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Chapterl Introduction and Motivation

1.1 Ultrashort Laser Pulses and Energetic Materials

LASER is the acronym of Light Amplification by Stutated Emission of
Radiation. Theodore Maiman demonstrated the fiskimg laser [1] in 1960A laser
can be classified as operating in continuous wawg 6r pulsed mode. A solid state
pulsed laser such as Titanium-doped sapphire &pplsire) produces a highly tunable
infrared laser, commonly used in spectroscopy.adhort laser pulses are being used
for basic as well as applied research in frontadyoratories, hospitals, metrology,
communications, spectroscopy, terahertz scienceéjcne, material processing and
defense technological applications in recent tif2¢sUltrafast lasers based research
and development has been an active area for prdlghgand matter interaction.
One can use short pulsed lasers with high peak ptmvaeasure dynamical behavior
in sample on extremely fast timescales. Such tieselved measurements capture
snapshots of an event as it happens, which cahupihto a full sequence, mapping
out exactly what is going on at any given time.this thesis we have focused our
research to study the interaction between light amaiter at femtosecond (fs),
picosecond (ps) and nanosecond (ns) time scaless d major tool used for the
determination of quantum energy levels in atomdemes, semiconductors, etc. For
example, molecules possess vibrational and rowtidegrees of freedom. Such
motion is quantized, i.e., only motion correspogdino discrete rotational,
vibrational/electronic energies is allowed. Spestopy, which investigates
transitions between these quantized states, isptimary tool in elucidating the
energy-level spacing. In nature we have a lot @neimena that take place in a very
short time scales (ps and fs time scales) suclheag@-phonon scattering, chemical
reactions and photo dissociations. These shod tntervals cannot be time resolved
by our fastest available electronic instrumenthisagfast detectors and oscilloscopes.
Therefore, to resolve such phenomena that occuitiafast time scale, we need a
technique called as “pump-probe technique”. Fs neldgy is a significant
achievement since in this regime, the movemengbt seems insignificant i.e. in one
fs light travels only 300 nmBroadly one can envisage two powerful applicatiohfs
pulses in optics - in probing processes on a fg thtale and creating high intensity
photons. The latter has generated further intarestudying the interaction of fs
pulses with optically transparent materials becaismich high peak intensities even

these materials absorb laser radiation throughifphtiton processes.
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An energetic material is a substance which storesge amount of energy
and can be initiated to undergo rapid decompositissually accompanied with
generation of high pressure, heat or light and dourThe first application of
explosives in human’s history could be dated badké invention of black powder in
9" the century in China. The invention of nitroglyicer (NG), dynamite and gelignite
in 19" century marked a breakthrough in the explosivé fidue to greater power and
improved safety of those materials. Since World Watwo new explosives, RDX
and HMX, have been extensively utilized in bothtges of military and industry.
High Energetic materials (HEMs such as explosiygepellants and pyrotechnics)
are extensively used for both civilian and militagplications. Worldwide various
research programmes are going on to develop pynoies with reduced smoke and
new explosives and propellants with higher perforoeaor enhanced insensitivity to
thermal or shock insults. Decomposition of eneggataterials is a complex
dynamical process involving events that span a nadge of time scales. Elementary
intra-molecular motions including those involved molecular vibrations, bond
breakage, and bond formation occur in 10 to 100’dso Elementary collective
motions including those that mediate lattice vilonag, intermolecular collisions, and
shock front propagation between neighboring latsites occur on the hundreds of fs
time scale. While macroscopic shock front propagatbuild-up of energetic
primary reaction products, and detonation occur rouch slower time scales,
elucidation of the elementary events is crucial uederstand the microscopic
mechanisms of energetic material decompositioha#t recently been suggested [3]
that molecular excited states may play a decisie in ignition of detonation. It is
then very important to observe the characteristiod the behavior of molecular
excited states. Comparison of excited state primseof explosive and non-explosive
molecules may indeed allow understanding the sSpdgifof explosive molecules
and, finally, the key of the ignition of explosiamd detonation processes. However,
excited state lifetimes may be very short and tlststes, after excitation, may evolve
and be transformed on a sub-ps time-scale. It (gssary to observe these excited
states with a sub-ps time-resolution. With fs tiragolution, one can freeze atoms in
motion and study the evolution of molecular stroesuas reactions unfold and pass
through their transition states, thus providing ation picture of the transformation.

Nelsons group at Massachusetts Institute of Teclyyo[4-5] performed fs time
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resolved study of Tri-Nitro Azetadine (TNAZ). Deuposition of HEMs can be
initiated by different processes, including sparks;s, shocks, compression waves
and light. These events induce electronic exciatio energetic molecules. In
principle, a number of photochemical and photoptalsiprocesses can occur
following electronic excitation of an energetic malle: these include radiative
transitions, such as fluorescence and phosphorescean-radiative transitions, such
as internal conversion (IC), intersystem crossingCj and excited state
photochemistry. Among these IC is particularly impat since it initiates the
decomposition of energetic molecules via trangigrrelectronic energy to the
vibrational degrees of freedom of the excited etgit state potential energy surface
(PES). The basic idea behind the present res@aotihem is that energetic materials
are excited electronically S>S,) upon shock, spark, plasma, laser, etc. ignition
event, and these excited electronic states areinitiators of the decomposition
process in which an energetic molecule releasesnigsgy. The initial step in this
process releases small radical molecules, suchOad\N) NHjs, etc., and this process
occurs rapidly, of the order of 100 fs. The mechias for this release of energy
involve radiation less and non-adiabatic electrostate interactions and transition
involving conical intersections between potentiabrgy surfaces. Reed et al. [6]
performed the first atomistic simulation of an a&zienergetic material (HN from
beginning to the end of chemical evolution and alieced that the time scale for
complete decomposition was ~10 ps, orders of magmitshorter than that of
secondary explosives and approaching the fundaméiméing time scale for
chemistry; i.e., vibrational time scale. Stracledral. [7] utilized reactive force field
(ReaxFF) to describe the high energy nitramine R&Wd used it with molecular
dynamics (MD) to study its shock-induced chemisiiyeir simulations show clearly
that the primary reactions leading to N@H, NO, and M occur at very early stages.
They also found that although the barrier for tathprays leading to NCand HONO
was essentially the same, BN@as the main product for low shock velocities (
km/s), in agreement with experimental data. Howetreare is little known literature
available about the coupling between the mechatvaaling and detonation initiation
in HE materials. Such a fundamental understandingitical for the design of next-
generation materials with improved performance sgsitivity.
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Fs laser pump-probe techniques were successflllgedt in understanding
the dynamics of photo dissociation in HMX, RDX frogmcited electronic states at
230 nm, 228 nm, 226 nm to monitor the time evohlutaf the NO product [8].
Decomposition studies of RDX in the gas phase &5~2m generate NO as initial
product. The generated nascent NO is vibratiorraily(T.i, ~1800 K) and rotationally
cold (~20 K). The dynamics of NO formation is tasthan 180 fs. Bernstein’s group
[8-14] from Colorado state university has extendédrts towards understanding of
the critical role of non-adiabatic couplings in théial steps of the excited electronic
state decomposition of energetic materials. Thisig focused on understanding the
mechanism, dynamics of decomposition of HEMs. Défe decomposition channels
were observed for model compound like dimethylniirse (DMNA) with different
experimental conditions. These experiments provide potentially useful
methodology for accurate and predictive determimatdesign, and synthesis of new
energetic materials. Nitro-group stretching motitetimes of few ps for several
energetic molecules at room temperature have bgaluated [15]. Pump pulse
creates a non-stationary medium while the probseppropagates in medium and
absorbs. The production of fs optical pulses tesgtigate induced nuclear motion in
molecules and in a medium. Duration of pump pusshiorter than periods of some
vibrational modes of molecule. The speed of atamation is ~1 km/s and, therefore,
to record atomic scale dynamics over a distancelof’, average time required is
~100 fs.

