromatic hydrocarbons and multinuclear planar mercury(ll)
complexes.” Besides, two research groups independently showed recently that
intense phosphorescence can be observed from pure organic crystals consisting
of the triplet-producing *(n-n*) chromophores and the triplet-promoting heavy

atom such as bromine.”®

In addition, incorporation of the bis(phosphine) platinum(Il) moieties into
the oligo- and poly-(p-PE) chains has been found to facilitate photo- and electro-
luminescence from the triplet excited states of these platinum-containing
polymers and oligomers in solution at the room temperature.”’ It is noted
however that the low-energy d-d excited states of platinum(ll) ion have an
unfilled d orbital, which may disturb delocalization of the singlet and triplet
excitons along the m conjugated p-PE systems. This may in turn introduce
unwanted competing nonradiative deactivation channel and hence prohibit

effective phosphorescence from platinum(ll)-containing polymers in solutions.

An effective approach to eliminate the influence of d-d state is to employ
gold and indeed complexes that have [Au(PCys)]" moiety attached to the termini
of oligo(p-PE) compounds through Au-C=C ligation have been synthesized in

this regard.®*®"® The [Au(PCys)]* moiety can, on one hand, facilitate the singlet
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to triplet ISC through enhancing the SOC between the two states, and on the
other hand, due to the closed-shell d*° configuration of gold(l) ion, the gold(l)
complexes have no low lying d-d state to affect negatively the emission property
of the complexes. In fact, emission due to phosphorescence and in some cases
dual emission composed of phosphorescence and DF have been observed for a

series of gold(l) oligo(p-PE) complexes in both solution or in the solid state at

66,78¢c

room temperature.

[PhC=C(CeHa4-1,3-C=C)Au(PCys)]
1 2

[PhC=C(CsHs-1,3-C=C),Au(PCys)]

3

Scheme 1.3  Chemical structures of selected oligo(o-PE) and oligo(m-PE)

gold(l) complexes.

The property of showing duel emission from both the triplet and long-
lived singlet excited state of some gold(l) oligo(o-PE) and oligo(m-PE)
complexes is interesting since both the emissive singlet and triplet are harnessed

in giving emission, which could present a mean for improving the efficiency as
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well as the wavelength coverage of the emission. On the basis of this, three
oligo(o-PE) and oligo(m-PE) gold(l) complexes (Scheme 1.3) were selected for
time-resolved spectroscopic investigation in Chapter 6. A prominent feature
exhibited by these complexes is that they display unit length and PE conjugation
dependent emission properties. Both the intensities and the emission bands
maxima, together with the emission quantum vyield vary substantially depending
on the length and substitution pattern of the PE ligand. Dual emission comprising
a high-energy fluorescence and a low-energy phosphorescence implies a
closeness in energy between the emissive singlet and triplet excited states. Such a
feature is not seen in most of reported transition metal complexes, such as the
diimine complexes containing Ru(I1),>" Re(1),”® Pt(11),>° and Fe(1)®° and some

cyclometalated Ir(111) complexes.®

As reported in the literature, all of these complexes show emissions
mainly from their long-lived triplet excited states due to presence of ultrafast ISC
(rate ~ 10™ s™) leading to ultra-short singlet excited state lifetimes (about tens of
femtoseconds to several picoseconds) and thus a minute involvement of
fluorescence in their steady state emission spectra. In addition, the gold(l)
complexes selected here are also different from the previously reported Rh(1)®®
and Au(1)® complexes bearing ethynylethene ligands; these complexes emit only
fluorescence (~0.2-0.7 quantum vyield) implying present of relatively long-lived
singlet excited states (~1-3 ns lifetime), challenging the traditional picture of

heavy atom effect in promoting the ISC.

The distinct dual emission behavior of the oligo(o-PE) and oligo(m-PE)

complexes in Scheme 1.3 makes them good model systems for exploring a
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number of basic but so far unclear issues about the excited states of light-
emitting organometallic complexes, this includes the spectral and dynamics
character of the related singlet and triplet excited states, the time scale and
controlling factor affecting the ISC, and more important, the interaction between
the singlet and triplet excited states in leading to the dual emission exhibited by

the complexes.

To help address these issues and to elucidate the structure-emission
relationship, a combination of time-resolved spectroscopic methods including fs-
TRF, fs-TA, and ns-TRE are employed to directly monitoring the temporal
evolution of excited state spectra over a wide range of time scale. The result
obtained is able to not only unravel the excited state deactivation cascade but
also to determine time constants for the ISC and lifetime for both the singlet and
triplet excited states. The data thus provide explicit evidence for the origin of DF
and how the dual emission is affected by the substitution pattern as well as the

unit length of the PE ligand.
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Chapter 2 Experimental Methodologies

2.1 Introduction to Pump-Probe Spectroscopy

To be able to directly probe processes taking place after the photo-
excitation is important in understanding the photophysics or photochemitry of the
excite state molecules." Time-resolved spectroscopy based on the pump-probe
technique is one of the most frequently used method to monitor the involved

transient species and their dynamics.™?

In the pump-probe time-resolved spectroscopic measurement, molecular
system under investigation is first excited by a short pulse of radiation, which is
called “pump”. This generates a high concentration of transient species which
can be detected using various spectroscopic methods (Scheme 2.1). After the
excitation, the system is allowed to evolve for a period of time during which the
transient species decays. At a designated time after the excitation (At in Scheme
2.1), a second pulse, called the “probe” pulse, is used to induce and collect
spectral information about the identity and/or the concentration of the transient
species. Different time-resolved spectroscopic methods make use of the different
spectral character for the probe of the transient species. For example, time-
resolved resonance Raman and time-resolved infra-red (IR) spectroscopy
monitors the temporal change in the Raman scattering and the IR absorption of
the transient species; transient absorption (TA) spectroscopy measures the
change in the electronic absorption spectra of the system caused by the photo-
excitation. Besides, Kerr-gated time-resolved fluorescence (TRF) and time-

resolved emission (TRE) techniques probe the temporal change in the emission
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spectra of the emissive species involved upon and after the photo-excitation.
Nevertheless, with all the spectroscopic methods, by changing systematically the
time between the pump and the probe (At), the kinetic behavior and temporal

evolution of the transient species can be determined.

GATE PULSE “ON” (if ICCD used)

1L

Scheme 2.1  Schematic presentation for pump-probe spectroscopic technique.
(At = the time between the pump and the probe; ICCD = intensified charge-

coupled device)
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2.2 Time-Resolved Spectroscopic Techniques

2.2.1 Background of time-resolved spectroscopy

To probe the excited state processes mentioned in Chapter 1 which
proceed from the sub-picoseconds to microseconds timescale, it is necessary to
use time-resolved spectroscopic method that has fast enough time resolution and
can, at the same time, be able to cover the broad time window from sub-
picosecond (ps) to microseconds. It is noted that the time resolution of a time-
resolved method is governed mainly by the temporal width of the light source.
The time duration of the pump and probe pulses needs to be significantly shorter

than the lifetime of the transient species in which we are interested.

For instance, light pulse with ten nanoseconds time duration, as used in
the so-called nanosecond (ns) time-resolved spectroscopy, would be suitable for
detecting transient species that has lifetime of tens ns and longer; while
femtosecond (fs) laser pulse, as used in the fs time-resolved spectroscopy, would
be appropriate for monitoring transient species having lifetimes of picoseconds
or longer. It is noted that spectroscopic methods with different time resolution
usually have different time window for the detection. The fs time-resolved
spectroscopy can normally detect transient species and associated dynamics
processes within several nanoseconds after the photo-excitation; while the ns
time-resolved methods may probe species and dynamics that are involved from

tens ns to microsecond (ps) and even millisecond after the excitation.

In this thesis, time-resolved techniques based on electronic transient

absorption and emission spectroscopy covering time window from fs to ps have
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been employed to probe the overall excited state processes of the examined
molecular system. In contrast to other time-resolved spectroscopic techniques,
like fluorescence up-conversion and time-correlated single photon counting
which can only monitor excited state kinetics at a single selected wavelength at a
time, our time-resolved methods both the detection of absorption or emission
have the broadband feature, can probe not only the temporal change of spectral
intensity, but also the broadband spectral signature of the involved transient
species. In addition, by combining the fs time-resolved method with the
corresponding ns time-resolved methods, our measurements allow seamless

detection of species occurring in timescale from fs to pus.

2.2.1.1 Background of fs-TRF spectroscopy

In the fs-TRF spectroscopy, the dynamics of species giving fluorescence
emission can be detected at time intervals from tens fs to ~6 ns after the photo-
excitation (Scheme 2.2). Upon photo-excitation (the purple upward arrow), the
molecule is promoted from its ground state (Sp) to the lowest singlet excited state
(i.e. the S; here). To dissipate the absorbed photo-energy, the S; molecule may
then undergo various relaxation processes radiatively or non-radiatively. Our
broadband fs-TRF spectroscopy is capable of capturing the fluorescence
signature of the emissive state (S;). An optical gating unit, called Kerr-gate
device, is used to work as an ultrafast shutter to enable detection of fluorescence
at any selected time delay after the photo-excitation; by changing the time delay
between the pump and the opening time of the Kerr-gate device, the temporal

evolution of fluorescence (the orange downward arrows in Scheme 2.2) and
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therefore the dynamics of S; state can be monitored as a function of time after
the photo-excitation. From the emission wavelengths of the acquired transient
fluorescence spectrum, the energy difference between the emissive S; and the So
can be estimated. On the other hand, the temporal decay of transient fluorescence
signal provide information for the timescale and rate at which the S; is

deactivated through various pathway available to the system under investigation.
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Scheme 2.2 Schematic diagram for the principle of fs-TRF measurement. The
solid and dashed arrow represents the radiative and non-radiative process
respectively. (S = singlet state; T = triplet state; ICT = intramolecular charge
transfer; VR = vibrational relaxation; IC = internal conversion; orange arrows:

fluorescence)
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2.2.1.2 Background of fs-TA spectroscopy

It is known that fs-TRF can detect only the fluorescence from highly
emissive singlet natured excited state. For system that possesses high efficiency
of intersystem crossing (ISC), such as the transition metal complexes
investigated in Chapter 5 and 6 of the thesis, to detect solely the singlet natured
excited state is not sufficient; spectroscopic method that is capable of probing
relatively weakly emissive state or non-emissive state, such as the triplet natured
excited state and the Sy, is needed for revealing the overall picture of the excited
state deactivation. For this purpose, broadband fs-TA spectroscopy has been used
in conjunction with the fs-TRF to allow monitoring temporal change of the
excited singlet and in addition the triplet natured state. The principle for

broadband fs-TA measurement is depicted in Scheme 2.3.

After excitation of the molecule to its singlet excited state (the purple
upward arrow in Scheme 2.3), the excited state molecule may loss the energy it
gained through varies deactivation pathways, such as the vibrational relaxation
(VR), internal conversion (IC) to the Sp and ISC to the Ty, etc. To probe the
transient species involved in these relaxation processes, a broadband probe pulse
which is in our measurement a pulse of white light continuum (WLC; orange
upward arrows in Scheme 2.3) covering wavelength from ~290 nm to 750 nm is
used to detect change in the absorption spectra at designated delay time after the
photo-excitation. The TA measurement can probe excited state absorption (ESA)
spectra due to both the singlet (the S; in Scheme 2.3) and the triplet (the Ty in
Scheme 2.3) state. The former arises due to the transition from the S; and higher

singlet excited states (S; — S;); and the latter the T; to higher triplet excited
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states (T; — Ty). In addition, by measuring the Sp to S; absorption in the Sy
absorption region of the molecule, the TA measurement also allows probing
directly temporal change of the Sy bleach; and thus provides a mean to monitor

the dynamics of Sy recovery arising due to the decay of the excited state system.

In this way, the TA measurement can probe temporal change of not only
the strongly emissive state (the S; here in Scheme 2.3) but also the weakly
emissive T1 and the non-emissive Sy. Therefore, combined application of the
TRF and the TA on one hand affords complementary information on the
electronic properties of the transient states and on the other hand generates direct
formation on the dynamics of conversions between the various transient species

in the photophysical processes.
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Scheme 2.3 Schematic diagram for the principle of fs- and ns-TA
measurement. The solid and dashed arrows represent radiative and non-radiative
transition, respectively. (S = singlet state; T = triplet state; VR = vibrational

relaxation; IC = internal conversion; ISC = intersystem crossing)

2.2.1.3 Background of ns-TA and ns-TRE spectroscopy

Given the limitation in detection time window (tens fs to 6 ns) of our fs
broadband time-resolved spectroscopy, to detect dynamic processes related to the

long-lived triplet state and those to the delayed fluorescence (DF) showed by the
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gold(l) oligo-phenyleneethynylene (PE) complexes, time-resolved methods with
ns time resolution covering detection time window from ns to pus have been

employed.

The principle of the ns-TA is in principle the same as that of the fs-TA
measurement (Scheme 2.3) except the difference in the detection time window
and the time resolution (mentioned above). The ns-TA is also capable of
monitoring the ESA and therefore the temporal evolution of transient excited
state species and at the same time repopulation of the Sy for recovery dynamics

of Sy resulted due to decay of the excited state species.

On the other hand, ns-TRE technique has been used to complement the
fs-TRF to allow measurement of transient emission in long timescale from
several ns to us. This for the systems studied in this thesis includes mainly the
phosphorescence (the red downward arrow in Scheme 2.4) from the T; formed
by ISC from the singlet manifold (Scheme 2.4) and the DF in the gold(l) oligo-
PE complexes. The capacity of ns-TRE to measure emission from weakly
emissive state, such as the triplet natured state, comes due to the relatively long
“gating” duration of the measurement. Unlike fs-TRF which has the “gating”
duration of tens fs, the gating duration in our ns-TRE measurement is no shorter
than 2 ns. The long “gating” duration allows the ns-TRE to be particularly
sensitive to weakly emissive state. To achieve the broadband measurement of ns-
TRE, we use an intensified charge-coupled device (ICCD) as detector; the
operation of ICCD is synchronized with the pump laser by using an electronic

delay device (Scheme 2.1). The “gating” duration of ICCD and the time delay
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between the “gating” and pump laser pulse can be controlled according to the

nature of emission of the studied molecular system.
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Scheme 2.4  Schematic diagram for the principle of ns-TRE measurement. The
solid and dashed arrows represent the radiative and non-radiative processes
respectively. (S = singlet state; T = triplet state; VR = vibrational relaxation; IC =
internal conversion; ISC = intersystem crossing; orange arrows: fluorescence; red

arrows: phosphorescence)

Details of the instrumental configuration for each of the methods
mentioned (i.e., the fs-TRF, fs-TA, ns-TRE and ns-TA) together with fs time-

resolved fluorescence anisotropy (fs-TRFA) will be given in sections 2.2.3 to
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2.2.7. The fs broadband time-resolved spectroscopy which has been used for
monitoring transient species in time regime from sub-ps to ns time region will
first be introduced. After that, ns time-resolved spectroscopic techniques

covering extensive time regime, from ns to pus will be presented.
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2.2.2 Femtosecond laser source

In general, our fs broadband time-resolved spectroscopic setup can be
divided into three major parts: (i) the laser system which serves as the light
source for producing the pump and probe pulses, (ii) a home-built TRF and TA
spectrometer composed of a time delay controlling unit and a sample
compartment for generation and probe of the transient species, and (iii) the

detection system for signal recording and data processing.

First, to achieve the fs time-resolution, a fs laser system is needed for
providing light source in the ultrafast time-resolved experiments. Our fs laser
system is consisted of three main sections as depicted in Scheme 2.5: (i) the
mode-locked Titanium:sapphire (Ti:sapphire) oscillator (Oscillator; Coherent,
Micra), (ii) the regenerative Ti:sapphire amplifier (Amplifier; Coherent, Legend-
Elite), and (iii) the wavelength tunable optical parametric amplifier (OPA; Light

Conversion, TOPAS-C).

In brief, a 800 nm laser pulse (~0.4 W, ~80 MHz repetition rate of the
pulse), called seeding pulse, is generated by the oscillator. This seeding pulse
then enters the regenerative amplifier for amplification. Synchronization between
the oscillator and the amplifier is achieved by using a synchronization and delay
generator (SDG). The amplified 800 nm output, which now has a power of ~3.6
W and 1 kHz repetition rate, leaves the amplifier and is split into two portions by
a beam splitter (BS in Scheme 2.5) which on one hand gives the desirable
wavelength of pump laser pulse by pass through the OPA and on the other hand
serves as the source for probe pulse to allow monitoring the broadband spectral

feature of the transient species.
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“Pump” “Probe”

Scheme 2.5 Schematic layout of the ultrafast laser system. (SDG =

synchronization and delay generator; OPA = optical parametric amplifier)
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2.2.2.1 Oscillator

As displayed in Scheme 2.6, the 800 nm seeding pulse for the time-
resolved experiment is generated in a fs Kerr lens mode-locked Ti:sapphire
oscillator (Coherent, Micra) which is pumped by a continuous-wave, intracavity-
doubled diode-pumped Verdi™ laser. Inside the Verdi cavity, a 1064 nm
fundamental laser pulse is first generated by a semiconductor diode laser using
Neodymium Yttrium orthovanadate (Nd:YVO,) as the gain medium. Frequency-
doubling of the 1064 nm laser pulse is achieved using a Lithium triborate
nonlinear crystal. This produces a continuous 532 nm laser (typical energy of
~4.5 W) as the output which is used to pump the Ti:sapphire rod (Ti:S in Scheme

2.6) inside the Micra oscillator cavity.

The oscillator itself employs the Kerr lens mode-locking technique
accompanied with an intra-cavity prism pair to generate the ultrafast pulses. The
Micra laser system is incorporated of the Verdi pump laser within the oscillator
cavity (Scheme 2.6). As illustrated in the diagram, the oscillator cavity is
constituted of a set of mirrors (M1 to M8), a pair of prism (PR1 and PR2), lenses
(L1 and L2), polarizer (P1) and other optical components (R1 and R2). The 532
nm output from the Verdi travels through the collimating mirrors (R1 and R2)
and is focused onto the Ti:sapphire rod (Ti:S) by the pump beam focusing lens
(L1). Automated initiation of mode-locking is achieved through the action of an
instantaneous nonlinear Kerr lens in the laser rod by the solenoid-driven movable
mirror mount (M1). The temporal dispersion (the so-called “chirp”) introduced in
the laser rod can be compensated by a pair of Brewster-cut fused-silica prisms

(PR1 and PR2). After adjusting the two prisms (PR1 and PR2) and the slit (Slit)

49



in the oscillator cavity which control the central wavelength and the bandwidth
of output laser, the final output laser pulse features a ~50 fs time duration, a ~65

nm bandwidth with the centre wavelength at 800 nm and a repetition rate of ~80

R1 532 nm Ve I‘dl
PlI M2
& L1 M6 Ti:S
i # s
800 nm I\iIS\ II M7
L2 \//\ >(1 M3
M4
\ PR1

- PR2 Slit
/
Micra o

MHz.

R1,R2  Pump beam routing optics | M1-M8  Oscillator cavity mirrors
P1 Polarizer Ti:S Ti:sapphire laser crystal
L1 Pump beam focusing lens | PR1, PR2 Prism pair

L2 Collimating lens

Scheme 2.6  Schematic diagram of the Micra oscillator cavity.
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2.2.2.2 Ultrafast Ti:sapphire amplifier

The 800 nm seeding pulse generated from the oscillator is then directed to
the ultrafast Ti:sapphire amplifier (Legend-Elite) for amplification (Scheme 2.5).
The amplification process is achieved by passing the input seeding pulse through
the Ti:sapphire crystal which is optically excited by a second harmonic (527 nm;
Scheme 2.7) of a 1054 nm Q-switched Neodymium Yttrium Lithium Fluoride

(Nd:YLF) laser (Coherent, Evolution) inside the Kilohertz Legend Laser System.

The Ti:sapphire amplifier is composed of three essential parts: (i) an
optical pulse stretcher, (ii) a Ti:sapphire regenerative amplifier (RGA), and (iii)
an optical pulse compressor. The amplifier employs the technique called chirped-
pulse amplification through which the input seeding pulse is first stretched,
amplified and then recompressed. Using this technique, the possibility of
damaging the optical materials can be avoided because in the first step the
incoming 800 nm laser pulse is temporally stretched and this lowers the peak

fluence of the laser pulse before it enters into the RGA cavity.

In practice, the seeding pulse entering the amplifier is first stretched in
the stretcher (Stretcher, Scheme 2.7). The stretching is achieved using a gold-
coated diffraction grating (Grating, Scheme 2.7), through which the higher
frequency (bluer) component of the seeding pulse is sent over a longer path than
the lower frequency (redder) component and thus stretching temporally the
seeding pulse. After that, the stretched laser pulse enters the RGA cavity in
which there is a Ti:sapphire crystal rod (Ti:S in Scheme 2.7) locating at the
centre of the resonator. The resonator is composed of the amplifier cavity mirrors

(M9-M13), two Pockels cells (PC1 and PC2), a quarter-wave plate (WP1) and an
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output polarizer (P2). The Ti:sapphire crystal is used as the gain medium and is
being pumped by the 527 nm laser from a 1 kHz Q-switched Nd:YLF Evolution

laser (the Pump input in Scheme 2.7).

After the gain of Ti:sapphire rod (pumped by the 527 nm laser) reaches
its maximum, a vertical polarized seeding pulse is allowed to enter the resonator
to start the amplification process. This is achieved by applying a voltage to the
input Pockels cell (PC1, Scheme 2.7). By using WP1 (Scheme 2.7), the
polarization direction of the input seeding pulse can be changed from vertical to
horizontal. In this mean, the seeding pulse can be trapped inside the resonator
(from M9 to M12 laser path) and allowed to multi-pass the Ti:S rod within the

resonator cavity for amplification.