Nano-sized energetic materials offer the poterdfahigh heat release rates,
increased combustion efficiencies, tailored burnmatgs, and reduced sensitivity.
Nano-energetic materials can provide a signifi@rttancement in the rate of energy
release as compared with micro-scale materials. affilgy to control the temporal
pulse-intensity profile leads to greater controéwothe effects of ablative heating and
the resulting shockwave propagation. Nano-energetaterials such as nano-
aluminum are a fast-growing research area in exm@esand propellants because of
the high heat release and fast reaction. Howeaterghination of the nano-material
heat release rate is a challenge because of tershotion time scale. Prof. Dlott’s
research group (at the University of lllinois) feed on different aspects of ultrafast
spectroscopy of nano-energetic materials and shmatticed chemistry [16-19]. They

had also performed some pioneering experiments ren af the simplest HEM,
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Nitromethane (NM) [20]. NM is an insensitive exgile liquid, the simplest of nitro-
organic molecular explosives. It is believed thiatational energy plays key roles in
both shock initiation and detonation processes. W initiating shock wave is
present translational energy from the shock fronstnbbe driven into NM vibrations, a
process termed “multiphonon up-pumping”. Once thesetions have been initiated
and exothermic chemistry begins, energy from thated vibrations of hot nascent
molecular species such as HONO and HCN must beectad/ into translational
energy for driving the detonation wave. IR-Ramarasurements of NMslwith CH-
stretch excitation demonstrated that vibrationabliog (VC) occurred in three
different stages. In the first stage parent ekoma decayed within ~3 ps
simultaneously populating all lower-frequency viiwas. These excited daughter
vibrations could be divided into a midrange tie6qQ@-1000 crit) and a lower-
frequency tier (1000-480 ¢ In the second stage, excitations in the mideatigy
decayed into the lower-frequency tier in ~20 pse Tdwer frequency tier thus became
excited in two stages, the first lasting ~3 ps #mdsecond ~15 ps. In the third stage,
excitations of the lower-frequency tier decayeda itite bath in 30-50 ps. The initial
CH-stretch excitation became thermalized on the O~ time scale. The
instantaneous populations of most of the fifteen Mbtations were determined with
good accuracy. Figure 1 shows a typical energgllefagram depicting all the

vibrational relaxation times of NM.
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Figure 1 Energy level diagram showing the kinetic modelhwtitree stages of vibrational
relaxation used to fit the NM3 data. Figure is adapted from reference [204a]
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Energetic materials can explode only by shock igniin condensed phase.
The shearing of crystal planes can cause largarieldields ~18 V/cm that can
generate excited atoms, ions and radicals, all loichvcan be highly chemically
reactive. Ignition processes involving sparks, ghtasers, and arcs can all initiate the
decomposition reaction of energetic material byegating excited electronic states.
Decomposition of energetic materials following #lenic state excitation has been
experimentally proven to play an important role their overall decomposition
mechanisms and kinetics. Final decomposition prisdace characterized by their
rotational, vibrational, and electronic state peapiohs. Since decomposition of
energetic materials occurs within the fs time scelg@erimental identification of the
intermediates and their decomposition dynamicsrefée number of challenges. We
anticipate that decomposition mechanisms of sinmpdelel systems, if understood,
will help us to understand some of the complex treas that are involved in the
decompositions of energetic materials. Though &ditn their absolute structural
resemblance to the energetic materials, the mogs#ems can provide a point of
departure and a baseline comparison for the stidyhe excited electronic state
decomposition mechanisms of the complex energeatiemals. The field of energetic
materials is now maturing through innovative methadch as fs spectroscopy and
enabling the diagnostics of energy release rat@searsurements of reaction products
via fs spectroscopy. The aforesaid spectroscopgnestthe investigation of hot spot
formation of microsecond durations, combustiongdtem few meters to detonations
at few km/s and deformations from drop-weight intpatm shock wave loading.
Creation of biomedical skeletal structures, shalbimgs, metal foam structures,
environmentally attractive igniters or cartridgenpers, and missile components are
providing a new dimension for many touted applmasi of energetic materials.
Knowledge of the optical absorption properties @normetallic particles will
redound to an understanding of the ignition eneagy time, thereby allowing
materials to be tailored for specific applicationBime dependence of steady state
energy levels show some limitation to pump-prob@cesses as theoretically

suggested by Fain et al. [21].

Kuklja et al. [22] performed a combined theoretiaatl experimental study to

understand the initiation of chemistry processighlexplosive crystals. In particular,
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they were investigating the relationship betweereatenduced deformation of
electronic structure of solids, electronic excda, and chemical reactions under
shock conditions. Moore’s group [23a] achieved wsite time synchronicity
between shock and diagnostics (needed to unrawehichl events occurring in
picoseconds) using a shaped ultrafast laser puasboth drive the shocks and
interrogate the sample via a multiplicity of optideagnostics. The shaped laser drive
pulse produced wettontrolled shock states of suls duration with suttiO ps rise
times, sufficient for investigation of fast reactoor phase transformations in a thin
layer with ps time resolution. They also investighultrafast laser generated shocks
[23b] using electronic absorption spectroscopyhia tange 400-800 nm to address
the extent to which electronic excitations are Iagd in shock induced reactions.
They presented the data on shocked Polymethylmgtate (PMMA) thin films and
single crystal pentaerythritol tetranitrate (PETNY.heir group also measured the
Hugoniot and shocked refractive index of cyclohexaunbject to shock loading using
ultrafast dynamic ellipsometry and transient absonpspectroscopy [23c, 23d]. The
same group also studied shock to detonation transdf NM by using ultrafast
experiments recently [23e]. Roy et al. [24] perfetmspatially and temporally
resolved temperature measurements behind an exganbiast wave using
picosecond B coherent anti-Stokes Raman scattering (CARS) tgqaknfollowing
laser flash heating of mixtures containing Al naaigles embedded in ammonium-
nitrate oxidant. It is evident from the above m@med works that ultrafast events
occurring in the decomposition/detonation of HEMs riot clearly understood.
Therefore, there is a necessity to develop ulttadpsctroscopic techniques to study
such processes (in the sub-ps time scales) soasatile us to understand the energy
dissipation/distribution during detonation/deconipos processes and further utilize

this information, probably, to develop superior rggedic materials.
1.2 Historical development of time-resolved phenomena

High-speed photography is the science of takingupes of very fast
phenomena. Muybridge (photographer) was the fasperform the time-resolved
experiments could able to resolve events of therood 1 ms with fast photography
during 1878 [25]. This concept was extended to rlassed time-resolved

experiments to study physical, chemical, and bicklgprocesses. A first intense
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pulse (called pump pulse) is used to initiate dyicanm the system under scrutiny.
Then a second laser pulse interacts with the systeagoming encoded with
information about its properties at the moment ofval. Thus by changing the
relative time delay between the pulses a seriesnajpshots are observed. This
technique is the heart of the pump-probe experimantrder for these snapshots to
be of any use, regardless of the century, they neeatdearly resolve what they are
measuring. Muybridge experiments with “Horse in Mot (1878) set the platform
for time-resolved experiments. Topler performed fivst known pump—probe
experiment [26]. He used au3 spark to initiate a sound wave and then photbgp
the propagation using a second spark triggered waithelectrical delay. The first
photograph of a supersonic flying bullet was takgnthe Austrian physicist Peter
Salcher in 1886, a technique that was later useddogt Mach in his studies of
supersonic motion. German weapons scientists apphie techniques in 1916. High
speed camera can capture different fast events asi@xplosions, ballistic research

and aircraft propeller disintegration in variousfral scales.

Figure 2 explaining the different timescales involved inrigas physical, chemical and
biological processes. Adapted from Ahmad H. Zeviem Nobel lecture Dec 8, 1999/
J. Phys. Chem. A04(2000) 5660.

With the advent of time and technology one coultk @b resolve the events

us/ns with the electronics available. Ippen andn&lveere improved the pump—probe
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experimental technique using ultra-short light pal§27, 28]. Time-resolved science
has garnered two Nobel Prizes, marking importatestones in the speed with which
dynamical events can be recorded. In 1967, the NBbee in Chemistry was
awarded to Manfred Eigen, Ronald G.W. Norrish, Gedrge Porter “for their studies
of extremely fast chemical reactions, effected ispudbing the equilibrium by means
of very short pulses of energy” [29]. They wereeatsd monitor chemical reactions
taking place on microsecond (16econds) and nanosecond {E&conds) timescales.
The rapid growth in fs technology in the 80’s arfids9aved the way for the second
prize, awarded to Ahmed Zewalil in 1999 “for hisdés of the transition states of
chemical reactions using fs spectroscopy” [29].uBing light in a manner similar to
that described earlier, Zewail's group was abledpture reactions taking place on
picosecond (ps, 18 seconds) and fs (fs, 10 seconds) timescales. Processes
occurring on such short timescales are referredstcultrafast’ processes. They
include not only chemical reactions, but also mapgrations taking place in different
systems, where the nature of interactions gives tis ultrafast events. Figure 2
depicts some of processes of importance with tlfferdnt timescales involved in

various fundamental, physical, chemical and bia@agphenomena.

The continuing development of ultrafast laser sesirand ever shorter probes
they provide, has enabled a great progress in wbgeand understanding these
fundamental processes, extending the approach wfaiZen new and exciting
directions. In addition to underlying interactiostudies, ultrafast technology has
opened up the ability to control matter in new waysing laser radiation, material
systems can be driven into new non-equilibrium estatinaccessible by more
traditional methods. The properties of these newaratable phases can be controlled
and altered by varying the properties of the dgvlaser, suggesting a wealth of
potential technological applications based on slwetl or rapidly-changing effects.
The investigation of ultrafast microscopic procesgh as intra molecular energy
transfer in the light harvesting complexes in chjyll; intra-molecular electron,
proton transfer, as in the reaction of photosynsheadiative decay of excited energy
levels; dissociation and isomerization of excitedlenule opens the way to
understand the primary of chemical reactions. Ardhgh knowledge of these
dynamical processes is of fundamental importancenamy branches of physics,

chemistry and biology. In order to study these ratprocess experimentally, one
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needs sufficient high temporal resolution, whichamgethat the resolvable minimum
time interval must be shorter than the time scéléhe process under investigation.
The development of ultrafast laser pulses and netection techniques permits
achieve a very high temporal resolution [in theafsl attosecond (18s) range] to

study extremely fast process in nature. Tremendwogress in the generation,
amplification, measurement of ultrashort light sm#& ensures that commercial

sources are available at the moment to perform stuutes.

The short duration of fs pulses makes them ideal to investigate the
ultrafast process. One drawback is that the availalectronic detectors are not fast
enough to measure these ultrafast processes. prboidem can be overcome by
employing the pump-probe technique, called ulttafasnp-probe spectroscopy. The
advantage of using ultra-short pulses is that thyggn the door to investigating the
dynamics of the system directly, i.e., the movema&nindividual particles such as
electrons or atoms. From the perspective of clabsnechanics, a short pulse whose
duration is on the same time scale as the motioa péarticle in a confined system
could be used to probe the dynamics of the partiicksctly. For typical atomic speeds
of the order of 10000 m/s (= 0.1°/fs), laser pulses 10 fs in duration achieve’l A
spatial resolution, a range that is of great sdiennterest in physics and chemistry.
In principle, fs time-resolved spectroscopy perndisect observation of the fast
events of interest. However, there are severatquaisites that must be satisfied. The
most daunting challenge is posed by the irrevezdilglstruction of the sample during
the process under study. Ultrafast spectroscogy iasnormally conducted involves
the use of an excitation pulse to initiate the ¢vef interest and a temporally delayed
probe pulse to monitor the sample at a particulare tafter excitation. This
measurement, with the probe delay time held constartypically repeated many
times to optimize signal/noise levels. The problyés then changed and iterations
were continued to determine the sample responsa s¢cond delay time. This
procedure is repeated with many different pump-prdblay times until the entire
time-dependent sample response is mapped out. Mhee grocedure typically
involves many thousands or millions of pump-probpetitions. If the sample is a
liquid or a gas, then irreversible change inducgdthe excitation pulse can be
managed through continuous flow of fresh materied the irradiated region. For a

solid-state sample, however, flow is not an optiBastering of different sample

11



Chapterl Introduction and Motivation

regions into the pump-probe beam path may be pedcfor a highly uniform
semiconductor or polymer sample, but for energgtigle crystals, often obtained as
small and irregular pieces, this is rarely if epessible. Thus, new methods must be
developed that provide the entire ultrafast samgdponse in a single laser shot. On
ps and slower time scales, the necessary time utésolis offered through fast
electronic apparatus including streak cameras &gitizthg oscilloscopes. On fs time

scales, all optical methods must be developed.

To observe the behavior of molecular excited statgth sub-ps time-
resolution two main techniques are available. Thret fone is "pump-probe”
experiments in which one excites the sample witlasr pulse and observes its
behavior, after excitation, by means of a probesg@ullhis method mainly involves
electronic transitions occurring between excitedtest. At certain wavelengths,
corresponding to electronic transitions betweeritedcstates, the probe pulse can be
absorbed by the different excited species presetite sample after excitation. Other
technique involves observing the transmission datarstics (dynamic and spectral)
of the probe pulse through the excited sample diogiinformation on the behavior
of excited states. Apart from observing the betraweif a sample under excitation
through changes of electronic transitions, it isoalmportant to use spectroscopic
methods to study the behavior of certain vibratianades of the sample. When a
molecule is excited we may expect to observe, fan®le, the disappearance or the

evolution of its vibrational characteristics.

The production of fs optical pulses is to invedigaduced nuclear motion in
molecules and in a medium. Duration of pump pussshiorter than periods of some
vibrational modes of molecul&irst one "pump" creates an event by applyingsarla
pulse that induces an excitation in the sample. S&mple is disturbed from its
equilibrium and returns to its initial state aftesme time. We keep pumping the
sample at regular intervals that are longer tharésponse of the sample to ensure
that there is no overlap of excitation events fribv@ current pump and the previous
pump. While the sample is changing, the responsthefsystem to the excitation
event that you created is probed by the other pdlsecome up with a complete
picture, probing of the system over the entire eyal the systems response to the

event has been carried out.
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Conversion Space Time
1 0.3 nm 1 attosecond (as
2 0.3um 1fs
3 1pum 3.33fs
4 10um 33 fs
5 1 mm 333 fs
6 lcm 3.33 ps
7 Im 3.33 ns

Tablel Space time conversion

The pump and the probe come from the same souaceoPthe main beam
from the laser is split off by a beam splitter aswht off to travel down a different
path. This path includes a “delay line” which igl@vice that lengthens the optical
path of the light relative to the pump beam. There retro on a motorized translation
stage. The retero-reflector was positioned on #ilewhich can be navigated by the
motion controller. If the retro reflector moveschavards and lengthens the path, it
takes much longer time for the light to reach tamgle than the pump beam. For
example: If you move the retro-reflector back 1lnimart the path is lengthened by 2
mm which provoke the probe pulse to travel (2%19/3.0 x18 m/s = 6.66 ps) an
extra 6.66 ps to reach the sample. This means yopwbe the sample ~ 7 ps after it
has been pumped. If you keep doing that you cabepitcat nearly 0, 7, 14, ... etc ps
after it has been pumped. Time and Space relateasuores are given in table 1. This
gives you the time evolution of some property of tystem at one point on the

surface of the sample as a function of time.

Pump-probe experiments with fs pulses are one efniost widely used
approaches for extracting the information of cardgnamics. In this experiment, a
non-degenerate setup is preferred because it aandpr more information about
carrier flow among different energy states. A brepdctrum of the probe (WLC) can
give the data of time-resolved spectral evolutiondiearly demonstrates the whole
carrier relaxation scenarios. For this purposaallsg a super-continuum generator or
an optical parametric oscillator (pumped by a regative amplified mode-locked
Ti:sapphire laser) is used. Here, we have usessquolarization for pump and probe
for the study to avoid the pump induced contributio the probe. Modification of

pump-probe spectroscopy (similar to transient giigsmr spectroscopy) requires

13



Chapterl Introduction and Motivation

differential amplifier with lock-in amplifier makethe system easy to detect the
(AT/T) measurement ready. There may be presencevefcomponent carrier
relaxation process. The initial rapid processesioet the time scale comparable to
pulse duration, while the slower process occur ®tirpe scale. Theoretical fit to the
data provides the respective relaxation time. Weehealculated AT/T) of liquid

samples andAR/R) measurement for solid samples.