The amplification can lead an input pulse of only a few nanojoules of
energy to experience a gain of over ~10° times and to have energy of over 1
millijoule (mJ). During the amplification process, other seeding pulses coming to
the RGA which has vertical polarization are rejected out of the resonator. After a
controlled number of round trips, the laser pulse trapped in the resonator is
allowed to leave through the output Pockels cell (PC2 in Scheme 2.7). By
rotating the polarization of the trapped pulse from horizontal back to vertical, the
polarizer (P2 in Scheme 2.7) working with PC2 allows the amplified laser pulse

to leave the resonator.

The timing for switch on of the two Pockels cells (PC1 and PC2, Scheme
2.7) to select the seeding pulse for amplification is controlled by the SDG
(Scheme 2.5). After the amplification, the laser pulse exiting the RGA is

temporally compressed in the compressor (Compressor, Scheme 2.7). The
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compressor operates reversely compared to the stretcher. The compression is

achieved by allowing the bluer frequency component to “catch up” the redder

frequency component and thus compresses the temporally stretched pulse into its

original duration (~35 fs) and featuring the centre wavelength at 800 nm but now

with a 3.6 W power and a repetition rate of 1 kHz.

Seeding Input
(from oscillator)

N

Stretcher \

Grating Gratingt]

800 nm

ad

Compressor 4

M11

A
.......... M13 ........ ; ................................ L.
Pump input >—-2
(527nm) _ -
Iris 2
N PC2
1 | — ]
]

| A
/ -
M9 WP1 PCl1

Iris 1 M10

Output

WP1 Quarter-wave plate

PC1  Switching-in Pockels cell
P2 Output polarizer

L3 Pump beam focusing lens

M9-M13 Amplifier cavity mirrors
Ti:S Ti:sapphire laser crystal
Iris 1, Iris2 Apertures

PC2 Switching-out Pockels cell

Scheme 2.7  Schematic diagram of stretcher, compressor and regenerative

amplifier (RGA) in the Ti:sapphire amplifier.
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2.2.2.3 Wavelength conversion

The amplified laser output from the RGA is wavelength tunable, but only
in a very limited range wavelength by about ~100 nm from the centre wavelength
(800 nm as mentioned above).? In this regard, the amplified 800 nm laser pulse
needs to be converted into the wavelength at UV region to allow photo-excitation
of the systems under study and investigation of the subsequent excited state
processes after the photo-excitation. The wavelength conversion is achieved
based on the optical parametric amplification and nonlinear optical technique by

using the OPA (TOPAS-C, Scheme 2.5).

Taking the 280 nm excitation wavelength in Chapters 3 to 6 as an
example, a portion of the amplified 800 nm laser led to the OPA is first
converted into two lower frequency counterparts called signal (1400 nm) and
idler (1867 nm) respectively. The desired 280 nm excitation is then generated by
frequency mixing of the adequately wavelength tuned idler laser with the 800 nm
fundamental (1867 nm + 800 nm — 560 nm) followed by second harmonic
generation of the frequency mixing laser output (560 nm — 280 nm). Before
leaving the OPA, laser line with unwanted wavelengths are filtered off by a
wavelength separator. The wavelength separator is composed of a set of dichroic
mirrors which allows selective reflection of radiation in the desired wavelength

range and with specified polarization direction.
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2.2.3 Femtosecond broadband time-resolved fluorescence spectroscopy

The broadband fs-TRF experimental setup was constructed according to
the method described in the literature.®> Briefly, the amplified 800 nm laser
pulse from the amplifier was split into two parts to allow production of the pump
and probe pulse respectively (Scheme 2.5). The pump pulse was generated from
one portion of the 800 nm laser pulse which is directed to the OPA for
wavelength conversion; the residue part of the 800 nm laser was used as the

probe beam to drive the Kerr-gate device.®’

The Kerr-gate device is composed of a 1 mm thick Kerr medium
(benzene contained in 1 mm quartz cell) equipped within a cross polarizer pair. It
was driven by the 800 nm probe pulse (also called the gating pulse) and
functioned as an ultrafast optical shutter to allow transient fluorescence spectrum
from the sample to pass through at designated time delay between the pump and

probe pulses.

The instrument response function (IRF) of the fs-TRF measurement is
wavelength dependent. It changes from ~0.5 ps to ~2 ps as the detection
wavelength varies from 600 nm to 280 nm. In order to avoid unwanted multi-
photon effect, the power of excitation laser was kept as low as possible with a

typical peak power of laser pulse being ~2 GW / cm?.
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Scheme 2.8 Schematic diagram for Kerr-gated fs-TRF and fs-TRFA
spectrometer. The pump and probe pulses are indicated in blue and red line
respectively. (M2 plate = half-wave plate; E1 & E2 = ellipsoidal mirror; P1 =

entrance polarizer; P2 = exit polarizer; K = Kerr medium)

Scheme 2.8 shows the general diagram of the fs-TRF experimental setup.
The excitation pump pulse (the blue line in Scheme 2.8) travels a fixed optical
path, and the power of the pump pulse can be adjusted through the attenuator. To
measure the full intensity TRF spectra and to eliminate unwanted effect caused
by rotation diffusion of the excited molecules, by using a half-wave (A/2) plate

(Scheme 2.8), the polarization direction of the excitation laser was adjusted to be

56



at the magic angle (54.7°) with respect to that of the entrance polarizer (P1) in the
Kerr-gate device. The excitation laser was then focused into the sample solution

which was being circulated within a 0.5 mm thickness flow cell compartment.

On the other hand, the 800 nm probe pulse (red line in Scheme 2.8) was
first directed into the optical delay line. The optical delay line is made of a pair
of retro-reflective mirrors installed on a motor-controlled movable stage (Scheme
2.8). The two retro-reflective mirrors are perfectly perpendicular to each other
and are properly oriented in order to direct the probe laser beam to and away
from the translation stage in a parallel manner. The motor-driven optical delay
line was used to vary the difference in optical path travelled by the probe laser
pulse in relative to the pump pulse (AL) and therefore to control the temporal
delay (At) of the probe with respect to the pump pulse. The relationship between

the time delay (At) and relative distance (AL) is:

At = Zi—l‘ where ¢ = 3x10" mm/s, is the speed of light.

After photo-excitation, the transient fluorescence from the sample
solution was first collected by an ellipsoidal mirror (E1 in Scheme 2.8) and
directed to the entrance polarizer of the Kerr-gate device (P1 in Scheme 2.8).
Transient fluorescence signal passing through the P1 was vertically polarized.
The vertically polarized fluorescence signal was focused into the Kerr medium
(K in Scheme 2.8) and was spatially overlapped with the 800 nm gating pulse. It
is noted that, without the gating pulse, the transient fluorescence signal would not
be able to pass through the Kerr-gate device, for the second polarizer (P2 in

Scheme 2.8) which has polarization direction perpendicular to that of the P1,
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would block the fluorescence signal. However, when the vertically polarized
transient fluorescence and the gating pulse are temporally and spatially
overlapped at K, the Kerr medium driven by the ultra-short gating pulse can act
temporally as a wave-plate (the Kerr effect) which is capable of rotating the
polarization of the incident transition fluorescence from vertical to horizontal and
thus allows the transient fluorescence to transmit through the exit polarizer, the
P2 in the Kerr-gate device. The transient fluorescence signal at designated time
delay after passing the Kerr-gate device was collected by a second ellipsoidal

mirror (E2 in Scheme 2.8) and was reflected into the spectrometer.

In the spectrometer, the fluorescence signal at different wavelength was
focused into the monochromator and detected by a liquid nitrogen-cooled charge-
coupled device (CCD) detector (Princeton Instrument). The digitized signal from

the CCD was then transferred to a desktop computer for further analysis.
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2.2.4 Femtosecond broadband time-resolved fluorescence anisotropy

The setup for measuring the broadband fs-TRFA is very similar to that of
the fs-TRF measurement (Scheme 2.8).> The key difference between the TRFA
and TRF setup is that the sample in fs-TRFA measurement is excited with a
polarized light with the polarization direction being either parallel or
perpendicular with respect to the direction for detection. In practice, this is done
by using a A/2 plate to set the polarization direction of the excitation pump laser
to be either parallel or perpendicular with respect to the polarization direction of
the P1 in the Kerr-gate device. The intensity of the transient fluorescence
acquired at a designated delay time (t) with the polarization of pump laser
parallel and perpendicular to the P1 is denoted as lpara(t) and lperp(t) respectively.
The time-resolved anisotropy value at that time delay, r(t), is then calculated

according to the following equation:®

_ (I para(t) -1 perp (t))
O © 721 0)

It is worth noting that the anisotropy (r(t)) is a dimensionless quantity
which is independent of the total fluorescence intensity of the sample. The
measurement of TRFA can be classified as an intensity ratiometric measurement
which reveals the average angular displacement of the fluorophore that occurs

between the absorption and the subsequent emission process.

Ideally, the r(t) would be equal to 1 according to the above equation if the
absorption and emission polarization are parallel to each other, i.e. lpara(t) = 1 and
loerp(t) = 0. However, for sample molecules which are distributed randomly in

homogeneous solution, the theoretical maximum value of the anisotropy is 0.4,
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even for the case where the absorption and emission transition moments are
collinear and there are no involvements of other depolarization processes.? It is
well accepted that an observation of r value lower than 0.4 is indicative for a loss
in the anisotropy due to an angular displacement between the absorption and the
emission transition or caused by other depolarization processes, such as the
rotational diffusion of the excited state molecule or energy transfer between

states of different polarization directions.
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2.2.5 Femtosecond broadband transient absorption spectroscopy

The broadband fs-TA experimental setup was constructed with reference
to the literature.®® Like in fs-TRF measurement; the sample in fs-TA
measurement was also excited by the 280 nm excitation pump pulse. In the TA
measurement, the probe pulse was an ultra-short WLC pulse which was
generated by focusing the residual part of the amplified 800 nm laser pulse into a
rotating calcium fluoride (CaF,) plate. In our measurement, the WLC pulse has

wavelengths covering a range from ~290 nm to 750 nm.

Similar to that in the TRF measurement, the excitation power in the fs-
TA measurement was also kept as low as possible with a typical laser pulse peak
power of ~2 GW / cm?. This was done to avoid unwanted multi-photon effect to
interfere with the measurement. Also, the IRF of fs-TA measurement is
wavelength-dependent; it varies from ~100 fs to ~300 fs when the detection

wavelength changes from 750 nm to 290 nm.
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Scheme 2.9  Schematic diagram for the fs-TA experimental setup. The pump
and the probe pulse are indicated in blue and red line respectively. (A/2 = half-

wave plate; CaF, = calcium fluoride plate; E1 = ellipsoidal mirror)

Scheme 2.9 shows the schematic diagram of the fs-TA system. After
generation, the 280 nm excitation pump pulse (blue line in Scheme 2.9) travels a
fixed optical path with its power adjusted by using an attenuator (Scheme 2.9).
The excitation laser was then focused into a 0.5 mm thickness of sample solution.

By using a A/2 plate (Scheme 2.9), the polarization of excitation laser was set to
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be at the magic angle (54.7°) with respect to that of the WLC probe pulse to

remove unwanted effect due to such as the rotational diffusion.

On the other hand, a portion of the 800 nm laser pulse (red line in Scheme
2.9) first passed through the movable optical delay line for varying the time delay
between the pump and probe pulse. Then, the 800 nm laser pulse was focused
into a 1 mm thick CaF, plate which generates the ultra-short WLC pulse (WLC
in Scheme 2.9). In order to avoid damage to the CaF, plate, the plate was
attached on a motor and was set to rotate with a frequency of a few Hertz. The
wavelength range of the WLC is from ~290 to 750 nm. The WLC after
generation was, by using an ellipsoidal mirror (E1 in Scheme 2.9), collected and

focused on the sample cell.

In order to improve the signal-to-noise (S/N) ratio of the fs-TA
measurement, the WLC probe pulse was split into two beams of similar intensity,
called the probe beam and the reference beam (Scheme 2.9). The two beams
were then focused into two different positions of the sample solution. The probe
beam when focused to the sample was aligned to overlap with the pump beam;
while the reference beam was focused on the portion of sample which was not
excited by the excitation pulse. The two-beam method (the probe and reference
beam) was used to help minimizing the unwanted effect caused by power
fluctuation of the laser pulses and thus enhanced the sensitivity and the S/N ratio

of the fs-TA measurement.

After passing through the sample solution, the probe and reference beams

were directed into the spectrometer. The two beams were recorded separately by
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the liquid nitrogen-cooled CCD detector to produce digitized signal which was

readout to a desktop computer.

To obtain fs-TA spectrum, a shutter (Scheme 2.9) was placed at the
optical path of excitation pulse to control the timing for photo-excitation of the

sample solution. The excitation induced change in absorbance, AOD(4,t), at a

certain wavelength (1) and a particular delay time (t) can be derived from the

signal, 1(4,t), recorded from the pump and the reference beam. Let the intensity

of signal from the probe and reference beam be Igr(ﬂ,t) and 1 (xl,t)

respectively in the absence of the excitation pump pulse (denoted by “0” index);

and the corresponding signal intensity in the presence of excitation (denoted by

“p” index) be Ig’,(}t,t)) and 12 (4,t), respectively. The AOD(4,1) can then be

calculated according to the following formula:
15 (4.t
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2.2.6 Nanosecond time-resolved emission spectroscopy

The overview of ns-TRE measurement is depicted in Scheme 2.10. The
setup of ns-TRE is similar to that of the fs-TRF (Scheme 2.8).*® Like in the fs-
TRF, ns-TRE also used the 280 nm excitation pulse which was generated from
the OPA and was focused into sample solution which is contained in a sample
cell of 1 cm thickness. Prior to excitation of the sample solution, the pump laser
pulse travelled through a fixed optical path and was attenuated to a suitable
power to avoid the unwanted effects such as the multi-photon excitation and
photo-degradation. Similar to that in the TRF, during the measurement of ns-
TRE, the sample solution was being circulated in a flow cell compartment but

under deareated condition.

In the ns-TRE measurement, transient emission from photo-excited
sample was collected via a pair of ellipsoidal mirrors (E1 and E2, Scheme 2.10)
and was directed into the spectrometer for detection. Instead of using the 800 nm
laser pulse to drive Kerr-gate to work as an optical shutter and the use of
mechanical optical delay line to vary the time delay between the pump and the
probe pulse as in the fs-TRF measurement (Scheme 2.8), the ns-TRE
measurement used the ICCD detector based on the so-called time gating

technique (Scheme 2.10).

The ICCD detector is mainly consisted of a microchannel plate (MCP)
and a CCD detector. The MCP is placed in front of the CCD detector. In
principle, the ICCD detector is an “intensified” CCD detector where the signal is
amplified by the MCP before translated to the CCD detector. The magnitude (or

the gain) of the amplification can be adjusted by changing the voltage across the
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MCP. The signal detected by the CCD is read out to a desktop computer for

storage and further analysis.

To enable detection of ns-TRE at varied delay time after the photo-
excitation, the operation of ICCD was synchronized with the fs laser system. The
synchronization was achieved by sending an electronic gating pulse to the MCP
of ICCD to allow incoming emission signal to pass through and strike the CCD
detector. In this way, the time delay between the excitation and the ICCD
detection can be controlled manually. In addition, the time duration for the ICCD
to collect the incoming emission signal (called the gate width) can also be
manually adjusted. Limited by the electronic response time, the fastest possible

time resolution of the TRE measurement is ~2 ns.
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2.2.7 Nanosecond broadband transient absorption measurement

The setup for ns-TA measurement was constructed similarly to that of the
fs-TA experiment (Scheme 2.9) and was described in the previous studies.?
However, unlike in the fs-TA measurement which used the 280 nm excitation
pulse, excitation in ns-TA was achieved using a 266 nm pulse with ~1 ns pulse
duration produced by a Q-switched Nd:YVO, laser. The 266 nm excitation pulse
was the fourth harmonic of the 1064 nm fundamental from the Nd:YVO, laser.
The excitation pulse was synchronized to the fs-TA laser system and the fs-TA
spectrometer to enable detection of the broadband TA spectra at timescale from

several ns to microseconds.

In the ns-TA experiment, the power of 266 nm excitation laser was
attenuated to a suitable power and, by using the A/2 plate, polarization direction
of 266 nm laser was adjusted to be at magic angle (54.7°) with respect to the
WLC probe pulse. The 266 nm laser was then focused into the sample solution
and was aligned to overlap with the probe beam at the sample solution. Like that
in the fs-TA measurement, the sample compartment in the ns-TA measurement
was 0.5 mm thickness but under deareated condition. Instead of the optical delay
line in the fs-TA, the digital delay and pulse generator (DG535, Stanford
Research Systems) was used to synchronize and to control the time delay

between the 266 nm excitation pump pulse and the WLC probe pulse.

Like in the fs-TA, the transient signals from the WLC probe and
reference beams were recorded separately by the liquid nitrogen-cooled CCD

detector and were readout to a computer for storage and analysis.
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2.3 Steady State Measurements

All the steady state measurements were performed at room temperature and

atmospheric pressure.

2.3.1 Steady state absorption measurement

For steady state measurement, the UV-visible absorption was measured
by Hitachi U-3900H spectrometer in wavelength range from 200 nm to 400 nm
with a 2 nm spectral band-pass. The UV-Visible absorption measurement of the
sample in each of the solvent was performed in a 1cm path-length quartz cell;
and the absorption spectrum was obtained by subtraction of the corresponding

solvent spectrum from the spectrum of sample solution.

2.3.2 Steady state fluorescence measurement

The steady state fluorescence spectrum was acquired by a Jobin Yvon
Fluoromax-4 spectrofluorometer. The spectra were recorded in wavelength range
from 290 nm to 700 nm. The spectral band-pass for the excitation and the
emission was both set at 3 nm and the integration time for collection of the
spectrum was 0.1 s. The fluorescence from sample solution and solvent were
measured separately using a 2 mm path-length quartz cell. For the measurement
of sample solution, the concentration of the sample is ~10* — 10° M. The
fluorescence spectrum from the sample was obtained by subtracting the

corresponding solvent spectrum from the spectrum of sample solution.
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For fluorescence spectra that cover wavelengths from near-UV (290-400
nm) to visible region (400-700 nm), two separate measurement was made in the
absence and presence of a 400 nm long-pass filter at the emission side of the
sample solution. The overall emission spectrum was reconstructed by jointing the
two corresponding spectra manually. To do this, the two spectra were first
intensity normalized and then combined at the wavelengths which were covered
in both the spectra. Also, the unwanted signal such as the second order of
excitation light source and the solvent Raman band were removed to avoid

interfering with the fluorescence spectrum.

To avoid photo-degradation of the sample in the irradiation, the sample

was stirred continuously in the course of the measurement.

2.3.3 Fluorescence quantum yield measurement

Fluorescence quantum yield (®5) was measured based on the comparative
method which used a compound with known ®: as the standard. Parallel
fluorescence measurement under the same experimental condition was performed
for the standard and the sample solution with known concentration. In the current
measurement, 5-methyl-2’-deoxycytidine in pH7 buffered water was used as the
standard (@ = 5.6 x 10™).? The ®; of the sample solution was then derived

according to the following equation:
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where Fx and Fs is the integrated intensity of the acquired fluorescence spectrum
for the sample and the standard, respectively; Ax and As is respectively the
absorbance at the excitation wavelength of the sample and the standard, ny and ns
is the refractive index of the solvent used for the measurement of the sample and
the standard, respectively, and the ®fx) and @) is the fluorescence quantum

yield of the sample and the standard respectively.

To minimize the uncertainty caused by the re-absorption effect, the
absorbance for the sample solution and the standard solution at the excitation

wavelength were controlled to be equal or slightly less than 0.1.
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2.4  Spectra Calibration and Data Analysis

For all the time-resolved spectra presented in the subsequent chapters, the
transient spectra at different pump-probe time delay were obtained by
appropriate subtraction of the signal from the probe-before-pump time delay. In
the fs time-resolved measurements, the fs-TRF spectra were calibrated in
regarding the sensitivity variation at varied emission wavelengths covered by the
measurement. For both the fs-TA and fs-TRF spectra, calibrations were done to
eliminate the wavelength dependent time shift caused by the group velocity
dispersion (GVD). GVD arises due to light of different wavelength travels at
different speed through the same medium; light of shorter wavelength which has
a higher index of refraction travels slower than light of longer wavelength.?*

This leads to the so-called "chirp effect".

Practically in the fs-TA, the WLC probe beam, after generation, shows
GVD when it passes through the CaF, plate and the several optical elements
through which it travelled (e.g. the cell window). As a result, the different
spectral components of the WLC spread in time and interact with the sample
molecules at different time. On the other hand, in the fs-TRF measurement, both
the sample cell window and the several optical components used for collecting
the fluorescence emanated from the sample may contribute in causing the GVD,
i.e., the transient fluorescence of different wavelength reaches the detector at
different time. As a consequence, the raw time-resolved data of both the fs-TA
and the fs-TRF shows a strong wavelength-dependent “time-zero” in the sub-ps
time scale (Scheme 2.11). In order to minimize the GVD, the thickness of the

cell window and the involved optical components were kept as thin as possible.
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Scheme 2.11 Schematic diagram showing the fs-TA data at sub-ps delay time
before (a) and after (b) the GVD correction. The arrows indicate the temporal

evolution.

For fs-TRF as well as fs-TA, the spectra recorded were corrected for the
wavelength dependendent time shift caused by GVD before data analysis. It was
done by conducting a parallel time-resolved measurement for a reference
compound (e.g. trans-stilbene) under the same experimental condition.
Regarding the wavelengths covered by our time-resolved measurements (from

~290 nm to 750 nm), the relation between the value of the temporal shift (5t) and
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wavelength (1) can be linked up by using a quadratic equation, 5t = aA>+ b\ + c;
where a, b and c are three different scaling factors related to the optical
arrangement and solvent used in the experiment.!! By adjusting these three
factors (a, b and c), a “calibration curve” for the wavelength dependent time shift
covering the range of detection wavelengths can be constructed. It was then acted
as a paradigm to provide a proper time shift correction for the samples and hence
restored the spectral and temporal evolution of the transient spectra at the sub-ps

decay time (Scheme 2.11 (b)).