In addition to those methods of control mentionbdv&, the properties of a
material can also be perturbed using light. Untlk@se methods, photo-excitation is a
non-adiabatic process, shaking the system up igldyinon-equilibrium fashion. The
effects of photo-excitation can vary depending lo@ tnaterial properties and nature
of the light used, and range from simple carriagitaxion to photo-induced structural
and electronic phase transitions. Many differeqtety of dynamics can arise from
photo-excitation, and studying them can reveal albout the nature of the underlying
interactions in the solid. Photo-excitation hasrbesed in semiconductors for a long
time to understand carrier relaxation and earlyeoale dynamics in both absorption
spectroscopy [30, 31] and terahertz (THz) spectqmgd32]. The parallels between
photo-excitation and chemical doping have led eoglocess often being described as
‘photo-doping’ [33]. Light is also frequently uséadr controlling the behavior of a
material through photo-induced phase transitiodd. [3n these types of transition,
excitation of electrons upsets the interplay betwdegrees of freedom, driving the
system into a new regime where its properties aoome quite different: structural
relaxation can take place, shifting the positiohgons towards some new symmetry
position [35-37], the optical properties can undelarge scale changes [38], and
metallic states can be formed [39]. All of the$eas last for only fractions of a
second, with the system eventually relax backste@duilibrium state. Spectroscopy of
time-dependent process is an invaluable tool fer ittvestigation of chemical and
physical dynamics, facilitating comprehension ohdamental processes in nature
otherwise inaccessible to frequency resolved tegles. Ultrafast pump-probe
spectroscopy affords experimentalists the abilityobserve dynamics in real-time,
limited only by the spectral and temporal resolutiof their instruments. Early
absorption techniques with limited temporal resolustill permitted investigation of
kinetic processes in chemistry due to the inhesensitivity of the absorption of light

at a given wavelength to the concentration of arcbal species.
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The range of tools available for studying ultrafasicesses has blossomed in
the last couple of decades. The frontiers of wWdsakcience continue to explore ever
shorter timescales, studying effects on the schkefew fs [40, 41] and pushing on
into the as regime [42]. Observing the collapsgagis after photo-excitation on the
fastest timescales and clocking the rate at whrdtgsses occur can reveal a great
deal of information on the formation of states omplex materials. These endeavors
provide insight into the fundamental timescales elattronic interactions, there is
still the important task of characterizing the dymes of photo-induced phases in
solids. In the same way that it is important toed®ine the equilibrium properties of
a material by studying its electrodynamic respomer a broad energy range, a full
understanding of photo-induced phenomena can omlgttained by looking across
different energy scales. This requires an arragiféérent ultrafast probes covering
large portions of the electromagnetic spectrummfreerahertz (THz, 18 Hz)
frequencies, up through the infrared and visiblectium, and into the ultraviolet and
X-ray regions. Electronic motion has been explared@emiconductor systems. The
key is that the duration of the laser pulses messlmorter than the time scale of the
dynamics that one wants to observe.

1.3 Development of Nonlinear optical (NLO) phenomena

Broadly one can envisage two powerful applicatioh$s pulses in optics (a)
in probing processes on fs time scale and (b) iogedtigh intensity photons. The
latter has generated further interest in studyimg interaction of fs pulses with
optically transparent materials because at suclh Ipigak intensities even these
materials absorb laser radiation through multi-phoprocesses. Manifestation of
such mechanism is the observation of numerous nowelinear optical (NLO)
phenomena. The interaction of high intense lasér miatter lead to the new field of
physics i.e. Nonlinear Optics. In the linear regjralectric field strength is less than
intra atomic field and also the refractive indexindependent of intensity. If kg
>Eaom (Eatom~ 2%10e.s.u.) then we are in the nonlinear domain arid intensity
dependent process [42]. NLO field is an activenbhathat studies light-matter
interaction in presence of strong electromagnesld fafter the discovery of ultra-
short laser pulses. Z-scan method was used bedais@ot only a very simple
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method, but also a very accurate technique forieratry the quantities of the
nonlinear absorption coefficient as well as thelimear refractive index of a material.
The measurements of two-photon absorption coefficend nonlinear refractive
index can be easily performed using the standard well developed Z-scan
technique [43, 44]. This technique is based onwuheation of light intensity by
altering geometrical parameters of light-mattereiattion. This is achieved by
scanning or moving a sample along the axis of grapan (Z) of a focused laser
beam through its focal plane and measuring thesmnéssion (T) of the sample for
each Z position. As the sample experiences differdactric field strengths at
different Z positions, the recording of the transsion as a function of the Z
coordinate provides accurate information aboutribelinear effects present in the
sample. Ultrafast Z-Scan experiments are standagergnents for measuring
nonlinear refractive index/nonlinear absorptiomudterials and in turn can determine
the real/imaginary parts of third order NLO susi®fity. The primary goal of
performing Z-scan experiments for the moleculesgtigated in this thesis is the
information it can provide (especially the openrfyre data) about various excited

state absorption mechanisms at different wavelanggtimterest.

1.4 Fundamentals of femtosecond laser pulses

Fs laser pulses are electromagnetic wave packetsaansuch are fully
described by the time and space dependent eld@lic In the frame of a semi-
classical treatment the propagation of such fieldd the interaction with matter are
governed by Maxwell’s equation with the materiapense given by the macroscopic
polarization. The real electric field correspondiegan ultrashort pulse oscillates at
an angular frequencyg, corresponding to the central wavelength of thesg@ullo
facilitate calculations, a complex fief(t) is defined. It is defined as the analytic
signal corresponding to the real field. The cenaradjular frequencwy is explicitly
written in the complex field, which may be sepadads an intensity function I(t) and

a phase function(t):

E(t) = /1(t) exp(iwst) expli ¢ (t)] (1)
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The expression of the complex electric field in fileguency domain is obtained from

the Fourier transform oE(t) :

E(w = FE®) -

Because of the presence of éx@(wt tejm, E(t) is centered aroundy, ,anditis

a common practice to refer llg(a)—ab) by writing just E(t) . Just as in the time

domain, intensity and a phase function can be ddfin the frequency domain:
E(w) = /S(w) explio(w)] @)

The quantity S(«) is the spectral density (or simply, the spectraijhe pulse,
and ¢(«) is the spectral phase. The intensity functib(t3 and S(«) determines the

time duration and spectral bandwidth of the pulse.

1.5 Relationship between pulse duration and spectral mith

We define the pulse duratiar, as the full width at half maximum (FWHM)

of the intensity profile‘E(t)‘2 and the spectral widtAa,as the FWHM of the

spectral intensitb@(w)r. Cg Is the time bandwidth product.

Shape Intensity profile [ | (t)] Spectral profile [S(c)]  cg

Gauss -2(y76 ) (wre)?
e o [Tj 0.441
Sech 2
sedh?(t/r U
(/ s) sedh? > S 0.315
Lorentz 2|2 ~2alr
[1+(t/rL) ] e 0.142
Asym. [ Yy o -3, ]‘2 TIJT
soch e’’" +e sed ° 0.278
Square 1for [t/7,|<1 sinc?(ar, )
0.443
0 elsewhere

Table 2 Examples of standard pulse profiles. (Table adafpted ref.[50] )

Because the temporal and spectral characteridtitgedield are related to each other

through Fourier transforms, the bandwidth ; and the pulse duration, cannot vary
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independently of each other. There is a minimunatiom-bandwidth product given
by:

Aa,r, =270, 2 27T, 4)
wherec, is a numerical constant on the order of 1, depgnoin the actual pulse
shape. Some examples are shown in Table 2. Theicd physical relationship eq.
(4), which leads to the quantum-mechanical timeggneincertainty principle, has
several important consequences in the field ofsttort light pulses. The transform
limit is usually understood as the lower limit fitve pulse duration which is possible
for a given optical spectrum of a pulse. A pulsehad limit is said to be transform
limited. The condition of being at the transformili is essentially equivalent to the
condition of a frequency-independent spectral phasd basically implies that the
time—bandwidth product is at its minimum i.e. noirgh The minimum time—
bandwidth product depends on the pulse shape, saedyi~0.315 for bandwidth-
limited secf-shaped pulses and0.441 for Gaussian-shaped pulses. (These values

hold when a full-width-at-half-maximum criterion igsed for the temporal and

spectral width.)

1.6 Basic NLO processes

1.6.1. Self-focusing

The year 2013 marked the%5anniversary of the first published prediction by
Askaryan of the self-focusing phenomenon in lighailns [45]. The change in the
refractive index or spatial distribution of thergaftive index of a medium due to the
presence of intense optical field is called as imeak refractive index rf,). The
refractive index of ainin the presence of an intense electromagnetic tieles not
only depend on its frequency, but also on the spae time dependent intensity

| (r,t) of the laser according to the law:

n=n, +n,l (r,t) 5)

The coefficientn, is usually positive, leading to an increase of rifeactive

index in the presence of intense radiation. Assgnmmonochromatic incident laser

beam with a Gaussian-beam intensity profile given:
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n:no+nzloex;{%or2j,l (r,t):loex;{%j (6)

Implying this can be expanded into infinite series

Considering only first order term of the infiniterges, the intensity of the beam, at the
center of the beam is given by

2r?
=N, + nzlo(l_F)

0

1.6.2. Self-phase modulation

Self-phase modulation (SPM) is a nonlinear optietiect of light-matter
interaction. An ultrashort pulse of light, whenveling in a medium, will induce a
varying refractive index of the medium due to tiptical Kerr effect. This variation in
refractive index will produce a phase shift in {hase, leading to a change of the

pulse's frequency spectrum.

W+ dwp-p~--- blue

leading
I.‘ngli‘

i |
t ex

Figure 3 (Left) intensity dynamics of a Gaussian light pulse;ahdier times, i.e. the leading
edge of the pulse, lie on the left side of the bra@ighy, time variation of the central
pulsation, which is proportional to negative of fhdse envelope derivative when nonlinear
index of refraction is positive (adapted fr¢sa]).

The nonlinear index of material depends on the ttdlapendence of a light

pulse intensity envelope, which can be expressed as
— — Tt
n=n,+n,l (r,t), 1(t) =e 7)

To examine the influence of this time varying indexthe frequency of the light, we

simplify our analysis by considering a plane wax@pagating in a nonlinear medium:
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E(z1) = E, codw,t —kz), wherek = (w,/c)n(t) ®)

The instantaneous frequency, being the time dévivaf the phase, can be written as

a’(t)ZECD(t) = w, —ﬂan_(t)z

ot c ot 9)

and the frequency variation can be written as

ault )= edt)- o, = - 8 ,20)
2c ot (10)
Figure 3 shows a graphical elucidation of the abmalation in case of the
considered pulse of Gaussian phase variation. @&msequence of the Fourier duality
between time and frequency, an application of pirioamplitude or phase
modulation to a periodic signal results in creatddmew components in its frequency
spectrum. In the self-phase-modulation process,h wif positive, new low
frequencies are created in the leading edge ofptlise envelope and new high
frequencies are created in the trailing edge. Theee frequencies are not
synchronized, but are still created inside the inalgpulse envelope. Self-phase-
modulation is not a dispersive effect in itselff bupulse does not remain transform-

limited when it crosses a transparent material.

1.6.3. Nonlinear absorption (NLA)

Nonlinear absorption refers to the change of trattante of a material as a
function of intensity or fluence. The high interest associated with fs pulses can
induce profound changes in the optical properties material leading to a nonlinear
response originates from real and imaginary pdrfsotarization. The imaginary part
of the nonlinear polarization is associated fotanse with multiphoton transitions
and will exhibit a n-photon resonance when two llesean atomic or molecular

system can be connected by n optical quanta.

At sufficiently high intensities, the probabilityf @ material absorbing more
than one photon before relaxing to the ground statebe greatly enhanced. As early
as 1931 Goppert-Mayer derived the two-photon ttemmsiprobability in a system
using the second order quantum perturbation thigéijy With the availability of high
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intensities with fs pulses, in addition to numerougestigations into this phenomenon
of the simultaneous absorption of two photons, ipludtton (>2) absorption has also
been widely studied. Multiphoton absorption proessare highly promising for a
number of processes including optical limiting [48D microfabrication [47], optical

data storage [48], and biomedical applications.[49]

The shorter the pulse duration than the ps anddke gshe more is its peak
power (~1 TW/crf). Thus the non-linear effects are prominent as¢hpower scales.
To understand the non-linear optical phenomenon laee to keenly observe the
interaction at interface of laser and matter. Whea or more electromagnetic wave
packets propagate in a material, the atoms and cueke oscillates not only at
frequencies of electric field applied but also affedent combination of those
frequencies as a response of the medium. The chgeles of the medium are
displaced from their equilibrium positions, so tpasitive charged particles (nuclei)
move in the direction of the field, while the nagatcharged particles (electrons)
move in the direction opposite to the directiontlod applied electric fields. Dipole
moments are created because of the displacementdretpositive and negative
charges, and the dipole moment per unit volumerde=scthe induced polarization of
the medium. For small field strengths this indupethrization is proportional to the
applied electric field. When an electromagnetic &gvopagates through a dielectric

medium, the electric displacement can be written as

D=¢E (11)
where ¢ is the permittivity tensor andt is the electric field. The electric
displacement, electric field and polarization aseter quantities. However, for the
sake of simplicity, they are considered as scalantjties in the following discussion.
The permittivity tensor can be written in termstloé permittivity of free space()

and relative permittivityd,.) as,

E= &E&r 12)
The electric displacement can also be written as,
D=gE+P (13)

WhereP is the electric polarization (electric dipole morhdensity). From the above
equations, we can write,
P= g(& —1DE = gyE (14)
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Wherey = (& — 1), is called the electric susceptibility tensor &@mply electric
susceptibility) of the medium. In the nonlinearireg, the expression for the
Polarization can be expanded in power series form

P= g(/VE + yPEE + y®EEE + -) (15)
Where, 7@ |, @ | andy® are the linear, quadratic (second-order), andcc(third
order) susceptibility tensors, respectively. Sisdn of equation 15 into Maxwell’s
equations leads to a set of nonlinear differergig@ations that involve terms with
high-order-powers of the optical electric fieldestgth. These terms are responsible
for various observed coherent optical frequencyimgeffects. In other words, in the
nonlinear case, the re-radiation coming from thmldis do not faithfully reproduce
the sinusoidal electric field that generates therhird-order nonlinear optical
interactions, which are described by the tgfth can occur in any material. Real part
of X(3) is related to the nonlinear index of refractioml amaginary part is related to
nonlinear absorption. In nonlinear optics, thedoed of two or more oscillating
fields generates oscillations at different comboret of the incident frequencies. In
order to account for this and to have a completecrijgtion of the process, the
following notation is used:

P) = x(l) (-0; o) E(w) + X(z)(-wg ;01 , 02). E(1). E(@2) +
X(3) (-4, ®1, ®2, ®3).E (@1). E(02). E(w3) + ... (16)
The above notation also reflects the conservati@mergy in each nonlinear process
w3=m+ 0= [for X(z)] (a7)
03 = 0110, +oz= o [for X(3)] (18)
The macroscopic nonlinear polarization expressamhe rewritten as
P (0) =" (-0; 0). E(0) +xix @ 03; 01, 02) . B(01).Edw)
+ ik (04 01, 02, ©3) § (@1). Ex(®2). Ei(@g) + ...

= P4 p@y pO 4 (19)

We have investigated novel organic molecules andimm® ourselves to energy
level structure of such molecules. A typical onigamolecule consists of singlet and
triplet states. The nonlinear absorption mechanismsuch molecules varies
drastically depending on (a) the wavelength of tnpght used (resonant/non-

resonant) (b) input peak intensity (c) concentrabbthe molecules used (d) lifetimes
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of high lying excited states etc. Figure 4 showssimof the possible nonlinear

absorption mechanisms:
Saturable Absorption (SA)

Saturable absorption is a property of any materiadre the absorption of light
decreases with increasing light intensity. At suéintly high incident light intensity,
atoms or molecules in the ground state of a sawirabsorber material become
excited into an upper energy state at such amatethere is insufficient time for them
to decay back to the ground state before the gretste becomes depleted, and the

absorption subsequently saturates.
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2-step 2PA 2-step 3PA 2-step 4PA 2-stelp APA

Instantaneous 2PA Instantaneous 3PA Instantaneous 4PA

Figure 4 Variouspossible nonlinear absorption processes in orgaatromolecules.

A simple kinetic model can often be used when #taration is considered in
terms of depletion of the ground state concentnafitwus, under the steady state,

dN ol N
E—E(NQ—N)—;—O (20)

Where N is the concentration of excited state moé&s;N, is the undepleted ground

state concentratiom, is the absorption cross sectiamw,is the photon energy, ands
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the lifetime of the excited state population. Asgugrthat the absorption coefficiemt
is proportional to the ground state populatiers o (N, — N) we get the following

equation describing the saturation,

1 1

R ETT G/ LR v (7))

(21)

Where I; = hl’/(m) is the saturation intensity ang = oN, is the linear absorption

coefficient. The case described by the above emguais often referred to as
homogeneous saturation. In the case of a two-leyslem with inhomogeneously
broadened states and hole burning, it has beendfoliat the saturation can be

described by,

1

(“(I/Is))as

a = a, (22)

The main applications of saturable absorbers arpassive mode locking and Q-
switching components of lasers, i.e., in the geimraof short pulses. The key
parameters for a saturable absorber are its waythleange (where it absorbs), its
dynamic response (recovery time), and its saturantensity and fluence (at what
intensity or pulse energy it saturates). Saturabkorbers are also useful for purposes
of nonlinear filtering outside laser resonatorg.,ecleaning up pulse shapes, and

optical signal processing.
Reverse Saturable Absorption (RSA)