Kinetic analysis of the intensity decay profile (S,(t)) obtained from the
recorded transient spectra at a certain wavelength () was done by convolution of
the IRF, represented by g(z), with an exponential function, represented by F,(t),

as showed in equation 2.1:

Si('[)=.|._t g(r)Fl(t—r)dz' eq. 2.1
where the g(r) is assumed to follow the Gaussian function:

1

g(r):%exp[—{(t—ro)/a}z] F.(t) is multi-exponential ~ function
/el .

F(t—7)=> ae " with the 7 being the time constant and a; the relative

amplitude associated with the component ;.

With the g(z) being the Gaussian function and F,(t-z) being the multi-
exponential function, eq. 2.1 can be derived analytically to the following form

which is in fact corresponding to the so-called error function (erf, eq. 2.2).*
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eq. 2.2

where the 14 is the time-shift which can be used to determine the absolute time-

zero. The full width half maximum of the experimental response (tm) can be

related to the ¢ in eq. 2.2 by o = m
1.6651

. Besides, the parameters tj, v and 1o

can subsequently be evaluated using the least-squares fitting procedure of eq. 2.2.
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2.5 Sample Information and Materials

The sample DMABME and DMABEE was purchased from Lanchester
and Aldrich respectively. The gold(l) oligo-PE complexes were provided by
Professor Chi-Ming Che’s research group in the Department of Chemistry of the
University of Hong Kong. Spectroscopic grade solvents, acetonitrile and
methanol, were purchased from Tedia. The isotopic-modified derivatives of
methanol (CH3OD and CD3;OD) were purchased from Cambridge Isotope

Laboratories. All the chemicals were used without further purification.

All the time-resolved spectroscopic measurements were done in solution
phase and performed at room temperature under atmospheric pressure. For the fs-
TRF and fs-TA experiments, ~0.5-1.5 mM sample solution was circulated in a
~0.5 mm path-length flow cell throughout the experiment to furnish fresh sample
for every laser exposure. The flow cell compartment is ~0.5 mm thickness
sandwiched between two 0.5 mm thick CaF, windows. To avoid photo-
degradation, ~20 ml sample solution was circulated through the sampling cell
which was connected through Teflon hoses to a stainless steel pump. The flow
rate of the sample solution was controlled to be sufficiently high to ensure a fresh

proportion of sample being exposed to each of the excitation laser pulse.

In the ns-TA and ns-TRE measurements, ~40 ml sample with
concentration of ~10-50 uM was circulated in a 0.5 mm path-length and | cm
path-length flow cell respectively. To avoid the oxygen quenching effect, the
sample solution was purged by nitrogen gas for at least 20 minutes prior to and

throughout the time-resolved measurements.
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In all time-resolved measurements, the sample solutions were monitored
by UV-visible absorption before and after the experiments to ensure no photo-

degradation of sample during the time-resolved experiments.
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Chapter 3 Ultrafast Broadband Time-Resolved Study on
the Excited States of Methyl-4-dimethylaminobenzoate in

Acetonitrile

3.1 Results

3.1.1 Steady state absorption and fluorescence spectroscopy

Figure 3.1 depicts the steady state UV-visible absorption and
fluorescence spectra recorded for methyl-4-dimethylaminobenzoate (DMABME)
in acetontitrile; also shown in the figure are the molecular structure of
DMABME and the transition polarization direction for the L, and Ly, nn* state,
respectively. It is clear from the figure that the UV-visible absorption profile
features two absorption bands peaking at wavelength maximum (Amax) ~225 nm
and Amax ~310 nm respectively. Among the two bands, the Amax ~310 nm band
ranging from ~270-330 nm is much stronger with the molar absorptivity
maximum (ema) Of ~2.3x10% M™* cm™. According to the literature, the band is
attributable to a combined contribution due to two strong and closely overlapping

transition the So— L, and Sq — Lp.13

The steady state fluorescence spectrum (Figure 3.1) shows two partially
overlapped emissions bands, one is the so-called normal “blue” peaking at ~350
nm and the other the anomalous “red” fluorescence peaking at ~500 nm. The
spectrum acquired here is closely resemble to that reported in the literature for

closely related dual emission molecule in solvent of similar property.” The
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“blue” and “red” fluorescence band can therefore be attributed to the locally
excited (*LE) and intramolecular charge transfer (*ICT) state, respectively. The
spectral data obtained for DMABME and the closely related ethyl-4-

dimethylaminobenzoate (DMABEE) are summarized in Table 3.1.
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Figure 3.1  Steady state UV-visible absorption (red) and 280 nm excited
fluorescence (blue) spectra of DMABME in acetonitrile. The inset shows the
molecular structure and the polarization directions for the So — L, and Sp — Ly,

transitions.

81



Table 3.1 Photophysical parameters obtained for DMABME and DMABEE

in acetonitrile. ® Ref. 5. ° Ref. 14. ¢ Ref. 15.

[E ICT
Emax habs M At TLE TicT TT

Micm* /m /am  /am  Jps  lps /s

DMABME | ~22800 ~308 ~350 ~500 ~0.8 ~1900 ~4 2.6x10~

©2.9x107

DMABEE | ~23200 ~307 ~350 ~500 ~1.1 ~1600 2.8x107
20.92 ©1.7x107

©2.3x107

3.1.2 Femtosecond time-resolved fluorescence spectroscopy

In order to characterize temporal evolution of the 'LE and *ICT states and
to determine the spectral character and the conversion dynamics between these
two excited states, fs-TRF experiment was first performed; the result obtained is
delineated in Figure 3.2. Considering the large difference in the relative intensity
of fluorescence signal, the time-resolved spectra are shown separately in two
different time regimes, 0-5 ps (Figure 3.2(a)) and 5-5000 ps (Figure 3.2(b)).
From Figure 3.2(a), it is clear that, instantly after excitation, a single emission
band with Anax at ~350 nm dominates the spectral window. This transient
fluorescence signal then decays rapidly and evolves within 5 ps into a much
weaker and red-shifted emission band with Amax at ~500 nm (Figure 3.2(b)). After
this, the Amax ~500 nm signal decays in a slower time scale and vanishes at ~5000

ps after the excitation. Based on the spectral profile and the maximum emission
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wavelength, it is straightforward to assign respectively the Amax ~350 nm and Amax
~500 nm emission band to the 'LE and *ICT state observed in the steady state
fluorescence measurement (Figure 3.1). Of note, the drastic drop of the “blue”
'LE emission and the rapid growth of the “red” *ICT emission is accompanied by
an isoemissive point at ~520 nm (inset in Figure 3.2(a)), manifesting a precursor-
successor relationship between the two excited states. This direct spectral
observation provides an explicit evidence for the rapid conversion from the *LE

to the *ICT state through ICT reaction.
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Figure 3.2  Broadband time-resolve fluorescence spectra of DMABME in
acetonitrile recorded at 0-5 ps (a) and 5-5000 ps (b) after 280 nm excitation. Note
the difference in the relative intensity scale between the spectra in (a) and (b).
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The inset in (a) shows the isosbestic point observed as temporal evolution of the

spectra. The arrows indicate temporal evolution of the spectra.

The time constant for the ICT reaction from the 'LE and 'ICT state and
the ensuing decay dynamics of the 'ICT state can be derived by analysis of
kinetic decay profiles of the 'LE and *ICT state fluorescence at representative
wavelengths. Figure 3.3(a) shows the kinetic decay profiles obtained from the
TRF spectra (Figure 3.2) at ~360 and ~560 nm, representing the *LE and *ICT
state respectively. Global analysis of the experimental data reveals a common
~0.8 ps time constant for the decay of the 'LE and the growth of the *ICT
emission signal and a time constant of ~1.9 ns for the subsequent decay of the
YICT state. The ~0.8 ps time constant obtained is close to the ~1 ps time constant
reported in the literature for DMABEE in the same solvent,>® implying that the

ICT rate is little affected by the alkoxycarbonyl group of the molecule.
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Figure 3.3  Experimental (o, A) and fitted (—) Kinetic decay profiles of TRF
(@ and TA (b) at indicated wavelengths for 280 nm excited DMABME in

acetonitrile. The insets show the decay profiles at longer decay time up to ~6 ns.

3.1.3 Femtosecond time-resolved fluorescence anisotropy spectroscopy

Fs-TRFA experiments were performed to investigate the electronic origin

for both the 'LE and 'ICT state. Figure 3.4 displays the anisotropy spectra r(t)
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obtained in wavelength range from ~330 nm to ~550 nm and at three
representative delay times, 0.5, 5, 50 ps, after the photo-excitation. The TRFA
spectra present two important features. First, the r value is independent of the
emission wavelength at each of the measured time delay. Second, the r(t)
spectrum at 0.5 ps after excitation, i.e. r(0.5 ps), display a r value of ~0.3. The
value of r(t) decreases as increase of time delay, being ~0.20 at 5 ps and ~0 at 50

ps after the excitation.

The first observation provides direct evidence that, at each of the three
delay times, the transient fluorescence signal is originated due to state of the
same electronic polarization character.»*"® Given the ~0.8 ps ICT time constant,
the result of r(0.5 ps) indicates compellingly for a common electronic origin of
the 'LE and *ICT state. At 0.5 ps after excitation, the ICT reaction proceeds and
transfers the excited state population from the precursor LE state to the
successor 'ICT state in nearly halfway through. The 'LE and ICT states should
both have a sufficient excited state population and respectively shows
significantly contribute to the “blue” and “red” region of the acquired transient
fluorescence anisotropy spectrum. If the 'LE and *ICT states were different in the
electronic polarization, the ICT reaction would be considered as a fluorescence
depolarization process and as a result would lead to a significant decrease in the r
value in the “red” compared to the “blue” region of the fluorescence anisotropy.
This is, however, not observed in our experimental data. The wavelength
independence of the r(0.5 ps) spectrum across wavelength from 330 to 550 nm

requires a common electronic origin for the *LE and *ICT state.

86



Given the fact that the *ICT state is inherently of the L, character,** the
'LE and *ICT states now found to have the same polarization direction is
indicative of the 'LE state being also of the L, in electronic nature. In other
words, both the *ICT and the 'LE state are of the L, in the electronic parentage.
Within this context, it can be inferred from the high r value (~0.3) at ~0.5 ps that
the absorption at 280 nm excitation is accounted for mostly by the L, associated
transition along the long molecular axis (Figure 3.1). The deviation from the
theoretical value (0.4) of the r(0.5ps) can then be attributed to originate from
subtle contribution of the L, state for absorption at 280 nm and an well-expected
ultrafast (in fs timescale) internal conversion (IC) from L, to L, occurring due to

the energy proximity between the two states, 3%

o

IN
|
o
(&)

o
o

(

O
[ —
|

Anisotropy, r
O
s .

|

350 400 450 500 550
Wavelength (nm)

Figure 3.4  Broadband time-resolved fluorescence anisotropy spectra of

DMABME in acetontirile recorded at 0.5, 5, 50 ps after 280 nm excitation.
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Regarding that, irrespective of the delay times, the fluorescence emission
is due to the state of L, parentage, the progressive drop in anisotropy value from
~0.3 at 0.5 ps to ~0.2 at 5 ps and then ~0 at 50 ps can be ascribed to originate
from the overall rotational diffusion of the excited molecule.>”® The timescale
for the loss of anisotropy observed here is close to the tens ps rotational diffusion

time reported for the molecule of comparable size.™

3.1.4 Femtosecond to microsecond transient absorption spectroscopy

In order to provide complementary information on the ICT dynamics and
to probe directly the decay channel of the *ICT state as well as the nonradiative
processes related to the intersystem crossing (ISC) and subsequently formed
triplet (3T.) state, transient absorption (TA) measurement covering timescale

from fs to pus were performed. The data acquired are depicted in Figure 3.5.

Promptly after the excitation, the initial TA profile (Figure 3.5(a))
features a sharp positive absorption at ~330 nm accompanied by a negative
signal at ~360 nm and a broad positive absorption at wavelength from ~410 nm
to 700 nm. The spectrum then evolves into a new profile which features also the
positive ~330 nm absorption and the negative signal ~360 nm but with a clear
added new positive absorption band at ~450 nm from ~0 to 100 ps time delay
(Figure 3.5(a)). This spectral evolution takes place with an isosbestic point at

~495 nm.

TA time profile obtained at ~560 nm and ~380 nm for the decay of early

spectrum and rise of later spectrum is displayed in Figure 3.3(b). Global analysis
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of the ~560 nm and ~380 nm TA time profiles gives a time constant of ~0.8 ps,
which coincides with the time constant for the ICT reaction obtained from the
TRF measurement (Figures 3.2 and 3.3(a)). On the basis of this, it is clear that
the above described temporal evolution of the TA spectrum is brought about by
the ICT reaction; and as a result, the initial (~0 ps) TA spectrum can be ascribed
to the 'LE state and the late (~100 ps) TA spectrum the 'ICT state. Recalling that
the 'LE state featuring fluorescence with Amax~360 nm (Figures 3.1 and 3.2(a)),
the ~360 nm negative signal in the early time (<1 ps) TA spectra can be
attributed to arise due to the contribution of stimulated emission from the LE

state.
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280 nm ((a) and (b)) or 266 nm ((c) and (d)) excitation. The arrows indicate

temporal evolution of the spectra.

Figure 3.5(b) displays temporal evolution of TA after the formation of
YICT state. It can be seen that the *ICT state spectrum which features the ~330
and ~450 nm positive absorptions decays in hundreds to thousand ns into a
profile that shows positive absorption with Amax at ~430 nm and an extended
absorption tail across long wavelength region from ~500 nm to 700 nm (the
~6000 ps TA spectrum in Figure 3.5(b)). This spectral transformation proceeds
with two isosbestic points at ~360 and ~500 nm. The Amax ~430 nm TA spectrum
persists with little change in intensity up to ~6 ns, indicating a long-lived
character of the corresponding species. Analysis of the TA time profiles at 380
nm and 560 nm resulted in a time constant of ~1.9 ns for the spectral
transformation (inset in Figure 3.3(b)). This time constant matches exactly with
the decay time of *ICT state derived from the fs-TRF measurement (inset in

Figure 3.3(a)).

Figure 3.5(c) depicts TA spectra obtained at ns to ps in acetonitrile under
open air environment. It is noteworthy that the ~430 nm species shows little
absorption at wavelengths <330 nm where the Sy absorbs. Therefore, temporal
evolution of the negative signal at wavelength <330 nm, which is due to the Sy
bleach, can be used to acquire dynamics for recovery of the Sy. The result of TA
time profile at ~430 and ~310 nm for the decay of ~430 nm absorption and

recovery of Sy bleach is shown in Figure 3.6(a). Obviously, the dynamics of
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transient species decay correlates well with the recovery of Sy bleach, they can be

described by a common time constant of ~50 ns.
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Figure 3.6  Experimental (o, A) and fitted (—) kinetic of ns-TA at 310 nm
and 430 nm with 266 nm excitation of DMABME in acetonitrile under open air

condition (a) and purged with nitrogen gas (b).
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Parallel TA experiment was performed for the same sample system but
with the sample solution being purged with nitrogen gas to reduce the effect of
oxygen quenching. The TA spectra obtained are displayed in Figure 3.5(d). It can
be seen that the TA spectra are nearly identical to those in Figure 3.5(c) except
that the spectra decay in much slower timescale under nitrogen purge condition.
Kinetic analysis of TA time profiles at ~310 nm for the Sy recovery and ~430 nm
for the transient species decay leads to a time constant of ~4 us (Figure 3.6(b)),

about 80 times slower than that under the open air condition.

The much faster decay rate of the ~430 nm transient spectrum in oxygen
richer condition (the open air environment) suggests a >T; nature for the related
species. Considering a typical ~10° M oxygen concentration under the normal
air condition,*” the decay rates observed at the open air and nitrogen purged
condition suggests a diffusion-controlled process with the oxygen quenching rate

of ~10° s M under the open air condition.*
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3.1.5 Deactivation cascade for photo-excited DMABME in acetonitrile

*
82 Ly,

ILE (L,, nn*), ~0.8ps
LUCT (L), ~1.9ns

3T, (™), ~4us

280nm

Scheme 3.1 Proposed deactivation pathways for photo-excited DMABME in

acetonitrile.

Integrating the results of the steady state and time-resolved (TA and TRF)
measurements, the deactivation cascade for photo-excited DMABME in
acetonitrile can be constructed and is summarized in Scheme 3.1. After
absorbing the 280 nm excitation, the molecule is promoted to the strongly
allowed 'L, mn* state, i.e. the 'LE observed in the fluorescence spectra. The 'LE
state undergoes ICT reaction with ~0.8 ps time constant giving a charge
separated 'ICT state. The *ICT state then converts through I1SC to the *T; with
~1.9 ns time constant. The *T; state decays into the So with time constant of ~50

ns under open air condition or ~4 ps in nitrogen purged environment.
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3.2 Discussion

3.2.1 The ICT reaction and electronic origination of *LE and *ICT states of

DMABME in acetonitrile

The successive 'LE(Ls) — *ICT (L) — >T; deactivation pathway and the
spectral and dynamic characterization of the excited states presented in the result
section provides direct evidence for describing the hitherto unclear ICT reaction
of DMABME in polar aprotic acetonitrile solution in one hand; and the ISC

process of this para-substituted aromatic carbonyl compound on the other hand.

The fs-TRFA data in Figure 3.4 provides unequivocal evidence that the
'LE and ICT state feature a common electronic origin, the L, in nature. This
result leads strong support to the twisted ICT (TICT) model in predicting the ICT
pathway for para-alkyl-dimethylaminobenzoates in acetonitrile.*** The minute
involvement of L, state in the ICT reaction casts doubt on the state coupling

model >

According to the steady state absorption and the extinction coefficient (g)
in Figure 3.1 and Table 3.1, the radiative rate (k) of photo-populated *LE(Ly)
state can be estimated to be ~10" s (i = emax X Avy2; €max= ~10* cm™ M™% Avyy
= ~10° cm™, is the half-width of the absorption band),*? consistent with the
reported value of similar donor-acceptor (D-A) systems.! On the basis of the
energy gap law and with reference to closely related systems,*? it is reasonable

that the 'LE state, which is ~3.5 eV (E = @; A =~350 nm) above the Sy, may

have little possibility to deactivate in rapid time scale through IC back to the S,.

This plus the rapid rate (~0.8 ps) of the ICT reaction is indicative for a close to

95



unity population transfer from the 'LE to 'ICT state. Within this context, the
large decrease in TRF intensity (100 cf. 4) as system evolving from the 'LE to
Y|CT state (Figure 3.2) reflects that the k¢ of *ICT is ~25 times smaller than that
of the *LE state. This implies a substantial forbidden nature of optical transition
associated with the 'ICT state, which is in agreement with the full charge
separation character of the zwitterionic form proposed for ICT state of related
D-A systems."** In this regard, the ~0.8 ps ICT reaction can be considered an
efficient nonradiative process that quenches effectively the radiative decay of the
ILE state. The presence of this effective decay channel offers an explanation for
the rather small fluorescence quantum yield (®5) (on the order of 10%) displayed
by this molecule and its related ester analogues (Table 3.1).%*** Furthermore,
the ~0.8 ps ICT reaction also explains the spectral profile of steady state
fluorescence in Figure 3.1. The much larger contribution of the *ICT than *LE
emission in the steady state fluorescence is accounted for by the much longer
lifetime of the *ICT (~1.9 ns) than 'LE state (~0.8 ps) which overcompensates

inherently low radiative rate of the former than latter state.

It is essential to note two aspects of the ICT reaction, which are under
extensive discussion for DMABME and related D-A molecules in the literature.
One is about the reaction coordinate, in particular the role of solvent in the ICT

reaction: and the other the structural conformation of the ICT state.'®

As for the reaction coordinate, considerable attention had been paid on
the interplay between the intramolecular structural motion and the dynamic
solvent relaxation in promoting the ICT.»*%'?3 The ~0.8 ps ICT reaction time is

longer than the ~0.26 ps solvent reorientation time reported for acetonitrile.? It is
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therefore plausible that the inner-sphere structural variation makes the major
driving force for the ICT reaction. In this regard, the massive Stokes’ shift
(~8500 cm™) observed for the fluorescence from *ICT (~500 nm; 20000 cm™)
than LE (~350 nm; 28500 cm™) state (Figures 3.1 and 3.2 and Table 3.1)
indicates a large scale of conformational change induced by the ICT reaction.
This is in supportive for the entropy activation controlled process proposed by

the TICT model for the ICT reaction of para-alkyl-dimethylaminobenzoates.”

As for the conformation of *ICT state,"**??° it should be noted that, in
recent years, a number of models have been proposed for conformation adopted
by the *ICT state for explaining the anomalous “red” emission showed the D-A
molecules. The twist conformation proposed by TICT model and the planar
conformation by state coupling model (Planarized ICT (PICT) model) in
describing relative orientation of the D versus A moiety are among the most
discussed models in recent literature."*" Although most of the experimental
and theoretical studies support the TICT model,“*®?®3! the PICT model still
remains possible.**** One of the key differences between these two models is
that the PICT model requires a L, parentage for the 'LE state while the TICT
model has no requirement for the nature of the 'LE state."*>® In this regard, our
finding that the 'LE state is actually of the L, character affords a key piece of
evidence supporting the TICT model. Given the planar structure of DMABME in
So,>* it is likely that the photo-populated LE state may also feature a planar
conformation but with a certain degree of CT character promoted by the L,
associated absorption transition." A full charge transfer as displayed by the ICT
state may requires breaking of the m conjugation between the amino lone pair and

the m electron of the aromatic system which may impose a subtle but non-
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negligible free energy barrier consist with the ~0.8 ps time constant observed for

the ICT in DMABME.

In addition, it is interesting to note that, given the low k¢ of the ICT state,
the ~1.9 ns lifetime for this state is much shorter than that expected by the natural

radiative decay,

indicating presence of efficient nonradiative process for the
decay of this state. Our data show that ISC is the major relaxation channel for
decay of the *ICT state in acetonitrile. This closely resembles the deactivation of

'ICT state of DMABN for which the dominant decay channel in polar aprotic

like acetonitrile is also the ISC with a quantum efficiency of ~0.8.134%
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3.2.2 Comparison in excited state dynamics between DMABME and

DMABA and DMAAP

Of note, despite the similar in molecular structure between DMABME

\ O
N < > /
(DMABA) “ and  4-

\ 0
< > /<
N
dimethylaminoacetophenone (DMAAP) / (Scheme 1.1), the

and 4-dimethylaminobenzaldehyde

consecutive 'LE — 'ICT — °T; relaxation pathway our data revealed for
DMABME is in stark contrast to that reported for DMABA and DMAAP in the
same solvent.** For DMABA and DMAAP, the ICT and ISC are kinetically
competing process depleting at the same the photo-populated 'LE state. The
involvement of ISC at very early time proceeds with a time constant of ~3 ps for
DMABA and DMAARP after the excitation can be attributed to presence of nz*
state close lying to the photo-prepared mn*, which is known to mediate
effectively the ISC leading to formation of the nn* natured 3T, state (Crn*). 1123
% The absence of prompt ISC in DMABME suggests that the nn* state may lie at

417 and be less accessible for

energy substantially higher than the 'LE state,
promoting the ISC. As a result, the ICT reaction turns to be the major channel in
the early stage deactivation of the 'LE state. The dramatic difference in the rate
of ISC versus ICT between DMABME and DMABA and DMAAP indicates a
crucial role of carboxylate group in DMABME in varying the relative energy

level of the nmt* versus nr* state and to change the overall cascade of the excited

state deactivation.

On the other hand, it is noted that the TA spectral feature we observed
with the T state of DMABME is very similar to that reported for DMABA and
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DMAAP.*® |t is therefore plausible that, in spite of the different pathway and
dynamics of the ISC, the triplet state in the three molecules (DMABME,
DMABA and DMAAP) may in fact share a common electronic character. Indeed,
according to the substitution effect reported in the literature, para-substituted
aromatic carbonyl (AC) compounds'?*"* like DMABME as well as DMABA
and DMAAP are expected to have the *nr*. The *nn* is consistent with the lack
of hydrogen abstraction reactivity reported for several para-substituted AC

compounds bearing DMA as one of the substituent.®

3.2.3 Implication for practical application

The T, state of closely related AC compound has been reported to be
able to sensitize through energy transfer the T reaction of pyrimidine bases to
produce harmful cyclobutane pyridimidine type of DNA photolesions.**** The
high efficiency of *T; formation we observed for UV-excited DMABME appears

4345 \which show

to give an explanation to some trail photochemical studies
potential danger in DNA damage when this type of compounds are being

employed in sunscreen lotions.
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Chapter 4 Ultrafast Broadband Time-Resolved
Spectroscopic Study on Solvent Hydrogen Bonding Effect in

Excited State Dynamics of Methyl-4-dimethylaminobenzoate

4.1 Results

4.1.1 Steady state absorption and fluorescence spectroscopy

Figure 4.1 compares steady state absorption and fluorescence spectra
recorded for methyl-4-dimethylaminobenzoate (DMABME) in methanol and
acetonitrile. It can be seen from the figure that, apart from a subtle red-shift (by
<2 nm) in the wavelength maximum (Amax) and small increase in the molar
absorptivity (g), the absorption spectrum in methanol is very similar to that in
acetonitrile. According to this and the result obtained in acetonitrile (Chapter 3),
the intense ~270-320 nm absorption band featuring Amax at ~310 nm and &max =
2.6 x 10* M cm™ can be attributed to originate from combined contribution of
two close lying mn* state, the L, and Ly in the Platt’s nomenclature® with the

former at energy lower than the latter.?

As for the steady state fluorescence, like that in acetonitrile, the spectrum
in methanol also shows dual emission, the “blue” and “red” emission with Amax at
~350 and 530 nm respectively. With reference to the result in the previous
chapter, the two emission band can be assigned to arise from the 'LE and 'ICT
state respectively.?® Note that, despite the nearly identical emission Amax for the

'LE emission (~350 nm), a clear bathochromic shift (by ~30 nm) is observed for
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the 'ICT fluorescence in methanol (~530 nm) compared to that in acetonitrile
(~500 nm). Moreover, the intensity ratio of *LE to *ICT state emission (I g/lict)
varies dramatically from being 0.08 in acetonitrile to 0.21 in methanol.
Measurement of fluorescence quantum yield (ds) observed that the d; decreases

from being ~2.6 x 102 in acetonitrile to ~1.7 x 10 in methanol.
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Figure 4.1  Steady state UV-visible absorption (red) and normalized 280 nm
excited fluorescence (blue) spectra recorded for DMABME in methanol (solid

line) and acetonitrile (dotted line).

The spectral parameters obtained from the absorption and fluorescence
spectra are listed in Table 4.1. With the absorption being similar in the two

solvents, the large difference in the fluorescence spectra implies that excited state
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dynamics, especially those related to the 'ICT state, varies significantly upon

changing solvent from aprotic acetonitrile to protic methanol.

Besides, the spectroscopic data of ethyl-4-dimethylaminobenzoate
(DMABEE) were also summarized in Table 4.1. It can be noted form the Table
that not only the steady state absorption but also the steady state fluorescence
data shows resemble spectral properties to DMABME in both acetonitrile and
methanol. First, the steady state absorption displays a subtle red-shift in the Amax,
accompanied by a small increase in the gmax in methanol (2.5 x 10* m* cm'l)
compared to that in acetonitrile (2.3 x 10* M™ cm™). Besides, dual emission
properties with nearly identical 'LE state emission Amax can be seen in the steady
state fluorescence, despite a pronounced bathochromic shift of the *ICT state Amax
from ~500 nm in acetonitrile to ~540 nm in methanol. Moreover, a decrease in
@ is observed in acetonitrile (2.8 x 10) compared to that in methanol (1.8 x 10°
%). Based on this, it can be stated that the steady state properties is little affected

upon alkoxycarbonyl substitution of the molecule.

Table 4.1 Photophysical parameters obtained for DMABME and DMABEE

in acetonitrile and methanol. 2 Ref. 7. ° Ref. 9. ¢ Ref. 29.

Emax Aabs )\«fLE ;vfICT TLE TICcT TT
O
M*em® /mm /oam /nm  /ps Ips  Ius
DMABME | CHsOH | ~25600 ~310 ~350 ~530 ~09 ~120 1.7x107°
CHs0D ~1 ~170
CDs;0OD ~1 ~170
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CHsCN | ~22800 ~308 ~350 ~500 ~0.8 ~1900 ~4 2.6x107

42.9x10°

DMABEE | CH;OH | ~25000 ~310 ~350 ~540 ~1.1 ~130 1.8x107
CHsCN | ~23200 ~307 ~350 ~500 ~1.1 ~1600 2.8x10

©0.92 41.7x10°

©2.3x107

4.1.2 Femtosecond time-resolved fluorescence in methanol

To determine the dynamics of ICT reaction as well as the decay time of
the !ICT state, fs-TRF experiment was performed and the spectra obtained are
depicted in Figure 4.2. Regarding the large difference in the transient signal
intensity between the 'LE and *ICT state emission, temporal evolution of TRF in
time delay of 0-5 ps (Figure 4.2(a)) and 5-500 ps (Figure 4.2(b)) is shown
separately in the figure. It can be seen that, prompt after the photo-excitation, the
system features an intense fluorescence peaking at ~350 nm. The ~350 nm
fluorescence decays rapidly and evolves by 5 ps into a much weaker and red-
shifted emission centred at ~480 nm (Figure 4.2(b)). On the basis of the spectral
profile and the wavelength locations of the two emission bands, it is plausible to
assign the ~350 nm and ~480 nm fluorescence to originate from the LE and
YICT state, respectively.®” It is noteworthy that the 'LE state emission depletes
concurrently with the growth of 'ICT stae emission. Such a temporal spectral
variation is accompanied by an isoemissive point at ~520 nm (inset in Figure
4.2(a)), indicating a precursor-successor relationship between the two emitting

states.
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It is clear from Figure 4.2(b) that, after the full formation of ICT stae
emission, the *ICT state emission decay along with a clear dynamic Stokes’ shift
(DSS) to longer wavelength, e.g. the Amax Shifts from ~480 nm at 5 ps to ~540 nm
at 30 ps. In addition, unlike in acetonitrile where it decays in thousand ps
timescale, the 'ICT state emission in methanol decays much faster, vanishes by

~500 ps after the excitation.

The DSS of !ICT state emission can be described quantitatively by
plotting the Ama OF transient 'ICT state fluorescence as a function of delay time
after the photo-excitation. The Amax Of transient fluorescence at varied delay time
was obtained by using two log-normal functions to respectively simulate the *LE
and 'ICT state emission. The result obtained for the *ICT state emission is
displayed in the inset of Figure 4.2(b). The corresponding data for the 'LE state
shows insignificant change in the emission Amax With respect to the delay time. It
indicates that the 'LE state fluorescence is little affected by the solvent micro-
environment along the relaxation cascade after photo-excitation. In contrast,
kinetic analysis observed that the DSS of !ICT state emission can be described
by two time constants, ~1.2 and ~13 ps, which are well correlated with the

solvent orientation times reported for methanol.®
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Figure4.2  Temporal evolution of broadband time-resolved fluorescence
spectra of DMABME recorded at 0-5 ps (a) and 5-500 ps (b) in methanol after
280 nm excitation. The inset in (a) shows magnified spectra revealing an
isosbestic point at ~480 nm; The inset in (b) shows dynamic shift of *ICT

.. . . . ICT ICT - .
emission maximum as a function of time. Vmax ¢ corresponds to Amax “Tin unit of

wavenumber. The arrows represent direction of temporal evolution of the spectra.

Dynamics of the ICT reaction and subsequent decay of the 'ICT state
were derived by following kinetic time profiles of TRF at representative
wavelengths ~360 and 560 nm. The TRF time profiles at ~360 nm and 560 nm

corresponding respectively to the dynamics of *LE and *ICT state were shown in
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Figure 4.3(a). Global analysis of the TRF time profiles produced a common ~0.9
ps time constant to describe the rapid decay of the 'LE state and the fast growth
and 'ICT state emission, indicating a precursor-successor relationship between
the two excited states and a time constant of ~0.9 ps for the ICT reaction. The
ensuing decay of *ICT state was found to feature a time constant of ~120 ps. The
~0.9 ps ICT time revealed for DMABME here is close to the ~1.1 ps ICT time
obtained for DMABEE in the same solvent, suggesting a minute effect of
alkoxycarbonyl group on the ICT reaction (Table 4.1). It is noticeable that,
compared to that in acetonitrile (~1.9 ns, Chapter 3), the lifetime of *ICT state in
methanol (~120 ps) is much shorter, shortening by ~16 times in the magnitude.
This coincides with the decrease in fluorescence quantum yield when changing
solvent from acetonitrile (®f = 2.6 x 107%) to methanol (®f = 1.7 x 10°°) (Table
4.1), indicating the presence of additional nonradiative decay process in

methanol which is not occurring in acetonitrile.
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Figure 4.3  Experimental (o, A) and fitted (—) time profiles of TRF (a) and
TA (b) at indicated wavelengths for 280 nm excited DMABME in methanol. The

insets show the decay profiles at longer timescale up to ~1 ns.

4.1.3 Femtosecond time-resolved fluorescence anisotropy in methanol

To investigate further the influence of solvent on the electronic nature

and dynamics of excited states, fs-TRFA measurement was performed at 0.5, 5
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and 50 ps after the photo-excitation, and the spectra obtained are displayed in
Figure 4.4. Like that in acetonitrile (Figure 3.4 in Chapter 3), the fs-TRFA in
methanol at each of the examined time displays anisotropy (r) value which is
nearly independence of the emission wavelength from ~330 nm to 550 nm. This
testifies a common electronic origin of the LE and 'ICT states.® Given the
inherent L, character of the 'ICT state, it is straightforward that the 'LE state is
also of the L, in electronic parentage. The value of r at 0.5 ps is ~0.3, lower than
the theoretical value (0.4). This, as the case in acetonitrile, can be attributed to
arise due to minute involvement of the L, in the excitation process and the rapid
internal conversion (IC) from L, to L, because of the energy proximity of the two

states, 35913

It can be seen from Figure 4.4 that, the r value drops from being ~0.3 at
0.5 ps to ~0.25 at 5 ps and then to ~0.05 at 50 ps. Such a loss of r value is
indicative of depolarization process which can be ascribed to originate due to the
rotational diffusion of the excited molecules. In support of this, it is noted that
the timescale of depolarization we observed here is close to those reported in the

same solvent for molecules of comparable size.****
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Figure 4.4  Femtosecond broadband time-resolved fluorescence anisotropy
spectra of DMABME recorded in methanol at 0.5, 5, 50 ps after 280 nm

excitation.

4.1.4 Femtosecond time-resolved fluorescence in deuterated methanol

To provide evidence for detailed nature of solvent effect in causing the
different dynamics in methanol from acetronitrile, parallel TRF experiments
were performed with the sample in solvent of deuterated methanols, CH;OD and
CD3OD. The results obtained in the two deuterated methanol are depicted in
Figure 4.5. 1t is clear from the figure that both the TRF spectral and the temporal
evolution of TRF spectra are very similar in the two deuterated solvents, and the
spectra are also close to those observed in normal methanol (CH3;OH, Figure 4.2).

These observations imply that (i) the excited state dynamics is nearly identical in
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the two deuterated solvents and (ii) the states involved in the deuterated solvents

are the same (i.e. the 'LE and 'ICT state) as those in the normal CH3;OH.

Like the one in normal methanol (CH3OH), prompt after the excitation,
the system in the two deuterated solvents features an intense ~350 nm
fluorescence. It decays rapidly accompanying by the formation of the 'ICT state
(Figure 4.5). The 'ICT state emission decays with the emission Ama Shifts to
longer wavelength with respect to time delay and vanishes at ~700 ps after the
exctiation. The extent of the !ICT state emission Amax Shift is similar to that in
CH3OH (Figure 4.2(b)), from ~480 nm at 5 ps to ~540 nm at 30 ps (insets in
Figure 4.5). Kinetic analysis of the DSS of *ICT state emission in the two
solvents can also be described by two time constants, ~1 ps and ~13 ps, which

correlate well with that in CH;OH.

In CH30D and CD30D, kinetic analysis of TRF time profiles at ~360 nm
(for the decay of 'LE state) and ~560 nm (for the growth and ensuing decay of
the ICT state) observed a time constant of ~1 ps for the ICT reaction and a
decay time of ~170 ps for the *ICT state in both the solvents (Table 4.1). It is
notable that the ICT time in CH3;0D and CD3OD (insets in Figure 4.6) is nearly
identical to that in CH3OH (Figure 4.3(a)); but the decay time in the former
solvent is substantially slower than that in the latter solvent (~120 ps). The TRF
kinetic decay profiles obtained in the deuterated solvents and their comparison

with the result in normal methanol are displayed in Figure 4.6.
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Figure4.5  Femtosecond broadband time-resolved fluorescence spectra of
DMABME recorded at 0-20 ps in CH3OD (a) and CD3OD (b) after 280 nm
excitation. The insets show temporal evolution of TRF spectra at longer time
delay from 5 ps to 700 ps after the photo-excitation. The arrows indicate

direction of temporal evolution of the TRF spectra.
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Figure 4.6  Comparison of normalized experimental (o, A, o) and fitted (—)
TRF time profile at ~560 nm of 280 nm excited DMABME in CH3OH (red),
CH3OD (green) and CD30OD (blue). The insets show the decay profiles at ~360

nm (o) and ~560 nm (A, o) in CH30D and CD30D at at the early delay times.

4.1.5 Femtosecond transient absorption spectroscopy

Figure 4.7 displays fs-TA spectra recorded with 280 nm excitation of
DMABME in methanol. The result provides complementary information on the
ICT reaction and the subsequent decay pathway of the *ICT state. It can be seen
that, promptly after the excitation, the transient absorption (the 0 ps) spectrum
feature a sharp positive absorption at ~330 nm and a negative signal at ~365 nm
along with a broad positive absorption band across ~430 to 700 nm. This initial

TA spectrum evolves rapidly into an alternative profile (e.g. 20 ps spectrum in
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Figure 4.7(a)) which shows also the ~330 nm absorption but with a new

positive absorption band centred at ~460 nm. The spectral evolution produces

an isosbestic point at ~490 nm (Figure 4.7(a)). It is noted that the initial (~0 ps)

and relatively late (~20 ps) TA spectrum resembles closely the TA of 'LE and

YICT state in acetonitrile (Figure 3.5(a) in Chapter 3). The spectra can therefore

be assigned to the 'LE and *ICT state respectively. With reference to the result

of TRF (Figure 4.2) and the steady state fluorescence (Figure 4.1), the negative

signal at ~365 nm in the early TA spectra can be ascribed to originate due to the

simulated emission from the LE state.
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Figure 4.7 Femtosecond broadband transient absorption spectra of

DMABME in methanol recorded at 0-20 ps (a) and 20-6000 ps (b) after
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excitation at 280 nm. The inset in (b) compares TA spectra recorded at 6 ns after
excitation in acetonitrile (red) and methanol (blue). The arrows indicate temporal

evolutions of the spectra.

Figure 4.3(b) shows kinetic time profiles obtained from the TA spectra at
~380 nm and 560 nm to monitor respectively the rise of 'ICT and decay of 'LE
state due to the ICT reaction. Global analysis of the TA time profiles gives a time
constant of ~0.9 ps, coincide with the ICT time obtained from the TRF data
(Figures 4.2 and 4.3(a)). This indicates that both the TA and TRF measurements

are monitoring the same excited state process, i.e. the ICT reaction.

After its formation, the *ICT state decays in hundreds ps timescale into a
very weak spectrum which features broad positive absorption over wavelength
from ~340 nm to 630 nm and with the Anax at ~430 nm (Figure 4.7(b)). This
spectral change takes place with an isosbestic point at ~540 nm, indicating a
precursor-successor relationship between the 'ICT state and the Amax ~430 nm
related species. The Amax ~430 nm TA was attributed to the nr* triplet (rn*)
state for the spectrum appears similar in profile to the TA spectrum of *nn* state
in acetonitrile (inset in Figure 4.7).° Dynamic fitting of the late time decay of
'ICT and the growth of *T; state produced a time constant of ~120 ps (inset in
Figure 4.3(b)), consistent well with the decay time of *ICT state determined in

the fs-TRF (inset in Figure 4.3(a)).

120



4.2 Discussion

Making comparison of the corresponding steady state and time-resolved
spectra and kinetic decays of time-resolved spectra in methanol (Figures 4.1 to
4.3 and 4.7) and in acetonitrile (Figures 3.2, 3.3 and 3.5) reveals important
similarities and differences. The major similarities involve that: (i) apart from a
subtle red-shift (by no more than 2 nm) in the spectral wavelength, the steady
state absorption and the fluorescence (of both steady state and time-resolved
spectra) of 'LE state is respectively very close in methanol as that in acetonitrile
(Figure 4.1); (ii) the ICT time constant is nearly identical; being ~0.9 ps in both
the solvents (Table 4.1); (iii) like that in acetonitrile, the fluorescence from *LE
and 'ICT state in methanol share the same anisotropy (Figures 4.4 and 3.4),
implying a common electronic parentage (of mn* L, nature) for the two states in
the latter solvent; and (iv) upon the decay of *ICT state, long-lived species
featuring similar TA spectra (With Amax = ~430 nm) attributable to *mn* state is
observed both in methanol and acetonitrile (inset in Figure 4.7). The above
similarities show clearly that the same set of excited states, i.e., the mn* L,
natured 'LE and 'ICT state and the *nn* state are involved in the excited state

processes in acetonitrile and in methanol.

The differences in the two solvents include mainly the energy and the
decay dynamics related to the *ICT state: (i) the ICT steady state fluorescence
red-shifts from Amax = ~500 nm in acetonitrile to ~530 nm in methanol; (ii) unlike
in acetonitrile where the TRF show no DSS (Figure 3.2), the TRF in methanol
(Figure 4.2) displays pronounced DSS from ~480 nm at 5 ps to ~540 nm at 30 ps

after the photo-excitation; (iii) the lifetime of 'ICT state is remarkably shorter in
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methanol (~120 ps) than in acetonitrile (~1.9 ns). The shorter lifetime provides
direct evidence for presence of an additional non-radiative path to compete
effectively with the ISC for the ICT state deactivation in methanol compared to
in acetonitrile. This correlates well with the smaller involvement of triplet state
in methanol (Figure 4.7(b)) than in acetonitrile (Figure 3.5(b)). It also explains
the smaller @ and reduced I g/l ct of steady state fluorescence in methanol than
in acetonitrile. Clearly, changing solvent from aprotic acetonitrile to protic
methanol varies significantly the decay path and the excited state dynamics of

DMABME.