Reverse saturable absorption (RSA) is a two-steguential one-photon
absorption process. In this case the medium haarliabsorption for the incident laser
wavelength, and some of the molecules in the gratatk are excited to an excited
state 2. For a properly chosen medium, it is jbsghat the excited molecules make
another transition from the excited state 2 toghéi excited state 3 via one-photon
absorption. (In polyatomic molecules in fact a ¥elemodel may be considered,
which involves both singlet and triplet states)eTdossibility of this process depends
on the number of molecules Idt the first excited state 2, the incident intgnkiand
the excited state absorption cross seetjpnOn the other handNs related to Nand

| by the relation,
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wherea;, is the cross-section of the transition from theugd state to state 2. As can
be seen from this relation, the number of moleculestate 2 () continuously grows
with the incident intensity | and the one-photoqusential absorption from state 2 to
state 3 becomes more significant, provided thatthes sectiow,; of this transition
is considerably larger than,. Under the steady-state condition, the intendignge
of the laser beam in the nonlinear medium alongortspagation direction can be

expressed as,

dl

2 012 (Ny = Np)I = a53N,1 (24)

In the simplest case, it can be assumed tNat> N,, N; = 0, andV; = N, whereN,

is the number density of the absorbing moleculé®nTaccording to equation 1.24,

the above equation can be rewritten as,
dl 2

—, = —012Nol — b1,053Nol (25)
or

di ,

- = —ayl — BI? (26)

where b is a proportionality coefficient, and tlmelr absorption coefficient,and
nonlinear absorption coefficiefitare defined as,

@y = 012N (27)
,8’ = bo1,0,3N (28)
Two-photon Absorption (2PA). When two photons are simultaneously absorbed
via a virtual state and population is transferretileen two real (quantum) states it is
defined as instantaneous 2PA. However, if a phexcites the population from
ground state to higher state (single photon tremmgitand there it relaxes back to the
lowest vibrational state (in the excited state rwdd), there is a possibility of
absorbing another photon to reach further highatest This is termed as two-step
2PA.

In non-resonant TPA two photons combines to bridgeenergy gap larger

than energies of each photon individually. If ther@n intermediate state in the gap,
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this could happen via two separate one photon itramsn a process described as
“resonant TPA”, sequential TPA, 1+1 absorption. nNesonant TPA transition
occurs without the presence of intermediate sties can be viewed as being due to
a virtual state created by the interaction of phstawith the molecule. The
intermediate level being virtual, the two photohewd be simultaneously absorbed
making the process sensitive to the instantaneptisab intensity of the incident
radiation. The two-photon absorption process ippronal to the square of the input
intensity. The propagation of laser light througlk system describing the optical loss
is given by,

ar _ . o2
— = 1 —pl (29)

wherea is the linear absorption coefficient (which canveey small) an@ the two-
photon absorption coefficienf is a macroscopic parameter that characterizes the
material and is related to the individual molecutaro-photon absorption cross
sectionag, through,

_ hwp
2 = (30)
where N is the number density of the moleculeshen dystem anad is the incident

radiation frequency. It is the imaginary part of third-order nonlinear susceptibility

of the system that determines the strength ofitloegthoton absorption.

Three Photon Absorption (3PA) When three photons are simultaneously
absorbed via virtual states and population is feared between two real (quantum)
states it is defined as instantaneous 3PA. Howevetwo photons excite the
population from ground state to higher state (fhmton transition) and there it
relaxes back to the lowest vibrational state (& é¢xcited state manifold), there is a
possibility of absorbing another photon to reaathier higher states. This is termed
as two-step 3PA. The relaxation within the vibraibstates occurs, typically, in a
few ps time scale. Therefore, if the pulse durai® <100 fs the excitation can be

considered as an instantaneous process.

3PA is a fifth-order nonlinear process, and theppgation equation for a medium

having significant three-photon absorption is giasn
al

= = —g] — 3
— [ — (31)
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wherea is the linear absorption coefficient, which cantygacally small, andy is the

three-photon absorption coefficient.

Four Photon Absorption (4PA).

When four photons are simultaneously absorbed vitual states and
population is transferred between two real (quantwstates it is defined as
instantaneous 4PA. However, if two photons exttieepopulation from ground state
to higher excited state (two photon transition) #mete it relaxes back to the lowest
vibrational state (in the excited state manifoliere is a possibility of absorbing
another two photons to reach further higher stafHsis is termed as two-step 4PA.
Another possibility is absorption of 3+1 photonsendin the population relaxes
within the vibrational states after absorptionloke photons and before absorbing the
fourth photon. In all the above case instantan@i&/3PA/4PA [50] can occur via
real states only when the input pulse durationustmshorter than the relaxation time
of population within the vibrational states. Indtareous processes are intensity
dependent while multi-step processes are fluenperdient. In the present thesis we
dealt with either ps or fs pulses and, therefore neglect any transitions from singlet

to triplet states via intersystem crossing.
Free Carrier Absorption (FCA)

Free carrier absorption (FCA) occurs when a mdtabaorbs a photon and a
carrier is excited from a filled state to an unqued state (in the same band). This is
different from interband absorption in semicondustbecause the electron being
excited is a conduction electron (i.e. it can méreely). In interband absorption, the
electron is being raised from a valence (non-cotwdgyk band to a conducting one.
When excitation is into the absorption band wessgaration type behavior .At higher

intensities we observe RSA behavior even at thesel@ngths.

1.7 Nonlinear refraction (NLR)

Change in the refractive index of the medium duprésence of optical wave
called nonlinear refractive index (NRI). Nonling&fraction has led to a variety of

fascinating applications. It is also central to maimdamental investigations.
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N = ny+nol (32)

where n is the total refractive indexp is the linear refractive index,,ns the
nonlinear refractive index and | is intensity oé tight. Different physical phenomena

could be responsible for NRI. Some of them arewdised below.

1.7.1 Electronic polarization

Electronic polarization is the slight relative shdf positive and negative
electric charge in opposite directions within asulator, or dielectric, induced by an
external electric field. Polarization occurs whenedectric field distorts the negative
cloud of electrons around positive atomic nucleaidirection opposite the field. This
slight separation of charge makes one side of the aomewhat positive and the
opposite side somewhat negative. One of the measafrgolarization is electric
dipole moment, which equals the distance betweenstiyhtly shifted centers of
positive and negative charge multiplied by the niagie of either of the charges.
PolarizationP in its quantitative meaning is the amount of dgopoplomentp per unit

volumeV of a polarized materialk = p/V.

1.7.2 Optical Kerr effect

Optical Kerr effect is change in the refractiveardf a material in response
to an applied electric field. The Kerr effect isstthct from the Pockel's effect in
which the induced index change is directly propordl to the square of the electric
field instead of varying linearly with it. The apal Kerr effect is the case in which
the electric field is due to the light itself. Tluauses a variation in index of refraction
which is proportional to the local irradiance ofetlight. This refractive index
variation is responsible for the nonlinear optiefflects of self-focusing, self-phase
modulation and modulational instability, and is theesis for Kerr-lens mode locking.
This effect only becomes significant with very imée beams those are from pulsed

lasers.
1.7.3 Self-focusing and Self-defocusing

If light gets intense enough, its electromagneitddf can affect the optical
properties of the matter it is passing through. Gueh effect is increase of index of
refraction at higher light intensities .If the lag®am is more intense in the middle,
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this means the index of refraction provided bydbeter of the beam is higher than at
the edges. This makes even uniform matter actdikens to focus the beam. When
this happens, the beam is said to be self focudad.effect only becomes apparent at
very high power levels. In air, self focusing candbserved at ~1x1ON. Note that
the intensity does not matter; contrary to whatitran might tell you, it is the total

power of the beam that matters, not how tight tanis.

1.8 Theory of ultrashort pulse propagation

With short pulses, one has to account for the coatbeffects of the broad spectral
bandwidths and the frequency dependence of thactefe index (dispersion). This is
usually seen through the definition of the propeyatonstant:

Bew) =< n(w)
C (33)

The propagation constant can be rewritten in a dragkpansion around a central

carrier frequencyy as:

db(aw,) , 1d°B@y), . 1dB@)
oo (w w0)+2! e (w=aw,) 3 de (w=ap)” +

Ble) = () +

" (34)

The first order term of the expansion is relateghase velocity y which measures
the propagation velocity of the single frequenog bin. However, different frequency
lines travel with different phase velocities as thgstem’s dispersion dictates.
Therefore, the pulse envelope travels with a greejocity v, which appears in
second term of the above equation. Higher ordendeare related to higher order
dispersion. In particular, the third term repreasegroup velocity dispersion (GVD),
which is responsible for changes in the shapeetdimporal pulse envelope. The last
term in the proceeding equation (third order disjper) as well as higher order terms
can be neglected to a first approximation for pulsgceeding ~50 fs in duration.
Table 3 depicts the exact expressions for thesaetifjesa. All the quantities depend on

the refractive index profile of the material.
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Table 3 Units and expressions for the phase velocjtygvoup velocity y, group velocity
dispersion (GVD) and third order dispersion (TOD).