4.2.1 Solvent effect on the dynamics of ICT reaction

The ~0.9 ps time constant of ICT reaction is much faster than the
solvation time of CH3OH (5 ps).* This indicates that, like that in acetonitrile, the
ICT reaction in methanol is also an inner-sphere event not controlled by solvent.
This is substantiated further by the large DSS displayed by the TRF in methanol.
Of note, the observed DSS time constants (t; = ~1.2 ps; 1, = ~13 ps) coincide
with the 7; = 1.4 ps and 1, = 13 ps solvation time corresponding respectively to
the rotational diffusion of the free CH3;OH molecule and the rotation of hydroxyl
group around the C-O bond in CH3;OH.® This provides direct evidence for
formation from a less solvated nascent 'ICT state to a fully solvated state,
denoted as *HICT state which bears enhanced hydrogen bonding (H-bonding)

with surrounding solvent molecules.*”*®

Being respectively the electron donor and electron acceptor, the DMA

nitrogen and benzoate carbonyl (C=0) oxygen are expected to form H-bonding
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with protic solvent molecule in the ground state (So).”> Upon photo-excitation and
formation of *ICT state, the electron density decreases in the donor (D) site while

it increases in the acceptor (A) site,}*?°

making the former more positively
charged and the later more negatively charged; this is manifested by a significant
increase in the molecular dipole moment, from ~4.0 D in Sy to ~6.2 D in 'LE and
~12.4 D in !ICT state.* As a result, the H-bonding at the D and the A site tends to
become respectively weakened and strengthened in the ICT state compared to in
the So.>**? It is conceivable that after solvation, the H-bonding between *HICT
state and the CH3OH solvent molecules may primarily occurs through the

carbonyl oxygen at the benzoate carbonyl group.*®?**

The further fluorescence red-shift of solvated 'ICT state in methanol
compared to in acetonitrile indicates a more energy stabilization of this state in
the former than later solvent. Given that the dielectric constants of methanol
(32.66) and acetonitrile (35.94) are similar,”® it is reasonable that the extra
stabilization of solvated 'ICT state is brought about by the solute-solvent H-
bonding occurring only in protic solvent methanol. In addition to this, the shorter
lifetime of solvated *ICT state in methanol (i.e., the *HICT state) indicates that
the H-bonding is also a key factor for the involvement of an extra non-radiative

channel of the charge transfer state in methanol.

4.2.2 H-bonding effect on the decay dynamics of charge transfer state

The extra nonradiative process in methanol can be attributed to IC of the
'HICT state to the S promoted by the H-bonding interaction of the *HICT state

with solvent molecules.”® This is reminiscent of the solvent H-bonding effect
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reported for DMABN in methanol and other protic solvent, like butanol.*"*%%’
Facilitated by the high vibrational frequency of the solvent hydroxyl (-OH)
stretching vibration, the solute-solvent H-bonding occurring through the
hydroxyl group may provide an effective accepting mode for transferring the
excitation energy from *HICT state into the vibrational energy (i.e. heat energy)
of the interacted solvent molecules which is then dissipated by vibration of other

surrounding solvent molecules.™

The above assignment is supported strongly by the kinetic isotope effect
observed for the decay time of *HICT state in normal methanol (CH;OH) versus
in deuterated methanol (CH3OD and CD3;OD) (Figure 4.6). The decay time is
~120 ps in CH3OH and it is ~170 ps in CH3OD and CD3;OD. The fact that the
decay time is identical in CH3OD and CH3OD indicates that the methyl (-CHs)
group of methanol has negligible contribution to the excited state relaxation
process; the kinetic isotope effect is therefore originated mainly due to the
hydroxyl hydrogen, the hydrogen that participates the H-bonding with carbonyl
oxygen in the 'HICT state. It is known that, upon deuteration, the vibration
frequency of hydroxyl stretching decreases from ~3350 cm™ (for O-H stretching)
to ~2500 cm™ (for O-D stretching);?® this implies a reduced ability of CH;OD
(CD30OD as well) than CH3OH in promoting the nonradiaitve IC, leading to a

longer lifetime of the *HICT state in the deuterated than normal methanol.
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4.2.3 Overall deactivation pathway for photo-excited DMABME in

methanol

Taking together the steady state and time-resolved data as well as the
above analysis on the similarities and differences between the excited state
dynamics in methanol and in acetonitrile, the following deactivation cascade (in

Scheme 4.1) can be established for DMABME in methanol.
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1 1ICT (

L
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Scheme 4.1  Proposed deactivation pathways for photo-excited DMABME in

methanol.

After the 280 nm excitation, the molecule is promoted to the L, nn* 'LE

state. This state then undergoes a rapid ICT with a ~0.9 ps time constant to give
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the Ly mn* 'ICT state. The rapid ICT time constant implies a minute energy
barrier for the ICT reaction; the nearly identical time constant of ICT reaction in
methanol and in acetonitrile implies that the reaction itself is little affected by the
H-bonding property of solvent. In response to the significant increase in the
molecular dipole moment, the *ICT state upon rapid formation is subject to large
scale of solvent re-orientation on timescale corresponding to the dynamic
solvation time of methanol. This leads to formation of the *HICT state which
bears H-bonding with solvent molecules most likely at the carbonyl oxygen of
DMABME. Through vibration of the solvent molecules, the solute-solvent H-
bonding introduces the nonradiative IC to compete with ISC for deactivation of
the charge transfer state. This accounts for the much smaller fluorescence
quantum yield and the much faster charge transfer state decay in methanol than

in acetonitrile.”'**%

4.2.4 Implication of solvent H-bonding effect on the practical application

of DMABME type of molecules

The potential damaging effect of DMABME type of molecules in
application like sunscreen ingredient is related mostly to the high yield of *T;
state which, through triplet-triplet energy transfer, may sensitize formation of
DNA photolesion.®"* In this regard, the involvement of an additional IC channel
in protic solvent to compete with the 1ISC may reduce significantly the *T; state
population. Indeed, this is manifested by the much smaller T, state transient
signal in methanol (the ~6 ns spectrum in Figure 4.7) than that in acetonitrile (the

~6 ns spectrum in Figure 3.5(b)).° On the basis of this, it can be inferred that the
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DMABME type of molecule may bear much alleviated potential for DNA photo-

damage when being used as an ingredient in water-based sunscreen lotion.**%
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Chapter 5 Ultrafast Broadband Time-Resolved Study on
the Excited States of Selected Phenyleneethynylene Gold (1)
Complexes: Ligand =n-Conjugation Controlled Intersystem

Crossing

5.1 Results

5.1.1 Excited state dynamics of monomeric gold(l) PE complex

5.1.1.1 Femtosecond time-resolved fluorescence and transient absorption

study

To characterize the excited state dynamics of monomeric gold(l)-
phenyleneethynylene (PE) complexes, femtosecond time-resolved fluorescence

(fs-TRF)  measurement was first performed on [PhC=CAu(PCys3)]

<j>%AufPCy3 ) ) )
(PCys = tricyclohexylphosphine, l1a; Scheme 1.2) in

acetonitrile (CH3CN) with 280 nm excitation. In Figure 5.1(a), it can be seen that,
instantly after the photo-excitation, an intense fluorescence band peaking at ~304
nm (~0.1 ps) dominates in the detection spectral window. This transient emission

decays rapidly and the signal vanishes by ~10 ps after the excitation.

In order to provide complementary information on the excited state
dynamics, fs transient absorption (fs-TA) experiment was then performed. The
TA spectra obtained from the measurement are depicted in Figure 5.1(b).

Immediate after the photo-excitation, the TA at very early time (~0.1 ps) features
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two overlapping bands with the absorption maximum (Amax) at ~360 nm and 415
nm, respectively. Within time interval of ~10 ps, this initial TA evolves into an
alternative profile, which contains a minor absorption at ~350 nm and a major
sharp absorption with the Anax at ~430 nm. This temporal evolution of the TA is
accompanied by two isosbestic points at ~390 and 470 nm. The ~430 nm late
time spectrum then keeps constant in intensity from ~10 ps to ~6000 ps after the

photo-excitation (Figure 5.1(b) inset).
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Figure 5.1  Broadband time-resolve fluorescence (a) and transient absorption
(b) spectra of 1a in acetonitrile recorded at indicated time delays after excitation
at 280 nm. The inset shows the spectra recorded at late times after the excitation.

The arrows indicate temporal evolutions of the spectra.
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Figure 5.2 displays experimental and fitted temporal decay profiles of
TRF and TA obtained at selected wavelengths of the TRF and TA spectra.
Kinetic analysis of these decay profiles reveals a common time constant of ~0.8
ps for both the TRF and TA, suggesting that the two measurements are probing
the same process of the excited state evolution. In other words, the spectral
evolutions observed from the two types of time-resolved measurements are
originated from the same process, which accounts for the complete quenching of
the ~304 nm transient fluorescence signal in the TRF (Figure 5.1(a)) and the
formation of the ensuing long-lived species featuring the ~430 nm absorption in
TA (Figure 5.1(b)). On the basis of this, the initially observed ~304 nm transient
fluorescence and the ~415 nm TA can be attributed to the photo-prepared ligand
centred (LC) S; 'nn* state (Figure 5.1). This assignment is supported further by
the immediate formation of these spectra after the photo-excitation, the narrow
Stokes’ shift of the ~304 nm TRF from the ~280 nm absorption due to the So —

Sy 'nn* transition (Figure S7(a)) and the similarity of the ~304 nm TRF to the

steady state fluorescence of the free ligand [PhC=C-H]
Scheme 1.2) (Figure S8(a)).! Of note, the ~0.8 ps short lifetime of fluorescence
from the S; 'zn* state of la explains the absence of prompt fluorescence (PF) in

the steady state fluorescence (Figure S7(a)).!
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Figure 5.2  Experimental (o, A) and fitted (—) decay profiles of fs-TRF (a)
and fs-TA (b) at indicated wavelengths obtained with 280 nm excitation of 1a in
acetonitrile. The inset shows the decay profiles at longer delay time after the

excitation.

The relatively long-lived ~430 nm transient species observed at late time
in the TA measurement (>~10 ps; Figure 5.1(b) inset) can be attributed to the LC

T, ®nn* state. This assignment is made based on (i) the weakly emissive nature of
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the corresponding species which is indicated by the lack of the corresponding

dynamics component in the fs-TRF, (ii) the slow decay dynamics of this species,

and (iii) the similarity of the ~430 nm absorption to the absorption of *zn* state

of some closely related phenylacetylene derivatives.> The absence of the

emission due to Ty *nn* state in TRF, (Figure 5.1(a)) is owing to the inherent low

radiative rate constant® (k;) which is usually ~10*-folded lower than that of the S;

'n* state (Table 5.1), making the triplet state virtually invisible in the TRF

measurement.*

Table 5.1 Spectral parameters of 1a— 3a and 1b — 3b.

Aaps /NM D e MSDS O MTDC ter? tor® e’ 10%K:? kisc "

(10%/M*em™) /nm /nm  /nm Inm  ps Jus lps st fst
la 280 (2.7) 304 420 415 430 0.8 10 1 1.2x10* 0.08'
1b 270 (0.03) 296
2a 338 (7.9) 390 550 690 560 450 25.8 52.3 58  1.6x10° 0.66'
2b 321 (4.7) 360 650 530 600 3.5
3a 283 (7.3) 345 470 490 440 38 328 634 36  2.6x10° 0.1
3b 281 (3.5) 338 490, 650 430 5200 1.6

4 Maximum wavelength of fluorescence. ° Maximum wavelength of phosphorescence emission.

¢ Maximum wavelength of excited state absorption. @ Prompt fluorescence lifetime.

® Delayed fluorescence lifetime. " Phosphorescence lifetime.

9 Radiative rate constant of fluorescence. (estimated based on Strickler-Berg equation

"Overall emission yield. 'Ref. 7. I Ref. 4.

15)
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5.1.1.2 Nanosecond time-resolved emission study

By using a much prolonged time (>~2 ns) for detection, nanosecond time-
resolved emission (ns-TRE) measurement has been conducted to probe the
emission and the decay dynamics of the T *nn* state of la. Figure 5.3 displays
the TRE spectra obtained for 1a in deoxygenated CH3CN at time intervals from 1
us and afterwards after the photo-excitation. The TRE at wavelengths from ~400
to 650 nm and with vibronic features decays completely by ~50 us after the
photo-excitation. Noted that the wavelength location and the spectral profile of
the TRE spectra match exactly with the steady state emission, indicating the TRE

is due to the phosphorescence of 1a, reinforce the assignment of T *zn* state to

1
the TRE.
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Figure 5.3  ns-TRE spectra recorded after 280 nm excitation of la in

deoxygenated acetonitrile recorded at indicated time delays. The inset shows the
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experimental (o) and fitted (—) phosphorescence (Phos) Kinetic trace obtained
for 1a in deoxygenated acetonitrile. The arrow indicates temporal evolution of

the spectra.

Dynamic fitting of the kinetic decay of TRE intensity (Figure 5.3 inset)
observed a lifetime of ~10 ps. Taking together the assignment of S; *nn* state to
the initial TRF (Figure 5.1(a)) and ~415 nm TA (Figure 5.1(b)) and the T, *an*
state to the late time ~430 nm TA and the ~400 to 650 nm TRE, we conclude that
the ~0.8 ps time constant we observed from the fs-TRF decay and initial fs-TA
conversion is originated due to intersystem crossing (ISC) which converts the
excited state population from the LC S; ‘an* to Ty *zn* state. In view of a minute
involvement of other non-radiative decay in this rapid timescale, the ultrafast
ISC we attributed to the LC S; *nn* state suggests a nearly unit efficiency of the
ISC (®sc = 1), according to which the rate of ISC (kjsc) can be estimated to be
~1.2x10" s (kisc = 1/tpr, Tor = ~0.8 ps; Table 5.1). Putting together the time-
resolved data (Figures 5.1, 5.2 and 5.3) and the above analysis, a deactivation

cascade as showed in Scheme 5.1 is constructed for 1a.
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Scheme 5.1 Dynamics and major deactivation pathways proposed for la in
acetonitrile after 280 nm excitation. Radiative and non-radiative transitions are
indicated by straight and wavy arrows respectively. (PF = prompt fluorescence;

Phos = phosphorescence; ISC = intersystem crossing)

After formation of the photo-prepared S; 'mn* state, the ISC acts as a
major process to quenching the PF and leads to a nearly unitary excited state
population transfer from the S; 'zn* to the Ty *nn* state. Upon the formation of
T, *nn* state, the molecule emits phosphorescence over timescale up to tens
microseconds. It is worth noting that, the S; *n* to T *nn* state 1SC in aromatic
hydrocarbons like 1b (Scheme 1.2) is prohibited according to the El-Sayed’s
rule,*® and is thus usually accompanied by a modest kjsc no greater than the

order of 10’ s™.* With this as a reference, the value of kisc in 1a is enhanced by
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~5 order of magnitude. Such a massive enhancement can be correlated to the
heavy-atom effect (the gold(l) in the current case), a convention that has been
used to account for the very rapid ISC in many transition metal complexes.

However, as displayed below, a different situation is encountered in the case of

=L )= )= Au— PCy.
[PhC=C-(CgH4-1,4-C=C),Au(PCys)] @ % \ 7 \_7 3
(2a; Scheme 1.2) and [PhC=C-(CgHa-1,4-C=C),-H]
€ B — o — o ——H
- 7 \/ (2b; Scheme 1.2).
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5.1.2 Excited state dynamics of oligo(p-PE) and gold(l) oligo(p-PE)

complex

5.1.2.1 Femtosecond time-resolved fluorescence and transient absorption

study
In parallel to the study on 1a, fs-TRF and fs-TA measurements have been
= y=A )= Au—PCy,
conducted on 2a @ \_/ \_/ *in CHsCN. The fs-

TRF and fs-TA spectra obtained from these measurements are depicted in Figure
5.4(a) and Figure 5.4(b), respectively. It can be seen from the figure that a single
emission band peaking at ~390 nm is observed promptly after the photo-
excitation. This initial fluorescence due to the S; 'mn* state displays a small
degree of growth in the emission intensity with accompanying of a subtle decay
in the blue edge (~360-520 nm) in the time interval from ~0.3 to 6 ps after the
photo-excitation (Figure 5.4(a) inset). The 6 ps TRF spectrum then decays in
hundreds ps timescale, achieving a remnant signal with ~3% of the original

intensity by ~3000 ps after the excitation (Figure 5.4(a)).
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Figure 5.4  Broadband time-resolve fluorescence (a) and transient absorption

(b) spectra of 2a in acetonitrile recorded at indicated time delays after excitation
at 280 nm. The insets show the early time delay of the spectra. The arrows

indicate temporal evolution of the spectra.
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As to the spectra obtained in the fs-TA measurement (Figure 5.4(b)),
immediately after the photo-excitation, an initial TA (~0.05 ps) is observed
which contains a broad positive band across ~480-740 nm due to the excited state
absorption (ESA) and two partially overlapped negative bands with the Amax at
~360 nm and ~395 nm, respectively. On the basis of that (i) the ~360 nm and
~395 nm negative band resembles respectively to the ground state (So) absorption
and the S; fluorescence (Figure S7(b)),! and (ii) there is correlation between the
dynamics of these components with the decay of the TRF and ESA (Figure 5.5),
the negative bands at ~370-460 nm and <~370 nm can be respectively assigned
with certain to the stimulated emission (SE) from the S; 'nn* state and the Sg

bleach (GB) arising due to the photo-excitation of the S; molecules.

For 2a, the initial TA spectra (Figure 5.4(b) inset) evolve within time
intervals of ~10 ps into a profile featuring a sharp band due to ESA at ~690 nm,
this is accompanied with a subtle rise in the SE signal but with no significant
change in the GB. This spectral evolution of the fs-TA takes place at the same
timescale as the early-stage spectral evolution displayed by the TRF (Figure
5.4(a) inset). After this early time spectral evolution, a more massive change in
the fs-TA is observed to occur in the hundred ps timescale, parallel to the decay
of TRF as displayed in Figure 5.4(a). It can be seen from Figure 5.4(b) that, the
~690 nm ESA decays together with diminishing of the SE, leading to formation
of TA with an alternative profile featuring a relatively weak and long-lasting
absorption with the Amax ~560 nm. Such a spectral evolution, which produces an
isosbestic point observed at ~485 nm, is accompanied by recovery of the GB by

~72% at ~3000 ps after the excitation (Figure 5.4(b)).
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Figure 5.5  Experimental (o, A) and fitted (—) decay profiles of fs-TRF (a)
and TA (b) at indicated wavelengths obtained with 280 nm excitation of 2a in

acetonitrile. The insets show the decay profiles at the early delay times.

Analysis of the kinetics changes of the fs-TRF and fs-TA intensity show
that the changes occurring at the early (before ~10 ps) and late (after ~10 ps)
times of the spectral evolution (TRF, Figure 5.5(a) and TA, Figure 5.5(b)) can be

described well by time constant of ~0.8 ps (t1) and ~450 ps (t.) respectively
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(Table 5.1). The mutual correlation in the dynamics between TRF and TA allows
to attribute with certain both the ~480-740 nm (~0.05 ps) and ~690 nm (~10 ps)
ESA to originate from the brightly emissive *nn* S; as revealed in the fs-TRF

experiment (Figure 5.4(a)).

According to its long-lived nature and the lack of time-resolved
counterpart in the TRF, the ~560 nm TA observed at late time after excitation (at
~3000 ps) is ascribed to come from the T, *zn* state of 2a. As a result, the major
spectral changes displayed by both the fs-TRF and fs-TA in the hundreds ps

timescale is considered to occur due to the ISC from the *nr* Sy to 3nn* T of 2a.
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Figure 5.6  Broadband time-resolve fluorescence (a) and transient absorption
(b) spectra of 2b in acetonitrile recorded at indicated time delays after excitation
at 280 nm. The insets show the early time delay of the spectra. The arrows

indicate temporal evolutions of the spectra.
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Figure 5.6 displays the TRF and TA spectra obtained for the
)= ) =A ="

CH3CN. It is noteworthy that the TA and TRF spectra of 2b, in terms of the

corresponding free ligand (2b; ) of 2a in
spectral profile and the time-dependent evolution, are nearly identical to the
counterpart spectra of 2a. The similarity in the TRF between the two compounds
lends strong support to the assignment of the LC ‘zn* transition to the
fluorescence component of the dual emission (Figure S7(b)) of 2a.” Besides,
based on the similarity in the fs-TA between 2a and 2b, it is clear that the
involved transient species (e.g. the Sy 'an* and T *nr* states) in the two systems
share a common set of oligo(p-PE) based electronic transitions (e.g. the S; — S,
and T; — T, in the ESA and the So — S; in SE), which is barely affected by the

presence of the extra Au(PCy)s" moiety in 2a relative to 2b.

Analysis of the kinetic changes of the fs-TRF and fs-TA shows that the
spectral and temporal evolutions of the transient spectra of 2b can also be fitted
by a bi-exponential function with time constants of t; = ~0.9 ps and t, of ~600 ps

(Figure 5.7; Table 5.1).
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Figure 5.7  Experimental (o, A) and fitted (—) decay profiles of fs-TRF (a)
and TA (b) at the indicated wavelengths obtained with 280 nm excitation of 2b in

acetonitrile. The insets show the decay profiles at early delay times.

5.1.2.2 Nanosecond time-resolved emission study

Ns-TRE experiments were performed on 2a in deoxygenated CH3;CN

solution to assess the origin and the precise composition of the dual emission
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observed in the steady state measurement (Figure S7(b)).” The ns-TRE
measurements were done with varied detection time windows so as to enable the
transient emission spectra to be measured over a large time span covering up to
hundreds ps after the photo-excitation (Figure 5.8). The time ranges that are
probed in the ns-TRE are referred to the third stage of the excited state decay for

the system under investigation.

From Figure 5.8, it can be seen clearly two emission components, a high
energy emission at Amax ~400 nm and a low energy emission at Amax ~545 nm,
which according to their wavelength locations and their emission profiles can be
attributed to the delayed fluorescence (DF) from the S; ‘nn* state and the
phosphorescence from the T, *nn* state, respectively. Although the high-energy
Amax ~400 nm emission in ns-TRE occurs in timescale very different from the
Amax ~390 nm transient fluorescence (PF) in the fs-TRF (Figure 5.4(a)), their
nearly identical wavelength locations and the spectral profiles (Figure 5.8 inset)
indicates strongly that they are having the same electronic origin, i.e. the S;
Lrn*state. We therefore exclude any other assignment to the Amax ~400 nm long-
lived high-energy emission in TRE and considered that it is due to DF from the
S, 'nn* state that also emits the PF in the first (<~10 ps) and the second stage

(~10 ps to thousand ps) of time regimes.
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Figure 5.8  ns-TRE spectra recorded after 280 nm excitation of 2a in
deoxygenated acetonitrile recorded at indicated time delays. The inset shows the
comparison of spectra obtained at the indicated delay times from fs-TRF (red line)
and ns-TRE (blue line) measurement of 2a in deoxygenated acetonitrile after 280

nm excitation. The arrow indicates temporal evolution of the spectra.