1.9 GVD and GVM

Nonlinear pulse propagation in bulk media can letd substantial
modifications in the temporal, spectral or spatl@racteristics of a given input pulse.
It has been realized earlier that when a pulseggaies in a Kerr-type medium there
is a perfect analogy between the spectro-tempatahidors of the pulse shape with
the spatial behavior of the pulse spatial profilee Kerr effect leads to the self-phase
modulation (SPM) of a pulse, which affects its ¢p@cwidth by broadening it,
without affecting the pulse temporal duration. Tdmaount of spectral broadening
depends on the pulse intensity, interaction lengtid the nonlinear index of
refraction, B, which can be positive or negative and is a charatic of the medium.
When acting on the spatial domain, the Kerr effeatls to self-focusing, if2r>0, or
self defocusing, if 1<0, of a beam propagating in a nonlinear matetrdierent
effect acting on the beam profile is the diffrantiovhich always broadens the beam
width. In the time domain, the group velocity disgpen is responsible for the pulse
width broadening, and even though it can be pasitv negative, always leads to
pulse broadening. NLO crystals are frequently usegkneration of new frequencies

with ultrashort pulses. During the frequency cosi@r process the maximum
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achievable pulse duration is often limited by thieup velocity mismatch between
fundamental and the second harmonic pulses. Aepbkhst which varies linearly
with frequency corresponds to a time delay, withemug change of temporal shape of
the pulse. Higher order phase shifts, howeved termodify pulse shape are thus of
relevance for the formation of short pulses andjfescy conversion experiments.
Due to the large bandwidth associated with thedeadliort pulses dispersion
compensation is an important phenomenon [50-56]e aké progressing towards
studying the process of the ultrafast dynamicsigh lenergy materials using pump-
probe techniques. We are interested in generagmgwavelengths in the UV-visible
spectral region by converting the fs pulses in lRespectral region. Beta Barium
Borate $-BaB,O4, BBO) has been identified as the potential nowlir@ptical crystal
and has been investigated extensively for frequeoayersion. We attempt to study
the ultrashort pulse<gO0 fs) broadening effects due to group velocitymatch in this
crystal along with the propagation properties asth pulses in various media. We
compare our simulations with the autocorrelatiotadabtained from BBO crystal
using ~40 fsec, 800 nm pulses from an optical patamamplifier. A variety of
pumps/ probes are essential to perform these stadi@ the knowledge (a) generating
ultrashort UV-visible pulses from IR pulses (b)ith&roperties after passing through

various optical components is necessary in suckaus.

BBO is a nonlinear optical crystal which combinesnamber of unique
features including wide transparency and phase mmafcranges, large nonlinear
coefficient, high damage threshold and excelleritcap homogeneity. Frequency-
doubling and tripling of ultrashort-pulse laser®e &ine applications in which BBO
shows superior properties to KDP and ADP crystdds £ 2.3 pm/V). An ultrashort
laser pulse of even 10 fs can be efficiently fregpyedoubled with a thin BBO, in
terms of both phase-velocity and group-velocity chatg. BBO's relatively narrow
angular acceptance bandwidth (especially in the Wy limit its usefulness in
certain applications involving lasers with lessnthdiffraction limited beam quality.
BBO has a relatively large.€l(2.01 pm/V at 1060 nm, 1.99 pm/V at 780 nm) babal
a large walk-off which reduces the conversion edficy. Furthermore, BBO is

hygroscopic, which limits the lifetime of the crabt

In the context of nonlinear frequency conversiothwise of ultrashort pulses,

a number of issues related to the above quantiee to be addressed. First of all,
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matching the phase velocities of the interactingegais required for the process to
build up in useful material lengths. However, everder perfect phase matching
conditions the interaction length is limited by match of the group velocities of the
interacting pulses. Evidently, the group velocitysmatch (GVM) between two

pulses with central frequenciegi/2) andvg(A) is given by:

11
v (112) v, (A)

GVM [s/m]= (35)

Group velocity mismatch (or temporal walk-off) asfided above measures the time
separation of the two pulses after a unit lengthpaipagation in the dispersive
medium. This can be used to define the actualantem length, as the length L over
which the two pulses of duratioh7 do not overlap any more:

AT
GVM

(36)

In turn, group velocity dispersion is responsildetemporal broadening of the
pulse by introducing a linear phase chirp acrosspihise. This can be understood as

follows: Form table 3 it is clear that GVD can bgtten as:

d
cyp=9 |1 ]-_1d (37)
dw| v ve dw

9
Equation (3) suggests that the value of GVD is tpasiwhen the group
velocity decreases as frequency increases. Ircésis, blue components travel slower
and therefore can be found in the trailing edgthefpulse (normal dispersion). Thus,
the instantaneous frequency increases in time,estigg that the pulse is positively
chirped (B >0). Applying similar argumentation, one can easibynclude that in
presence of negative GVD (abnormal dispersion) ghise is negatively chirped
(B <0). The pulse broadening of an initially transfolimited, un-chirped pulse with
durationAt, after propagation of length z in a dispersive ime@d can be quantified

as:

Z2

Atr, =ATQ1+— (38)
ZD

whereAr, is the pulse duration at z and & referred to as the dispersion length

given by:
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AT?
z, =
4In(2)

(GVD)™ (39)

It should be noted that in egns. 33 and 39 therskpower of GVD and the chirp
parameterp are involved. Therefore, a pulse travelling in igpdrsive medium

(irrespectively of the sign of GVD) faces a twoddffect: a) it experiences temporal
broadening and b) it departs from the transfornithralue of the bandwidth-duration

product.
1.10 Scope and Organization of the thesis

One of the fundamental goals of our centre (ACRHEMYo understand the
detailed mechanisms occurring at various time scdkspecially in the sub-
picosecond time domain) during decomposition ofrgetec materials (i.e. during the
release of their stored energy), and to apply Kmewledge to create/synthesize
improved/novel energetic species. Achieving tloalgvill enable the production of
new specific systems for better and more stablks feéxplosives, and mobile energy
sources. Our main objective is to capture the falstaevents occurring in HEMs such
as RDX, HMX, TNAZ, CL-20 and DMNA etc.. In this muit we started with setting
up of (a) degenerate pump-probe experiments witlark fs pulses (b) improvise
these to non-degenerate pump-probe and pump-white probe experiments (c)
finally establish near-IR pumpl/visible probe expernts for understanding the
dynamics of energetic materials in a controlledhias. We were successful in setting
up pump-probe experiments with ps and fs pulsegstigate a few novel organic
materials, which are also potential candidatespfatonics applications. This thesis
deals with (a) setting up of pump-probe experimevith fs pulses (b) investigation
of simple organic molecules which are third ordenlmear optically active materials
(c) understand the decay dynamics with the pregainsence of nonlinear absorption
in such molecules. The decay dynamics depend@®mput (pump) peak intensities
exciting these molecules into high lying statesithar thesis chapters are organized
as follows:

Chapter 2 is devoted for discussion on instrumentation tetdiexperiments of fs/ps
degenerate pump-probe spectroscopy and fs/ps Z-stae ps/fs pulses were

characterized using external autocorrelation in BBstal and a single shot
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Autocorrelator (SSA). Furthermore, the fs (1 khziilses were characterized using
Silhouette (Coherent). Initial pump-probe resoltsa few phthalocyanine thin films
are presented.

Chapter 3 present results from the detailed investigatiohsnetal free base and
metal substituted dinapthoporphycenes using fs pprope and ps Z-scan
experiments. These compounds exhibited 2PA and @RIA different input peak
intensities with 800 nm excitation. At lower enesgg(or peak intensities) there is
possibility of 2PA while at higher peak intensit@BA was observed since both these
processes are intensity dependent. Our detailetiest indicated that at lower peak
intensities (typically <100 GW/cfh 2PA prevailed and at higher peak intensities
(typically >100 GW/crfi) 3PA was the dominant mechanism. The order and
magnitude of 2PA and 3PA cross-section were alsnuleded. Fs pump-probe data
indicated photo-induced absorption at 600 nm ragulfrom two-photon/single

photon excitation, whereas ps pump-probe data dstraded photo-bleaching.