Dynamic analysis of the ns-TRE time profile (Figure 5.9) produced
lifetime of ~25.8 us for the DF (tpg) and ~52.3 us for the phosphorescence (ten)
under the deoxygenated condition as in the measurement. It is important to note
that the tpr is about half of the tpn. Such an observation is a signature indicating
that the DF is formed through a mechanism known as triplet-triplet annihilation

(TTA) (T1 + T1 — S; + So) DF."* Of note, the alternative mechanism, namely
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the thermal activation induced triplet-to-singlet up-conversion (T; — S;)*® can
be excluded for this mechanism requires an identical lifetime between the DF

and phosphorescence.®*

Normalized Intensity (a.u.)

Time Delay (us)

Figure 5.9  Experimental (o, A) and fitted (—) phosphorescence (Phos) and
delayed fluorescence (DF) kinetic traces of 2a obtained from ns-TRE with 280

nm excitation in deoxygenated acetonitrile.

It is worth noting the obviously low intensity of the transient DF when
comparing to that of the phosphorescence in Figure 5.8. Regarding the much
larger k; (by ~10* times) of the S; ‘an* than the Ty >nn* state, it can inferred that
in the third stage of excited state relaxation, the majority of excited state

population is at the Ty *mn* state with only a minute percentage (<~0.01%)
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converted back to the S; 'nn* state by TTA. Therefore, the DF, despite of its long
lifetime, contributes only modestly to the overall emission observed in the steady

state measurement (Figure S7(b)).

Putting together the decay dynamics observed for the PF in the fs-TRF
and the DF in the ns-TRE, it can be derived that the PF in hundreds ps timescale
contributes ~90% to the total fluorescence emission in the steady state spectrum
(Figure S7(b)) with only ~10% is accounted for by the DF in the ns to
microsecond (us) timescale. Taking into consideration of the weakly emissive
nature of the Ty *nn* state, the abnormally large emission yield (®e) (0.66)" of 2a
can be attributed to the effective production of PF with a fairly long lifetime

(~450 ps) which is only modestly quenched by the ISC.

The major deactivation pathways constructed according to the above

analysis are summarized in Scheme 5.2 for 2a.
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Scheme 5.2 Dynamics and major deactivation pathways proposed for 2a* and
3a° in acetonitrile after 280 nm excitation. Radiative and non-radiative
transitions are indicated in straight and wavy arrows respectively. (VR =
vibrational relaxation; PF = prompt fluorescence; DF = delayed fluorescence;
Phos = phosphorescence; ISC = intersystem crossing; TTA = triplet-triplet

annihilation)

Upon photo-excitation from Sy to the S; ‘nn* state, the S; 'mn* state
molecule first undergoes vibrational or structural relaxation. After that, it decays
as a result of radiatively transition giving the PF and ISC to transfer the excited
state population to the T, *nn* state. Upon the formation of T, *zn* state through
ISC, the molecule at T, *nr* state emit phosphorescence and at the same time

undergoes intermolecular TTA to transfer partially its population back to the S;
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'nn* state which decays with lifetime half of the triplet emitting DF at the ns to

us timescale.
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5.1.3 Excited state dynamics of oligo(m-PE)

complex

5.1.3.1 Femtosecond time-resolved fluorescence

and gold(l) oligo(m-PE)

and transient absorption

study
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Figure 5.10 Broadband time-resolve fluorescence (a) and transient absorption

(b) spectra of 3b in acetonitrile recorded at indicated time delays after excitation
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at 280 nm. The inset shows the early time delay of the spectra. The arrows

indicate temporal evolutions of the spectra.

Figure 5.10 displays the temporal evolution of fs-TRF and fs-TA

acquired for [PhC=C-(CgH;s-1,3-C=C),-H] (3b; Scheme 1.2)
in CH3CN. These spectra were measured to probe directly the excited state
dynamics of the oligo(m-PE) which is corresponding to the free ligand of the

gold(l) complex 3a ([PhC=C-(CgH4-1,3-C=C),Au(PCys)]

(Scheme 1.2) and the measurements were done to
provide reference data for accessing the role of metal (the gold(l) in the current
case) on one hand and the ligand structure on the other hand in affecting the

excited state dynamics, in particular that of the ISC.

The fs-TRF and fs-TA data we observed with 3b are very similar to those
obtained for 3a (Figures 6.1(c) and 6.3(d) in the next chapter).” It can be seen
from Figure 5.10 that, the TRF (Figure 5.10(a)) feature a single emission band
with Amax ~338 nm that decays in thousand ps timescale with no significant
change in the spectral profile. On the other hand, the TA featuring a broad
positive absorption at ~350-700 nm after a subtle grows in the ESA intensity at

~650 nm in <10 ps (Figure 5.10(b) inset) decays in the similar thousand ps
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timescale as in the fs-TRF and, as a result, transforms into a different spectra
having the Amax~430 nm (~10 ps, Figure 5.10(b)). The Amax ~338 nm fluorescence
in the fs-TRF and ~350-700 nm ESA in the fs-TA are attributed to the
fluorescence (S; — So) and the ESA (S; — S,) of the S; *nn* state, respectively.
While the Amax ~430 nm absorption in the late time fs-TA is ascribed to the ESA
from the T, *zn* state (T — T,) of 3b. Note that the excited state spectra (of
both the fs-TRF and fs-TA) are very similar between 3a and 3b. This implies that
the addition of Au(PCy)s" in 3a has insignificant effect on the electronic

properties and the energy of the oligo(m-PE) ligand system.
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Figure 5.11 Experimental (o, A) and fitted (—) kinetic time profiles of fs-TRF
((@), (c)) and TA ((b), (d)) at indicated wavelengths obtained with 280 nm
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excitation of 3a ((a), (b)) and 3b ((c), (d)) in acetonitrile. The insets show the

decay profiles at early delay times.

A comparison between the kinetic decay traces obtained from the fs-TRF
and fs-TA of 3b and 3a is depicted in Figure 5.11. Dynamic fitting of the TRF
and TA time profiles observed bi-exponential dynamics with mutually related
time constants (t; and t,) between fs-TRF and fs-TA for both 3a and 3b. The
time constant of t; was found to be nearly identical, being ~1 ps in both 3a and
3b. The time constant of 7, was however observed to be very different, being ~38
ps for 3a and ~5.2 ns for 3b. The 11 (~1 ps) component accounts for the initial
(first stage) relaxation of the photo-populated S; nn* state (<~6 ps, Figure
5.10(b) inset); while 1, (~38 ps/5.2 ns for 3a/3b) is corresponding to the decay of
the relaxed S; 'nn* state leading to formation of the T, *nn* state as indicated by
the long-lived Amax ~430 nm ESA seen in the fs-TA (Figure 5.10(b)). The ISC
from the Sy 'nn* to Ty *mn* state is corroborated by the observation of a pair of
well defined isosbestic points at ~360 and 470 nm (Figure 5.10(b)) produced
from the spectral transfer at the timescale corresponding to the 1, (Figures 5.11(c)

and 5.11(d); Table 5.1).

The major deactivation pathways proposed for 3a also summarized in

Scheme 5.2 together with those of 2a.
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5.2 Discussion

5.2.1 Comparison of the spectral and temporal evolution character of

oligo(p-PE) and gold(l) oligo(p-PE) complex

Despite the general similarity in terms of the spectral profiles and the
spectral transformation showed by 2a and 2b (Figures 5.4 and 5.6), distinct
differences in the precise wavelength maxima and the decay dynamics are noted
between the two compounds. According to the results obtained from the time-
resolved measurements, the TRF and ESA spectra of 2b (Figure 5.6) all occur at
energy modestly higher than those of 2a (Figure 5.4 and Table 5.1); in addition,
although the two compounds feature a nearly identical t; (~0.9 ps), their time
constant of t is clearly different: the 1, of 2b is ~600 ps, slower than the t, ~450

ps of 2a (Figures 5.5 and 5.7; Table 5.1).

Moreover, 2b shows a much greater extent of GB recovery (~94%) and a
noticeably lesser involvement of the T; *zn* ESA in the late time TA (~3000 ps).
It is noticed that, in addition to the energy red-shifts in the S; ‘nn* fluorescence
and the Ty *nn* absorption, the Sy absorption also shows substantial energy red-
shift (by ~1600 cm™) from 2b (321 nm) to 2a (338 nm) (Table 5.1). These
observations imply that the Au-C bonding interaction between the oligo(p-PE)
ligand and Au(PCy)s" moiety as that occurs in complex 2a decreases the
transition energies associated with all three states, i.e., the So, S; 'nn* and Ty *nn*

states.’

The similarity and differences in the decay dynamics between 2a and 2b

are instructive for elucidating the impact of Au(PCy)s" moiety on the emission
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pathways and the deactivation mechanism of the two systems. In the first stage of
spectral evolution at time interval up to ~6 ps after the excitation, 2a and 2b
exhibit very similar spectral evolutions both in the fs-TRF (insets of Figures
5.4(a) and 5.6(a)) and the fs-TA (insets of Figures 5.4(b) and 5.6(b)). These
temporal changes of fs-TRF and fs-TA spectra are most likely a result of
structural re-arrangement of the common initial S; ‘nn* state which is localized

in the oligo(p-PE) system both in 2a and 2b.

It is known that the oligo-aryleneethnylenes, like the case in 2b, exist in
the Spas a continuous distribution of rotational isomers upon free rotation of the
phenyl rings along the sp®-sp® bonds.**** The collapse at the blue edge (~310-
360 nm) of the early-time TRF (Figure 5.6(a) inset) is an indication for the
structural rearrangement of the S; 'mn* state from the initial orientation
disordered structure (Scheme 5.3(a)) into a fully planarized conformation
(Scheme 5.3(b)). This structural rearrangement is driven by the enhancement of
n-conjugation in the Sy 'nn* state compared to the Sy after photo-excitation.****
The growth as the structural change of the TRF intensity at other wavelengths
suggests that the relaxed S; 'zn* state with planar structure may feature a larger
ke that the initial S; 'mn* state at the Frank-Condon (FC) region. Such an

inference is in line with those reported in literature for p-PE oligomers with

different lengths and different substitution pattern.**

In analogy, the large growth in the initial ESA at the first stage of spectral
evolution (Figure 5.6(b) inset) can also be considered as a result of the structural
change of the initial S; 'nn* state. According to this, the relaxed S; ‘nn* state

feature an enhanced absorption cross section in relative to that of the S; ‘mn*

161



state at the FC. To the best of our knowledge, such an effect has not been
reported in the literature before this work. Taking together the initial magnitude
of GB (Figures 5.4(b) and 5.6(b)) and the known molar absorptivity (€) of the Sy
absorption,l the € of the relaxed S; Lun* state can be estimated to be in the order
of ~10°> mol™ cm™ for 2a and 2b. This implies that, upon photo-excitation, the
compounds may act as effective visible light absorbers, especially at the

wavelength region from ~600 nm to 700 nm.

Nevertheless, the key aspect presented here is that the nearly identical
first stage dynamics displayed by 2a and 2b indicates that the additional
Au(PCy);" moiety has only little effect in 2a compared to 2b at the very early

stage of the excited state relaxation.

(@) (b)
Scheme 5.3  Schematic representation of the torsional disordered (a) and the

planar (b) structure of the oligo(p-PE) chromophore in 2a and 2b.

162



At the second stage of deactivation, the decay dynamics displayed by 2a
and 2b are clearly different: 2a features a time constant of ~450 ps and 2b
features a time constant of ~600 ps (Table 5.1). During this stage of excited state
relaxation, the temporal evolutions of the TRF and TA arise due to the decay of
the structurally relaxed S; *mn* state which can be caused by three possible
processes including the radiative transition to Sp in giving PF, the nonradiative
processes due to ISC from S; 'an* to T, *mn* state and a direct internal

conversion (IC) from the S; 'zn* state to So.>

According to the late time percentage recovery of the GB and the
inclusion of no photochemical reaction of these compounds,’ the fraction of the
S: decay through the radiative transition (S; — Sy, radiative yield; ®g) and the
nonradiative ISC (S; — T, ®sc) can be estimated to be ~0.72/0.94 and
~0.28/0.06 for 2a/2b respectively (®sc = 1-®g). Clearly, the ISC yield (®sc) is

significantly larger in 2a (~0.28) compared to 2b (~0.06).

In order to extract the value of kisc, the relative contribution of the
radiative vs. nonradiative decay channel in the S; — Sy conversion has to be
examined. In this regard, it is noted that high value of ®g (0.94) and the ~600 ps
Sy 'nn* lifetime we determined for 2b are respectively in good agreement with
the fluorescence quantum vyield and the fluorescence lifetime reported for
analogue p-PE oligomer, of which the S; ‘nn* state decay is dominated by the
radiative transition negligible involvement of the IC during the decay of the S;
it state.®*!* Therefore, the second stage dynamic recovery of S in 2b, and
also presumably for 2a, can be attributed to arise primarily due to the radiative

transition of the Sy 'n* state with only a minute contribution of the IC.
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On the basis of this and the estimated values for ®sc and ks (Table 5.1),
the kisc of 2a can then be derived to be ~1.6x10° s (kisc = ®isc *x ki),
corresponding to a ~7 times faster than that of 2b (Table 5.1). Even so, it is noted
that the value of kisc we observed with 2a appears to be the slowest in those
reported in the literature for the transition metal complexes. Such a rate of kjsc
corresponds to an ISC time constant of ~6 ns (tisc = 1/Kisc). Such an ISC time
constant is ~4 orders lower than the ISC time we derived for la, which is
indicative for a remarkable role of ligand m-conjugation in affecting the rate of

ISC.

5.2.2 Comparison of the spectral and temporal evolution character of

oligo(m-PE) and gold(l) oligo(m-PE) complex

According to the TRF and TA results obtained for 3a (Figures 6.1(c) and
6.3(d) in the next chapter) and 3b (Figures 5.10(a) and 5.10(b)), prompt after the
photo-excitation, 3a and 3b exhibit similar changes in fs-TRF and fs-TA profiles
described by nearly identical time constant of ~1 ps. In analogous to the early
time processes observed with 2a and 2b, it is plausible that the ~1 ps spectral
changes are due to structural and vibrational relaxation of the initial Sy *nn* state

produced by the photo-excitation.**™*

As for the spectral evolution in the second-stage from ~10 to 6000 ps
after the photo-excitation, the decay of S; *nn* state proceeds with a much faster
rate in 3a (~38 ps) than 3b (~5.2 ns). Notably, the decay time obtained for 3b is
close to the radiative lifetime (t;) that can derived from steady state absorption

spectrum (Figure S8(c)) using the Strickler-Berg equation (eg. 5.1).%*°
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where Na is the Avogadro’s constant; ¢ is the speed of light; n is the refractive

index of the solvent; v; is the emission frequency in wavenumbers;

j%a‘absis the integral of the Sy — S; absorption band plotted in molar
Uabs

extension coefficient vs. energy in wavenumbers. The factor U; in eq. 5.1 was

approximated by the wavenumber of the emission maximum (Emax ).

The similarity between the experimental and the lifetime calculated from
the Strickler-Berg equation implies that the decay of the Sy *nn* state in 3b is
mainly caused by the radiative transition with limited participation of the non-

radiative processes such as the IC and 1SC.>

On the basis of this, the much faster decay of the S; ‘an* state and the
corresponding growth of the Ty *nn* state observed for 3a is indicative for the
presence of an effective ISC not seen in 3b (Table 5.1). Or in other words, there
is a great enhancement in the rate of ISC caused by the presence of Au(PCy)s"
moiety in 3a compared to 3b. With the lifetime of S; 'nn* state and regarding
that the S; 'nn* state decay rate is about ~10° times faster than the rate of
radiative decay rate (ks, Table 5.1), it is sensible to ascribe the decay of the S;
Len* state in 3a to the I1SC; accordingly, the @sc can be estimated to be close to
unity and the kisc be deduced to be ~2.6 x 10'° s (kisc = 1/tpe, Table 5.1). Of
note, the close to unitary ®sc displayed by 3a is the same as that of 1a butisin a

stark contrast to that of 2a (®jsc = ~0.28).
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In order to characterize the dynamics and the composition of the emission
at long time scale after the formation of the Ty °nn* state, ns-TRE measurement
had been performed on 3a in deoxygenated solution of CH3CN. The data (Figure
6.5(c)) reveals two emission components, a high energy component at Amax ~330
nm and a lifetime of ~32.8 ps and a low energy component at Amax ~470 nm and a
lifetime of ~63.7 us. The two emission components are respectively attributed to
the DF from the S; 'nn* state and the phosphorescence from the T, *nn* state.’
The DF features lifetime half of the phosphorescence indicates the DF is

produced from the mechanism of TTA, similar to the case of 2a.

Joint analysis of fs-TRF (Figure 6.1(c)) and ns-TRE (Figure 6.5(c))
showed that the TTA induced DF is the major component (~90%) in the time-
integrated fluorescence, the PF contributes only ~10% to the fluorescence
intensity mainly due to the very short lifetime (~38 ps) of the PF. Such a relative
contribution of DF and PF to the overall fluorescence deviates strongly to the
result discovered for the fluorescence in 2a (~90% PF/~10% DF). The low
quantum yield of the PF (®pr = ks X 1tpF; ~0.01) of 3a is the main reason for its
low @ (~0.12)." On the other hand, the high ®, ~0.66 displayed by 2a is
accounted for mainly by the large ®pr Which is due to the extended lifetime of PF
(~450 ps). In view of the limited absolute contribution of DF to the overall
fluorescence in both 2a and 3a,* the much lower ®p¢ in 3a compared to 2a is also
a major factor for the much lower fluorescence to phosphorescence intensity
ratio in the dual emission displayed by the former (3a) than the later (2a)
complex.! The overall deactivation pathway of 3a is depicted in Scheme 5.2 to
compare with those of 1la and 2a. It is obviously that the general deactivation

pattern of 3a is identical to that of 2a. However, the two complexes are in stark
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differences in terms of the dynamics of PF, ISC and the makeup of the

fluorescence emission.

5.2.3 General remarks on the photophysics of the gold(l) PE complexes

In general, the data presented above provides direct evidences for a
number of striking features of the excited states of the examined systems. First of
all, the rate of the theoretical forbidden LC ‘nn* — 3mn* ISC is remarkably
different between the three complexes despite that they have a common
[Au(PCy)s]" moiety attached to the PE ligand systems. The value of kisc
decreases consecutively by ~2 orders of magnitude from ~1.2x10* s™ in 1a, to
~2.6x10™ s and then to ~1.6x10% s in 3a and 2a, respectively. As a result, the
PF from the photo-prepared S; *mn* is quenched to vastly different extent
between the three complexes. This is indicated clearly by the lifetime of ~0.8, 38
and 450 ps for 1la, 3a and 2a respectively (Table 5.1). The ISC then proceeds
from the electronically and vibrationally relaxed S; 'nn* state with the different
rates in 2a and 3a; the @sc is close to unity in la and 3a but is noticeable small
(~0.28) in 2a. The long PF lifetime of 2a thus accounts for the unusually high ®,
and the much larger fluorescence to phosphorescence intensity ratio than that of

3a.

Second, for 2a and 3a, upon formation, T °mn* state undergoes
intermolecular TTA which converts part of its population back to the S; ‘zn*
state, giving the DF with lifetime halved to that of the T; ®zn* state. The PF and
DF from the S; 'nn* state and the phosphorescence from T; St state altogether

give the dual emission observed for 2a and 3a in the steady state emission
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spectrum. With reference to the previously reported Au(PCys)" complexes with
oligo(o-PE) analogues,” it can be concluded that, irrespective of the substitution
pattern of the oligo-PE ligand, the dual emission composed of PF, TTA induced
DF, and phosphorescence could be a general phenomenon and spectroscopic

features of the gold(l) oligo-PE complexes.

The absence of the fluorescence component in the steady state emission
of 1a is due to the minor PF yield and the negligible efficiency of TTA in its T
Stn* state. The negligible efficiency of TTA is consistent with the finding that
the efficiency of TTA increases with the increase of the oligo-PE ligand length.*’
Such a tendency is useful for enhancing the efficiency of TTA from the T, *nn*

state in the family of the gold(l)-PE complexes.

Third, making comparison between systems with and without
incorporation of the Au(PCy)s" moiety through Au-C=C- bond indicates that the
presence of Au(PCy);" moiety facilitates m-conjugation in the case of para-
substituted oligomeric PE (2a vs. 2b; Figures 5.4 and 5.6; Table 5.1). This is
manifested by the obvious energy red-shift in the absorption and emission
spectra of 2a (Figure S7(b)) compared to 2b (Figure S8(b)). However, the
bonding to Au(PCy)s" appears to have little impact on the electronic properties
and energy for the monomeric and meta-substituted PEs (1a vs. 1b and 3a vs. 3b;
Table 5.1). On the other hand, it is noted that, according to the spectral data of
both the absorption and emission, the S; 'nn* state of the gold(I)-PE complexes
shows increasing red shift in energy from la to 3a to 2a (Table 5.1). This

suggests an increasing degree of m-conjugation in the S; ‘nn* state following the
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order of 1la < 3a < 2a, which is in accordance with the result reported for the

corresponding metal-free meta- and para-PE oligomers.*" #1416

For the three complexes 1la, 3a and 2a, the degree of m electron
conjugation in the S; nn* (i.e., 1a < 3a < 2a) turns to correlate well with the
decreasing order of the S; kisc (Kisc(1a) > kisc(3a) > kisc(2a)). This observation
is significant for it indicates that the ISC in these gold(l) containing complexes is
not merely determined by the metal, but is controlled largely by the extent of the

ligand conjugation.

5.2.4 Implication of the excited state dynamics of gold(l) oligo(PE)

complexes

The results presented above have important impact on both the
fundamental and application aspects of the PE-based compounds and materials.
The discovery of the ligand-dependent ISC rate is unprecedented in the literature,
as it demonstrates that the tendency of ISC is neither merely controlled by the
metal ion nor the LC electronic excitation. It is however dictated by the extent of
n-conjugation of the ligand system. The result challenges the conventional
proposition of the heavy-atom prompted ISC, and provides an important
complement to the so far reported ultrafast k;sc for various transition metal
complexes,’”? In this regard, it is noted that recent time-resolved studies
reported ISC with time constants of ~70 fs and 2 ps for Pt(Il)-containing PE
complexes analogues to 1a and 2a.*** Also, the kjsc we observed with 2a is even
smaller than that reported for Ir(ll1)-doped polyfluorenes where the ISC is

induced by external heavy-atom effect.?®
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It appears that, rather than depending solely on the atomic number of the
metal ion, the rate of ISC in a metal complex is affected by an ensemble of
factors, in particular those related to the electronic and structural properties of the
ligand. This may include, for instance, the spatial separation between the metal
centre and the electron involved in the Sy — S; electronic transiton,® the details
of the symmetry and structural configuration of the ligand,??*®* and the
presence or not of close lying d-d states?, etc. In addition, the second-order term
of the spin-orbit coupling (SOC) interaction and the mechanism of vibration-
induced ISC could also contribute.® For the complexes (1a - 3a) studied in this
case, the major factor accounting for the ample decline in the kisc from la to 3a
to 2a could be the increase in the spatial separation between the metal centre and
the excited electron in the S; n* state which is induced by the increasing =-
conjugation in the PE ligand system. The larger ligand PE-centred electron
delocalization in the S; nn* state of 2a (to a lesser extent in 3a) may lead to the
excited © electron to be further away from the end-attached gold(l) atom, which
may weaken the effect of SOC in the S; and therefore the reduced ki;sc when

compared to 1a, where the PE ligand is the less conjugated.

It is interesting to note that the large variation in the kjsc values from la
to 3a to 2a demonstrates that the ISC of a metal complex can proceed in a wide
range of time regime, ranging from <1 ps to at least several ns. The presence of
sluggish ISC has been mentioned sparsely in the literature. As a consequence, not
only the mostly considered Ty, but also the precursor S; in its thermally relaxed
form, can play a significant role in the excited state processes of transition metal
complexes. In this regard, complex 2a presents a compelling case in showing that

the radiative decay of the initial S; surmounts the ISC and T; emission to the
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extent that it predominantly contributes most of the photoluminescence of the
system. As a result of this, other excited state processes, such as the excited state
charge transfer, energy transfer and other environment related relaxation
processes may also participate in the deactivation cascade not through the T, but
the photo-populated S;. Such a scenario may occur in various organometallic
complexes. The conventional notion of the ultrafast ISC may be applicable only
to a limited number of systems, such as those with excitation having character of
metal-to-ligand charge transfer (MLCT) or ligand-to-metal charge transfer
(LMCT) transition(s),"”# or those having LC excitation but with the excited

electron being sufficiently close to the metal ion centre, like the case in 1a.

Last but not least, considering the potential applications of p-PE

oligomers and polymers in the organic optoelectronics?’?°

and the growing
interest of exploiting m-PE scaffolds for the purpose of energy transfer in the
light harvesting systems,® the effects presented in this chapter about the gold(l)
on the dynamics, energy and efficiency of the oligo-(p/m-PE) centred

fluorescence and phosphorescence emissions are useful in rational design of p/m-

PE based molecules for improved application in the related areas.
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Chapter 6 Ultrafast Broadband Time-Resolved Study on
Selected Gold (1) oligo(o- or m-phenyleneethynylene) Complexes:

Substitution Dependent Luminescence Dynamics and Pathway

6.1 Results

6.1.1 Time-resolved fluorescence study of gold(l) oligo(o- or m-PE)

complexes

To understand the dynamics and factors in particular role of substitution
in affecting the spectral and dynamics of the dual emission (Figure S9) from the
gold(l) oligo-phenyleneethynylene (PE) complexes, fs-TRF measurement was

first performed to probe directly the emission spectra and the temporal evolutions

of the emission from [PhC=C-(CgHy4-1,2-C=C),Au(PCys3)]
O ——Au—PCy,
V4

(1), [PhC=C-(CeHs-1,3-C=C)Au(PCys3)] W (2) and

[PhC=C-(CgH4-1,3-C=C),Au(PCys)] (3) (Scheme 1.3)

in acetonitrile. The TRF spectra produced from these measurements are depicted
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in Figure 6.1. The spectra from the three complexes are displayed together to

facilitate direct comparison.

It can be seen from Figure 6.1 that, instantly after the excitation, complex
1, 2 and 3 exhibit intense fluorescence band with Anax at ~380, ~340 and ~345
nm respectively. These spectra are respectively very similar to the fluorescence
component in the corresponding steady state spectra (Figure $9). On the basis of
this, the ~380, ~340 and ~345 nm TRF can be attributed with certain to originate
from the S; state of each of the complexes; and thus they are corresponding to
the prompt fluorescence (PF) in each of the complex. Within several ps after the
photo-excitation, the TRF spectra of all three complexes narrow at the blue edge
of the spectra, followed by a minute red shift in the emission wavelength (Figure
6.1). The TRF spectra decay rapidly in tens ps timescale, leaving a small
fluorescence signal of only several percentage of the original intensity at ~2000
ps after the photo-excitation. The signal persists with no change in intensity up to

6000 ps in each of the complexes.
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Figure 6.1  Broadband time-resolve fluorescence spectra of 1 (a), 2 (b) and 3

(c) recorded at indicated time delays in acetonitrile after excitation at 280 nm.
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The insets show comparisons between fs-TRF recorded at ~50 ps (solid line) and
ns-TRE recorded at ~3 ps (dotted line) after the excitation. The arrows indicate

temporal evolution of the spectra.

The kinetic decays of the TRF can be obtained by following the change
as time of the fluorescence intensity at selected wavelength. For all the three
complexes, such obtained fluorescence time profile is nearly independence of the
fluorescence wavelength except at the very blue edge where the fluorescence was
found to decay slightly faster. Figure 6.2 shows the fluorescence decay profiles
at two representative wavelengths, ~360 and 380 nm for 1 (Figure 6.2(a)), ~330
and 350 nm for 2 (Figure 6.2(b)), and ~330 and 360 nm for 3 (Figure 6.2(c)). The
fluorescence decay profiles at ~380 nm for 1, 350 nm for 2 and 360 nm for 3 can
all be fitted by bi-exponential function, containing a predominant component
with time constant of ~49 (1), 35 (2) and 38 ps (3) and a common >200 ns time
constant describing the small residual signal observed at >2000 ps after the
photo-excitation (Figure 6.1). As for the fluorescence decay at the blue edge
(~360 nm for 1, 330 nm for 2 and 3), in addition to the above mentioned two
time constants, a third component with modest contribution and a time constant
of ~1-2 ps is observed with all the three complexes. The time component,
according to the change in the spectral profile at the corresponding time scale can
be attributed to arise due to vibrational and/or structural relaxation of the initial

S1 upon photo-excitation to evolve into the energy minimum of this state.

It is straightforward that the TRF with decay of ~49/35/38 ps is the

prompt fluorescence from the S; state for complexes 1/2/3 (Table 6.1), while the
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residual signal with decay time >~200 ns is the delayed fluorescence (DF)
exhibited in these complexes (which is confirmed further by the ns-TRE data
showed later in this chapter). Clearly, owing to its long lifetime and the limit to 6
ns detection time window of our fs measurement, the decay dynamics of the DF

cannot be assessed fully by the fs-TRF experiment.

Table 6.1 Spectral parameters of 1 — 3.

AEEmM Aen°nm A(S)nm MT)nm teeps tor®/ps ten us

1 380 510 440,620 400, 685 49 1.9 4.3
2 340 465 420 425 35 30.5 61.5
3 345 470 430 440 38 32.8 63.4

& Maximum wavelength of fluorescence.

® Maximum wavelength of phosphorescence.

¢ Maximum wavelength of excited state absorption.

¢ prompt fluorescence lifetime. © Delayed fluorescence lifetime.

" Phosphorescence lifetime.
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6.1.2 Femtosecond transient absorption study of gold(l) oligo(o- or m-PE)

complexes

To provide complementary information on the excited state dynamics of
1, 2 and 3, fs-TA measurements were also performed for the three complexes in
acetonitrile. The spectra recorded are depicted in Figure 6.3. The TA spectra
obtained for the three complexes are plotted together to facilitate direct
comparison. From Figure 6.3, it can be seen that, for all the three complexes, the
major variations in the TA profiles occur in tens to hundred of ps after the
excitation, and after that, the spectra remained nearly unchanged both in the

spectral profile and the intensity of the spectra (insets in Figure 6.3).
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insets show the spectral evolution at long delay times after the photoexcitation.

The arrows indicate directions of spectral evolutions.

For complex 1, immediate after excitation, the complex exhibits broad
positive absorption band (~0.5 ps) at wavelength ranging from ~300 to 800 nm
with Anax at ~370, 460 and 675 nm. After this and within ~6 ps after the
excitation, this initial absorption displays a subtle decay and a minute blue shift
while maintaining its spectral profile largely unchanged (Figure 6.3(a)). Within
tens to hundreds ps after the excitation, the newly developed absorption (at ~6 ps)
features two Amax at ~440 and 620 nm then evolves into a different profile
showing a broad absorption at ~400 nm along with a series of structured features
peaking at, e.g. ~685 nm and 750 nm, at the late delay time (~200 ps) (Figure
6.3(b)). This temporal evolution of the spectrum is accompanied by isosbesitc
points at ~370, 460, 675 and 700 nm. After this by ~6000 ps after the excitation,
the TA spectrum (~200 ps) displays little change in the profile and intensity

(inset of Figure 6.3(b)).

From Figures 6.3(c) and (d), it can be seen that the transient absorption of
complexes 2 and 3 are very similar, suggesting that the two complexes with the
m-PE ligands share similar natures of the electronic states involved in the fs-TA.
There is however modest difference in the precise wavelength location and the
decay dynamics of the fs-TA between 2 and 3, which is obvious arising due the

presence of an extra PE unit in 3 compared to 2.

For both 2 and 3, promptly after the excitation, they display TA spectra

(~0.2 ps) featuring broad absorption at wavelength ranging from ~300 to 800 nm
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peaking at ~420 nm and ~430 nm for 2 and 3 respectively. The initial TA then
evolve into alternative profile, having a relatively sharp and intense absorption
band peaking at ~425 and ~440 nm for 2 and 3 respectively by ~200 ps after the
excitation. Such a TA spectral evolution proceeds with isosbestic points at ~350
and 470 nm. At late delay times, such as from ~200 to 6000 ps, the fs-TA show
little change in profile and intensity (insets of Figure 6.3(c) and Figure 6.3(d)). It
is noted that the spectra of 2 and 3 are completely different from those of the 1,
indicating entirely different electronic configurations for states involved in the fs-

TA between the gold(l) o-PE (1) and the gold(l) m-PE complexes (2 and 3).
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Dynamic fitting of the TA time traces at selected wavelengths (Figure 6.4)
revealed three time components for each of the three complexes. In each of the
complex, depending on the selected wavelength, the TA decay profile can be
described by two components with modest contributions respectively for the
early time spectral relaxation (11) and the persistence of the late time spectra (t3)
and a major component (t2) representing the spectral transformation occurring at

the tens to hundreds ps time scale.

The time constant 13 was found to be ~1-2 ps for complexes 1-3
describing the early time spectral relaxation which can be attributed to the
vibrational and structural relaxation taking place in the S; nn* state upon photo-
population to relax into the energy minimum of the state. The t3 was found to
described by time constant >200 ns, indicating presence of very long-lived state
featuring the spectra that was observed by ~200 ps after the excitation. The time
constant of t, was determined to be ~50, 35 and 40 ps for 1, 2 and 3 respectively.
This time constant described decay of the early relaxed spectra and at the same

time the growth of the spectra that were observed at ~200 ps and afterwards.

Obviously, the time constants (t1-13) produced from the TA measurement
coincide exactly with the time constants observed in the TRF, manifesting that
the spectral transformations observed in the TRF (Figure 6.1) and TA (Figure 6.3)
are originated from the same excited state processes. On the basis of this, the 1,
time component in the fs-TA can be attributed to the intersystem crossing (ISC)
from the S; lnn* to Ty San* state. As a result, the spectra obtained before and
after several ps provide signature absorption spectra for the S; ‘zn* and Ty *an*

state in each of the complex.
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According to the steady state absorption,® the radiative rate constant of
the Sy 'n* state (k(S1)) can be estimated to be on the order of 10° s (k, ~¢/10™.
e ~ 10 for the three complexes, equivalent to a radiative lifetime of several to
10 ns in each case.” Providing the minute involvement of other non-radiative
process(es) during the deactivation of the excited state decay, it is plausible that
the ISC acts as the primary channel in depopulating the photo-prepared brightly
emissive S; 'mn* state. As a result, the decay time of the S; (~50/35/40 ps for

1/2/3) can be considered as the time constant for the ISC in each of the system.

It is worth noting that the ISC time constants of the three complexes are
not very different, indicating that the ISC rate of these gold(l) complexes is
affected insignificantly by the substitution pattern (ortho vs. meta) and length
(two vs. three repeating unit) of the PE ligand. Based on the ISC time constants
and the lack of other channel in deactivating the S, 'nn* state, a close to unitary
efficiency of the ISC (®isc) can be derived, which is consistent with those

reported previously for many organometallic complexes.*?

In addition, according to the measured lifetime (1) (see below) and the
quantum vyield for the Ty *nn* state (&= ®isc),” the radiative rate of the Ty *an*
state (k(T1)) can be estimated to be no greater than 10* s (k, = ®t/ty),
corresponding to a decrease by ~4 order of magnitude from the value of the
radiative decay rate of the Sy 'nn* (k/(S1)). The low radiative rate of the Ty *m*
state indicates a very “dark” nature of the T, Sun* state in relative to the S; mr*
state, explaining the lack of the emission from the T, *zn* state in the fs-TRF

spectra (Figure 6.1) of all the three complexes.
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It is interesting to note that the 11 ~1-2 ps process is featured by the
narrowing at the blue edge of the TRF spectra (Figure 6.1) and the subtle
variation in the early TA spectra (Figure 6.3). We attributed this process to the
vibrational cooling and conformational relaxation of the initial photo-populated
S; 'mn* state. Indeed, according to the steady state absorption and the
fluorescence spectra,* the 280 nm excitation may introduce an amount of ~4000-
7000 cm™ excess vibrational energy above the 0-0 level transition of the initial S;
'nn* state. It is known that vibrationally hot species tends to feature a broader
absorption spectrum than its relaxed form and may relax within several

picoseconds after excitation.'°

As demonstrated in the previous chapter (Chapter 5), time-resolved
measurements on related oligo(p-PE) systems without the coordinating metal
ions observed similar changes in the early time TRF and TA, which was ascribed
to the intramolecular structural variation of PE ligand to achieve a more
constrained planar structure in the S; from the So.**? On the basis of the
similarity in the early time spectral evolution, it appears reasonable that the
intramolecular structural relaxation like that occurs in the oligo(p-PE) systems
may also take place in the gold(l) complexes especially with the ortho-PE ligand
(complex 1), which was found to show a greater extent of the TA relaxation than

the meta-counterparts 2 and 3 (Figure 6.3).

In addition, it is relevant to note that the relaxation of the vibrationally
“hot” Sy 'nn* state (~1-2 ps) occurs at timescale well separated from that of the
ISC (~35-50 ps). Therefore, for the gold(l) complexes investigated in this chapter,

the ISC proceed from the fully relaxed S; *nn* state. This is different from the
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ultrafast (tens to hundreds of fs) ISC reported in the literature for a number of the
organometallic complexes which have the ISC occurs from the vibrationally hot

S, instantly after the photo-excitation.*®

6.1.3 Nanosecond time-resolved emission study of gold(l) oligo(o- or m-PE)

complexes

The fs time-resolved data (Figures 6.2 and 6.4) presented in the previous
sections showed that after ~200 ps after the photo-excitation, the excited state
population is dominated by the T *nn* state with only a small percentage in the
Sy 'mn* state. In order to characterize the subsequent spectral and temporal
evolution of the T, *zn* and S; *nn* state in a long timescale from nanoseconds
to milliseconds after the excitation, time-resolved emission (TRE) measurements
have been performed for complexes 1-3 in deoxygenated acetronitrile. The result
of these measurements provide direct evidence for elucidating the formation
mechanism of the long-lived DF and the detailed composition of the dual

emission revealed in the steady state measurement (Figure S9).

In the ns-TRE measurements, by using the time-gating technique and
adjusting carefully the gating time duration for the detection of the transient
emission, we were able to record the weak transient emission from both the
weakly emissive T Sun* and the S; ‘™ state which carries only minute fraction

of the excited state population.
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corresponding to the delayed fluorescence of the respective system. The arrows

indicate the directions of spectral evolutions.

Figure 6.5 displays ns-TRE spectra recorded for complexes 1, 2 and 3 in
deoxygenated acetonitrile at delay time lps after excitation. For all the three
complexes, the ns-TRE reveals dual emission with their wavelength locations
and the spectral profiles matching with those in the steady state emission of the
respective complexes (Figure S9).' This indicates that the high and low energy
component in the TRE of each complex is originated due to the DF and
phosphorescence from the S; Lin* and the Ty >nm* state, respectively. Moreover,
a direct comparison between the time-resolved spectra obtained for DF in the ns-
TRE and the PF from the fs-TRF (insets of Figure 6.1) shows identical feature
manifesting that the two emissions, although occur at vastly different time
regimes (10 ps for PF versus 10 ps for DF), are having the same intrinsic origin
I.e., the ligand centred nn* S; — S transition for each of the complex. As a
consequence, other probable assignments, like excimer, can be excluded for the

formation of long-lived fluorescence displayed by these complexes.

It can be seen from Figure 6.5 that the transient emission in the
nanosecond to microsecond time regime is prevailed by the phosphorescence
from Ty *mn* state with only minute involvement of the DF from the S; *mn*
state. On the basis of this and taking into consideration of the much faster
radiative decay rate of the S; 'nn* (ke(S1)) than Ty *m* state (k¢(Ty)), it can be

derived a subtle involvement of the S; nn* in relative to T; rn* state with the
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population ratio between the two state being no greater than 10 at delay time

beyond tens nanoseconds after the photo-excitation.
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Figure 6.6 shows the kinetic traces of the DF and phosphorescence
extracted from the TRE spectral data for complexes 1-3 (Figure 6.5). Analysis of
the kinetic decay of the emission intensity observed a single exponential
dynamics with the lifetime determined to be ~1.9/4.3 ps, 30.5/61.5 ps, and
32.8/63.7 ps for the DF/phosphorescence (Tor/Tphos) Of 1, 2, and 3 respectively
(Table 6.1). It is notable that the value tpr is about half of that for tpnes in all the
three complexes. In addition, it is noted that the Tpr/Tphos fOr 2 is respectively

similar to that of 3 but is significantly longer than the counterpart values in 1.

Parallel experiment but under aerated condition was also performed for
the three complexes, which revealed a simultaneous shortening of both the tpe
and Tpnes. This implies that oxygen may lead to a simultaneous quenching of both
the excited state emissions. Taking complex 2 as an example, the Tpr/Tphos Was
determined to be ~0.4/0.5 us (1) under the aerated conditions. Considering that
the oxygen concentration ([O,]) is ~10" M in the aerated solution and <~10" M
under nitrogen gas purging environment, the DF and phosphorescence quenching
rate (kq) can be estimated to be ~2.3 x 10° and 2.0 x 10° M s™* respectively (1/t
= 1/19 + kq[O3]).” The nearly identical quenching rate between the two emission

bands implies that both the emissions should have the same dynamic origin.

DF from long-lived S; state could be produced by two possible
mechanisms: (i) triplet-triplet annihilation (TTA; T, + T1 — S; + Sp) and (ii)
thermally activated triplet-to-singlet upconversion (T; — S1).2**** The thermally
activated process is in essence a unimolecular process where the lifetime of DF is
expected to be identical to the phosphorescence decay.>***° In the contrary, the

TTA pathway is a bimolecular process which involves annihilation of two T;
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state molecules to form one singlet excited species (S1).>** According to the rate
law, a characteristics of TTA-induced DF is that the lifetime of DF (tpf) is half

of the lifetime of the phosphorescence (tpn).">'*"

On the basis of this and the result of the oxygen quenching experiment
and more important the observation that for all the three complexes the tpf IS
about half of the tpp, it iIs with certain that DF observed in complexes 1-3 is
originated due to the TTA mechanism. It is noteworthy that although the TTA-
induced DF has been known as a common phenomenon in various organic

systems, especially in the area of conjugated polymer,'3168

such a phenomenon
is rarely reported in transition metal complexes, to the best of our knowledge.*
In this regard, the gold(l) complexes selected in this study present rare cases for

the involvement of this procedure in transition metal complexes.
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6.2 Discussion

6.2.1 Emission pathways of gold(l) oligo(o- or m-PE) complexes

Putting together the fs to ns and the ns to us time-resolved spectral and
dynamic results obtained for 1, 2 and 3 in acetonitrile (Figures 6.1 to 6.6) shows
clearly that the low-energy component of the dual emission in the steady state
spectrum is due solely to the phosphorescence, while both the PF and DF are
involved to give the high-energy component in each of the complexes. The
deactivation cascade and the emission pathway for these complexes can be

constructed and is summarized in Scheme 6.1.

ISC

TTA

280nm excitation
DF (~22, 31b, 33¢us)
Phos (~42, 62°, 64°us)

Scheme 6.1 Proposed deactivation and emission pathways for oligo(PE) gold(l)
complexes 1%, 2° and 3° in acetonitrile after 280 nm excitation. Radiative and

non-radiative transitions are indicated in straight and wavy arrows respectively.
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(VR = vibrational relaxation; PF = prompt fluorescence; DF = delayed
fluorescence; Phos = phosphorescence; ISC = intersystem crossing; TTA =

triplet-triplet annihilation)

After photo-excitation, the photo-populated S; *nn* state first undergoes
vibrational or structural relaxation and then transfers its population to the T, *nn*
state through ISC. These relaxation processes proceed with time constants of ~2
ps and ~35-50 ps respectively. The rate of ISC appears to be affected by both the
length and the substitution pattern of the PE ligand. The ISC leads to a rapid
quench of the PF and the formation of the Ty *mn* state with a nearly unitary
yield. Given the time constants (tpr) and the radiative rate constants (k#(S)) of
the PF, the PF quantum efficiency (®pr = tpr X k¢(S1)) can be estimated to be on

the order of ~102-10" for the three complexes under investigation.

Upon the formation of the T; Sun* state and in the timescale from
nanoseconds to microseconds, the T; *zn* state decays and at the same time
undergoes intermolecular TTA to convert partially its population back to the S;
'nn* state, leading to the DF with lifetime being about half of that of the
phosphorescence from the T; *nn* state. Owing to its long lifetime, the S; *nr*
state derived DF, albeit arising due to only a minute fraction of the excited state
population, may contribute significantly to the overall fluorescence as measured
in the steady state emission spectrum.! In addition, given the much greater
radiative rate constant of the S; 'an* than the Ty *zn* state (k(S1) >> k(T1)), the

TTA-induced T, *an* to S; *mn* excited state conversion, although occurs to a
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limited extent, may cause a pronounced increase in the fluorescence in relative to

the phosphorescence in the steady state emission spectrum.

6.2.2 Comparison of the emission property between gold(l) oligo(o-PE)

and gold(l) oligo(m-PE) complexes

Taking together the fluorescence decay dynamics at the various time
regime (Figures 6.2 and 6.6) allow for deriving the percentage contribution of the
DF to the overall fluorescence observed in the steady state emission. The percent
contribution made by the DF is ~90% for 3, ~60% for 2 and ~52% for 1. The
much greater involvement of DF in 3 compared to that of 2 and 1 suggests a
distinct feature in excited state of 3 in relative to 1 and 2. However, the larger
contribution of DF in 3 compared to 2 and 1 appears to arise from different

causes.

For 2 and 3, the varied ratio in the steady state emission of the
fluorescence to the phosphorescence (Figure S9) is mainly due to the greater
weighting factor of the DF in 3 than 2; this is implied by the fs-TRF (Figure 6.1)
which suggests the DF to contribute ~3.6% in 3 but ~0.5% in 2 to the overall

fluorescence emission. According to the rate law,*®*’

this may reflect a higher
efficiency of the TTA in 3 than in 2. Given the different PE ligand length
between 2 and 3 (i.e., two repeating PE unit in 2 vs. three repeating PE unit in 3),

it is plausible that the TTA efficiency is enhanced upon elongating the PE ligand.

When making comparison between 1 and 3, besides the slightly lower

TTA efficiency as suggested by the fs-TRF (Figures 6.1 and 6.2), the much
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smaller DF involvement in 1 (~1%) than 3 (~3.6%) could also be related to the
much shorter DF lifetime (~1.9 ps) than that of 3 (~32.8 ps) (Table 6.1). Given
the ligand-centred nn* excitation of the S; and T, states and the known
photochemical instability of the o-PE systems (in performing the Bergman

cyclization reaction),?*%

the shorter DF lifetime displayed by 1 might be
accounted for by involvement of a photochemical decay path in the particular
case of complex 1. The photochemical reaction is most likely to proceed in the
T, ’mnn* state, providing a channel to compete with the TTA and therefore

quenches the excited state population and shortens the lifetimes of both the T,

Snnx state and the DF from the TTA produced S; *nn* state.

The presence of this additional relaxation channel in the o-PE but not the
m-PE containing complex may constitute a major factor for the shorter tpr/tpn
lifetime observed for 1 (tpp/tpn = 1.9/4.3 ps) than 3 (tpp/tpn = 32.8/63.7 us)
(Table 6.1). This may also provide an explanation for the different emission
behaviors between the two complexes, including for instance, the low emission
quantum vyield of 1 compared to 3 and the less involvement of the
phosphorescence in the steady state emission of 1 than 3 (Figure S9).! This
observation underscores the role of substitution pattern in varying significantly
the emission property between the gold(l) oligo(o-PE) and the gold(l) oligo(m-

PE) complexes.
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6.2.3 General features of the excited states of gold(l) oligo(o- or m-PE)

complexes

To sum up, the results on the emission property of the o- and m-PE gold(l)
complexes provide important insights as follows: first, as a common feature, all
the three systems display nearly unitary ISC efficiency with the ISC time
constant at tens of picoseconds timescale. Second, the efficiency of the T, nn*
state to perform TTA in giving DF is favored by longer PE ligand length in the
gold(l) oligo(m-PE) complexes. Third, the propensity toward photochemical
reaction displayed by the gold(l) oligo(o-PE) complex accounts for the distinct
emission property showed by the gold(l) oligo(o-PE) from the gold(l) oligo(m-

PE) complexes.*

It is worth noting that, although these gold(l) o-PE and m-PE complexes
exhibit the nearly unitary ISC efficiency, their ISC time constant is indeed much
slower than the ultrafast ISC times (<~1 ps) reported for many other transition
metal complexes.>® Regarding the increasing attention on the precise timescale
and the factor(s) that may affect the rate of I1SC in transition metal complexes,***
922 the ISC time constants obtained here for the varied selected gold(l) PE

complexes add new information that may help for more fully understanding the

ISC in transition metal complexes.
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Chapter 7 Conclusions

In this thesis, the dynamics, electronic nature and deactivation pathway of
photo-induced excited states have been examined for two main types of systems,
(i) methyl-4-dimethylaminobenzoate (DMABME) and its derivatives and (ii) the
gold(l) oligo-phenyleneethynylene (PE) complexes and derivatives, including

free ligands of several gold(l) PE complexes.

The roles of aromatic carbonyl (AC) substitution, solvent, ligand
conjugation, ligand substitution pattern as well as ligand length on the excited
state dynamics, including the rate of intramolecular charge transfer (ICT)
reaction, the rate of intersystem crossing (ISC) efficiency, as well as the emission
pathway have been investigated by a combined application of femtosecond
broadband time-resolved fluorescence (fs-TRF), fs-TRF anisotropy (fs-TRFA),
fs transient absorption (fs-TA), nanosecond time-resolved emission (ns-TRE)
and ns-TA. A joint application of these time-resolved spectroscopic methods
allows complementary experimental data to be obtained for monitoring directly
the excited state spectra and the temporal evolution of excited state spectra, so as
to provide direct evidence for determining the dynamics and factors affecting the

dynamics of the excited state systems.

The combined fs-TRF, fs-TRFA, fs-TA and ns-TA study on DMABME
in acetonitrile observed directly the excited state ICT reaction from the photo-
prepared locally excited (*LE) state to the intramolecular charge transfer (*ICT)
state, followed by 1SC from the *ICT to triplet (°Ty) state (‘LE — 'ICT — °T)).
The time constant for the ICT reaction was determined to be ~0.8 ps and that for

the ISC was found to be ~1.9 ns. Broadband fs-TRFA measurement affords
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explicit evidence for a common L, nn* parentage for both the 'LE and the 'ICT
states. This coupled with the large Stokes’ shift displayed by the ICT
fluorescence from the L, n* absorption suggests the importance of large scale

intramolecular structural rearrangement accompanied by the ICT reaction.

The result lends strong support to the widely known twisted ICT (TICT)
model in describing the ICT reaction. The ~1.9 ns time constant of ISC is at
variation with the typical ultrafast ISC known for AC compounds. This result
highlights a crucial role of the para-DMA-carboxylate substitution in affecting
the dynamics and deactivation pathway of the excited state decay. Given that the
3T, state of compound like DMABME may act to photo-sensitize reaction of
DNA in producing harmful photoproduct (e.g. Cyclobutane Pyrimidine Dimer,
CPD), the high efficiency of the *T; formation in DMABME may explain the
observation of some related DNA photolesions in trial experiment on the safety

for using the DMABME type of compounds as ingredient in sunscreen products.

The effect of solvent hydrogen-bonding (H-bonding) on the excited state
decay of DMABME was investigated by comparison of the spectra and dynamics
results obtained in aprotic solvent acetonitrile and protic solvent methanol. The
nearly identical ICT reaction time constant (~1 ps) in the two solvents indicates
that the 'LE state and ICT reaction is not affected significantly by the H-bonding
interaction between solute and solvent molecules. In contrast, the drastic drop in
the *ICT state lifetime, from ~1.9 ns in acetonitrile to ~120 ps in methanol,

indicates a strong effect of H-bonding in affecting the dynamics of the *ICT state.

The dramatic shortening of the *ICT state lifetime in methanol from in

acetonitrile is indicative of the presence of a solvent-assisted deactivation
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channel which must compete effectively with the ISC for the depopulation of the
YCT state. The much greater degree of dynamic Stokes’ shift exhibited by the
fluorescence of ICT state in methanol than in acetonitrile suggests formation of
the fully solvated H-bonded ICT (*HICT) state, which is energetically more
stabilized by the solute-solvent H-bonding when comparing to the nascent *ICT
state formed from the initial 'LE state. The additional deactivation channel is

assigned to the internal conversion (IC) from the *HICT state to the ground state

(So).

This assignment is supported by the kinetic isotope effect on the *HICT
state lifetime which found that the lifetime in CH3OD is ~1.4 times longer than
that in CH3OH. This combined with the nearly identical *HICT state lifetime in
CH30D and CD3OD indicates compellingly that it is the hydroxyl hydrogen, not
the hydrogen in the methyl group that is involved primarily in the H-bonding
interaction and affecting the nonradiative decay of the *HICT state. The presence
of this additional deactivation channel suppresses the *T; state formation, which
may, as a result, alleviate the potential harmful effect that may cause by the

compound like DMABME in using as an ingredient of sunscreen products.

The excited state and the emission properties of the gold(l)-PE complexes

[PhC=CAu(PCys3)] C = APy (1a), [PhC=C(CgHa-1,4-C=C),Au(PCys)]

@ :<\ // :>2AufPCy3
(2a) and [PhC=C(CeHa-1,3-C=C),Au(PCys)]

(3a) and the corresponding metal free p- and m-PE
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oligomers (2b and 3b) were studied using fs-TRF, fs-TA and ns-TRE
spectroscopy. The electronic origins of the excited states of the gold(l)
complexes are assessed by the direct comparison of the spectral and dynamic
data obtained for the counterpart system with and without the gold(l) metal
centre. The experimental results indicate a ligand-centred (LC) nt* nature for the
S:1 and T; states, and shows that the ligand n-conjugation plays an essential role

in dictating the rate of ISC (k;sc) for the gold(l) complexes 1a-3a.

A significant decrease by ~4 orders of magnitude in the k;sc from la
(~1.2x10% s™) to 3a (~2.6x10% s™) to 2a (~1.6x10° s™) is arising mainly due to
the increase in the m-conjugation of the PE ligand involved in these complexes.
The variation in the kjsc leads to varied rates of the ISC in quenching the prompt
fluorescence (PF) in the three complexes. This, together with the ligand
substitution pattern dependent triplet-triplet annihilation (TTA) for the formation
of delayed fluorescence (DF), provide in-depth explanation for the largely
different emission properties (such as the emission quantum yield and the ratio of
the fluorescence to phosphorescence) displayed by the three gold(l) PE

complexes.

Detailed investigation utilizing the broadband fs-TA, fs-TRF and ns-TRE

on three gold(l) oligo-PE complexes, [PhC=C(Cg¢H4-1,2-C=C),Au(PCys)]
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and  [PhC=C(CgHs-1,3-C=C),Au(PCys)] were
conducted to study effect of substitution pattern and the length of PE ligand on
the excited states dynamics and the emission property of the gold(l)-PE
complexes. The results show that, despite of the difference in the ligand
substitution pattern and varied length of the PE ligand, the ISC from the S; ‘nn*
to T, *nn* state takes place rapidly in very similar timescale with nearly unity
efficiency for all the three complexes. The three complexes were found to feature
LC dual emission comprising high energy emission due to the fluorescence from

the lowest singlet S; 'mn* state and a low energy emission due to the

phosphorescence from the lowest triplet Ty *nn* state.

The results obtained from the fs-TRF and ns-TRE show direct evidence
that the fluorescence component of the dual emission is composed of PF and DF
which are both from the S; 'nn* state but occurring in distinctively different
timescales. The PF arises due to the tens picoseconds lifetime of the initial photo-
populated S; 'n* state, while the DF is produced from the Ty *nn* state through

the process known as triplet-triplet annihilation (TTA).

The efficiency of TTA was found to vary with both the substitution
pattern and the length of substitution of the PE ligand. It is facilitated by the
increase of the PE ligand length for the m-PE containing complexes, and is
decreased on going from the m-PE to 0-PE containing complexes most likely due
to the presence of additional photochemical reaction in the latter system. The

nearly unitary T; *nn* formation yield and the involvement of TTA in giving DF
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are the salient feature of the gold(l) PE complexes under investigation. Such a
feature allows the complexes to display dual emission with a wide range of
wavelength coverage, which could have important implication for the
development of PE-based optoelectronic materials for the future optical

applications.

To conclude, broadband time-resolved spectroscopy based on the
combined application of fs-TRF, fs-TRFA, fs-TA, ns-TRE and ns-TA has been
demonstrated to be a powerful and versatile tool for revealing the excited state
dynamics and varied factors affecting the dynamics of both the organic molecule
DMABME and the transition metal complexes, the gold(l) PE systems. The
results obtained provide comprehensive yet detailed characterization of the
electronic nature, temporal evolution and the overall deactivation cascades for
the excited states of the compounds under investigation. The spectral and
dynamic information gathered in this work help to clarify uncertainties in the
literature for some of the studied systems and are also useful for potential
applications that might be made based on the compounds investigated in this

thesis.
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Appendix

Supplementary Figures
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Figure S1 Steady state UV-visible absorption (red) and normalized 280 nm

excited fluorescence (blue) spectra recorded for DMABEE in acetonitrile.

212



s —oe (@)

—085 ——1.25
—175 ——35
—7 —20

— 100

|
————
e —

A OD (10%)
5

T T T T T T T T T
——100 ——500
] ——1000 —— 1500 (b)
20+ ——2000 —— 3000
— ] —— 4000 —— 6000
S 10
8 ]
< 0 ]
-10-
T T T T T T T T T T T T T
400 500 600

Wavelength (nm)

Figure S2 Broadband transient absorption of DMABEE in acetonitrile
recorded at 0-100 ps (a) and 100-6000 ps (b) after 280 nm excitation. The arrows

indicate temporal evolution of the spectra.
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Figure S3 Experimental (o, A) and fitted (—) kinetic decay profiles of TA at
indicated wavelengths for 280 nm excited DMABEE in acetonitrile. The inset

shows the decay profiles at longer decay time up to ~6 ns.
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Figure S4 Steady state UV-visible absorption (red) and normalized 280 nm

excited fluorescence (blue) spectra recorded for DMABEE in methanol.
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Figure S5 Broadband transient absorption of DMABEE in methanol
recorded at 0-20 ps (a) and 20-6000 ps (b) after 280 nm excitation. The arrows

indicate temporal evolution of the spectra.
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Figure S6 Experimental (o, A) and fitted (—) kinetic decay profiles of TA at
indicated wavelengths for 280 nm excited DMABEE in methanol. The inset

shows the decay profiles at longer decay time up to ~1 ns.

217



30 Z

] (a) .-1.0 S

_ 3
F.' ! QO
& 20- N’
(&) 4 D
- i o
s -0.5 5
™ A I 5
2 3
- J Z

i N

0 T L L 0.0 c

300 400 500 600 -

] 1.0 £

804 b)[~ 9

— ] 3
F.' ] Q
& 60- . N

(&) E D

- ] i o
S 40 H\/\M -0.5 §
™ b i D
o ] S
= 201 550 Q.
W - <

] i N

O L L L L L O'O .C

300 400 500 600 -

80 Z

_ ] 3
< 601 Q
- y N

o D

~ L i o
s 40'_ -0.5 §
™ i D
o ] i S
= 20- 500 600 &
W ] <

; i N

O L L L L L O'O .C

300 400 500 600 -

Wavelength (nm)

Figure S7 Steady state UV-visible absorption (red) and normalized 280 nm

excited fluorescence (blue) spectra recorded for la (a), 2a (b) and 3a (c) in

acetonitrile. The insets show the magnified view of the fluorescence spectra.
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Figure S8 Steady state UV-visible absorption (red) and normalized 280 nm

excited fluorescence (blue) spectra recorded for 1b (a), 2b (b) and 3b (c) in

acetonitrile.
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Figure S9 Steady state UV-visible absorption (red) and normalized 280 nm

excited fluorescence (blue) spectra recorded for 1 (a), 2 (b) and 3 (c) in

acetonitrile. The insets show the magnified view of the fluorescence spectra.
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Supplementary Program Code for the Computer Control in ns-TA

Measurement

In order to control the fs time-resolved spectroscopic systems, i.e. the
CCD detector, the optical delay line, the shutter and the data acquisition
procedure, a computer program written in Visual Basic 6.0 under Window 2000

has been run.

However, in the ns-TA measurement, the timing between the pump and
probe is controlled using the digital delay and pulse generator (DG535, Stanford
Research Systems), instead of the optical delay line. Therefore, supplementary
program is needed to link up the generator with the data acquisition procedure.

The respective coding of the supplementary program (Move_ns) is shown below:

Public Sub Move_ns (Delay As Single)
Const GPIBO =0

Dim instruments(2) As Integer

Dim Start

Call SendIFC(0) * Call for Controller-In-Charge of the
board address 0

instruments(0) = 15 * Assign instrument GPIB address (15)

instruments(1) = NOADDR

Call EnableRemote (GPIBO, instruments()) ' Remote the instruments

Call ibwrt(0, "dt 2, 3, " & Delay * -1 * 10 * -9) ' Set the time delay (ns)

Call ibwrt(0, "dl 1,0,0") ' Display the delay time of the channel

Start = Timer 'Get the starting time

Do While Timer < Start + 50 'Loop and do nothing for 500ms

Loop

End Sub

221




Other Publications

1. Ma, C,; Chan, C. T. L.; To, W. P.; Kwok, W. M.; Che, C. M. “Deciphering

photoluminescence dynamics and reactivity of the luminescent metal-metal-
bonded excited state of a binuclear gold(l) phosphine complex containing

open coordination sites” Chem. Eur. J. 2015, 21, 13888-13893.

2. Ma, C.; Cheng, C. C. W.; Chan, C. T. L.; Chan, R. C. T.; Kwok, W. M.

“Remarkable effects of solvent and substitution on the photo-dynamics of
cytosine: a femtosecond broadband time-resolved fluorescence and transient

absorption study” Phys. Chem. Chem. Phys. 2015, 17, 19045-19057.

3. Lee,S.H.;Chan,C.T. L.; Wong, K. M. C.; Lam, W. H.; Kwok, W. M.; Yam,

V. W. W. “Design and synthesis of bipyridine platinum(ll) bisalkynyl
fullerene  donor-chromophore-acceptor triads with ultrafast charge
separation” J. Am. Chem. Soc. 2014, 136, 10041-10052.

4. Lee, S.H.;Chan,C.T.L.; Wong, K. M. C.; Lam, W. H.; Kwok, W. M.; Yam,

V. W. W. “Synthesis and photoinduced electron transfer in platinum(ll)
bis(N-(4-ethynylphenyl)carbazole)-bipyridine fullerene complexes” Dalton
Trans. 2014, 43, 17624-17634.

5. Ho,Y.M.; Au, N. P. B.; Wong, K. L.; Chan, C. T. L.; Kwok, W. M.; Law, G.

L.; Tang, K. K;; Wong, W. Y.; Ma, C. H. E.; Lam, M. H. W. “A lysosome
specific two-photon phosphorescent binuclear cyclometalated platinum(ll)
probe for in vivo imaging of live neurons” Chem. Commun. 2014, 50, 4161-
4163.

6. Cheng, C. C. W.; Ma, C.; Chan, C. T. L.; Ho, K. Y. F.; Kwok, W. M. “The

solvent effect and identification of a weakly emissive state in nonradiative

222



dynamics of guanine nucleosides and nucleotides — a combined femtosecond
broadband time-resolved fluorescence and transient absorption study”

Photochem. Photobiol. Sci. 2013, 12, 1351-1365.

Ho, C. L.; Wong, K. L.; Kong, H. K.; Ho, Y. M.; Chan, C. T. L.; Kwok, W.

M.; Leung, K. S. Y.; Tam, H. L.; Lam, M. H. W.,; Ren, X. F.; Feng, J. K,
Wong, W. Y. “Strong two-photon induced phosphorescent golgi-specific in-
vitro marker based on a heteroleptic iridium complex” Chem. Commun. 2012,

48, 2525-25217.

Ho, Y. M.; Koo, C. K.; Wong, K. L.; Kong, H. K.; Chan, C. T. L.; Kwok, W.

M.; Chow, C. F.; Lam, M. H. W.; Wong, W. Y. “The synthesis and
photophysical studies of cyclometalated Pt(I1) complexes with C,N,N-ligands

containing imidazolyl donors” Dalton Trans. 2012, 41, 1792-1800.

Lo, W. S.; Kwok, W. M.; Law, G. L.; Yeung, C. T.; Chan, C. T. L.; Yeung,

H. L.; Kong, H. K.; Chen, C. H.; Murphy, M. B.; Wong, K. L.; Wong, W. T.
“Impressive europium red emission induced by two-photon excitation for

biological applications” Inorg. Chem. 2011, 50, 5309-5311.

223