Chapter 4 presents results from the ps NLO studies of thneevel
cyclo[4]naphthobipyrroles (octaisopropyl cyclo[4jthobipyrrole, octa-n-propyl
cyclo[4]naphthobipyrrole, and octa-n-pentyl  cyclofdphthobipyrrole) at
wavelengths of 600 nm, 640 nm, 680 nm, and 800 gnZ4scan technique. The
excited state decay dynamics were investigated guslagenerate pump-probe
experiments with ~70 fs pulses near 600 nm. Thega® of ultrafast relaxation is

depicted with the help of Jablonski diagram.

Chapter 5 presents the detailed investigation of both métd base and metal
substituted phthalocyanines (Pc-1, Pc-2, and RgsiB)g Z-scan with ps pulses. Two
novel sterically demanded phthalocyanines (Pc-1,2)Pevere synthesized and
characterized. Nonlinear optical (NLO) propertiesre evaluated at wavelengths of
600 nm, 640 nm, 680 nm, and 800 nm using ps pusdsfurther studies with fs
(~140 fs) pulses at 800 nm have been performed.-dweton absorption (2PA) and
saturable absorption (SA) were the dominant noalinabsorption mechanisms
observed with ps/fs excitation at different wavelds. NLO coefficients were
extracted from ps/fs closed and open aperture A-sceasurements. The excited
state decay dynamics were investigated using deggeneump-probe experiments

with ~70 fs pulses near 600 nm. Double exponetitial of the pump-probe data
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suggested two decay times for both the moleculessiigated. Similar experiments
were performed with a novel Thio-Zinc phthalocyasn(Pc-3) dissolved in THF.

NLO coefficients were calculated and the exc#ade dynamics were evaluated.

Chapter 6 demonstrate results from the detailed investigatmf 3,8,13,18-
tetrachloro-2,7,12,17-tetramethoxyporphyrin and nietallo-derivatives by using
fs/ps Z-scan and pump-probe techniques. The fase-molecule is unique owing to
the presence of an electron donating methoxy geamupelectron withdrawing chloro-
group on the adjacerfi- positions of each pyrrole moiety. We discuss BeO
response of metal free and metal (Zn, Ni) substitygorphyrins in chloroform using
Z-scan technique with ~40 fs and ~2 ps, 800 nnr lpskses. Excited state dynamics
were investigated using pump-probe experiments fgithulses near 600 nm. Such
molecules have been demonstrated to detect expbosising florescence quenching
methods. Some of these porphyrins have been wseexplosives sensing in the

liquid state using fluorescence quenching meth@d [5

Chapter 7 consists of the future prospects and the potendfalinvestigated
macromolecules and summarizes the results obtam#ds thesis. Some discussion
on the nature and lifetimes of various energeticleades will be presented.
Decomposition mechanisms of new energetic matennlsxcited electronic states
will be discussed. Future directions for upgraditie present experiments to
investigate simple HEMS are outlined. Newly sysihed novel organic macro
molecules which have comparable (to visible exictgtgap between ground state
and excited state were usually selected for tinselved study. Moreover, nonlinear
optical processes (third order) are prominent Es¢éhmolecules for studying multi-
photon processes. We have investigated NLO pr@sedi organic macromolecules
with different pulse width and different wavelengtiteractions are observed.The
ultimate goal of our group at ACRHEM is (a) to merh ultrafast spectroscopic
measurements during the detonation/decompositionH&Ms (b) to develop
techniques using ultrashort pulses for standoféctain of explosive molecules [see
for e.g. 58].

35



Chapterl Introduction and Motivation

1.11 References

1.

10.

11.

12.

13.

14.

T. H. Maiman, Natur&87(1960) 493.

J. Hecht, Appl. Op#9 (2010) F99

C. Rajchenbach, G. Jonusauskas and C. RullierdDE]J.PHYSIQUE IV
Colloque C4, supplkment au Journal de Physigu&995) 111.

L. Dhar, J. A. Rogers, K. A. Nelson, Chem. Re4(1994) 157.

G.P. Wakeham, D.D. Chung, K.A. Nelson, Thermo. /884 (2002) 7.

E.J. Reed, AW. Rodriguek].R. Manaa, L.E. Fried, C.M. Tarver, Phys. Rev.
Lett. 109(2012) 038301 .

A. Strachan, A.C.T. van Duin, D. Chakraborty, S.s@apta, W.A. Goddard,
Phys. Rev. Lett. 91 (2003) 098301.

M. Greenfield, Y.Q. Guo, E.R. Bernstein, Chem. Plt. 430 (2006) 277.

(a) A. Bhattacharya, Y. Guo, E.R. Bernstein, ACbem. Res43 (2010) 1476
(b) E.R. Bernstein, Adv. Quant. Che@® (2014) 31-69, Chapter 2.

(a) A. Bhattacharya, Y. Guo, E.R. Bernstein, J.r@hehys.136 (2012) 024321
(b) B. Yuan, Z. Yu, E. R. Bernstein, J. Chem. Ph$40 (2014) 034320 (c) Z.
Yu, E. R. Bernstein, J. Phys. Chem. 147 (2013) 1756 (d) Z. Yu, E. R.
Bernstein, J. Chem. Phy437 (2012)114303 (e) Z. Yu, E. R. Bernstein, J.
Chem. Phys135(2011) 154305.

(a) Y Guo, A. Bhattacharya, E. R. Bernstein, J.RIBhem. A115(2011) 9349,
(b) A. Bhattacharya, E. R. Bernstein, J. Phys. Cherhl5 (2011) 4135 (c) Y.
Q. Guo, A. Bhattacharya, E. R. Bernstein, J. CHelnys.134 (2011) 024318 .

(@ H.S. Im and E. R. Bernstein, J. Chem. Py (2000) 7911 (b) D. P.
Taylor, C. F. Dion, and E. R. Bernstein, J. Chehys?106 (1997) 3512 (c) D.
P. Taylor and E. R. Bernstein, J. Chem. P&(8.(1995) 10453.

(@) Y. Q. Guo, M. Greenfield, A. Bhattacharya, E.Bernstein, J. Chem. Phys.
27 (2007) 154301 (b) Y. Q. Guo, A. Bhattacharya, E.BRrnstein, J. Chem.
Phys.128(2008) 034303.

(&) A. Bhattacharya, Y.Q. Guo, E.R. Bernstein, Bys? Chem. A113 (2009)
811 (b) A. Bhattacharya, Y. Q. Guo, E. R. Bernst@irChem. Phy4.31(2009)
194304 (c) Y. Q. Guo, A. Bhattacharya, and E. RnBein, J. Phys. Chem. A
113 (2009) 85 (d) Y. Q. Guo, M. Greenfield, E. R. Bamin, J. Chem. Phys.
122 (2005) 244310 (e) E.R. Bernstein, @verviews of Recent Research on

36



Chapterl Introduction and Motivation

15.

16.

17.

18.

19.

20.

21.
21.

23.

Energetic Materials D. Thompson, T. Brill, R. Shaw, R., Eds.; World
Scientific, Hackensack, NJ, 2004.

C.M. Aubuchon, K.D. Rector, W. Holmes, M.D. Fayeneth. Phys. Lett299
(1999) 84.

(@) Y. Yang, Z. Y. Sun, S. F. Wang, D. D. Dlott,Rhys. Chem. B07 (2003)
4485 (b) X. Zheng, A.D. Curtis, W.L. Shah, D.D.oB| J. Phys. Chem. €17
(2013) 4866 (c) S. Wang, Y. Yang, Z. Sun, D.D. Di@hem. Phys. LetB68
(2002) 189.

(@) Y. Yang S. Wang, Z. Sun, D. D. Dlott, J. Apphys.95 (2004) 3667 (b) Y.
Yang, S. Wang, Z. Sun, D. D. Dlott, Appl. Phys.tL86 (2004) 1493.

(@) R.W. Conner, D.D Dlott, J. Phys. Chem. 1A4 (201) 6731 (b) M.A.
Zamkov, R.W. Conner, D.D Dlott, J. Phys. Chenml X2 (2007) 10278 (c) R.W.
Conner, D.D. Dlott, Chem. Phys. Lef12 (2011) 211 (d) R.W. Conner, D.D.
Dlott, J. Phys. Chem. €16 (2012) 2751 (d) R.W. Conner, D.D. Dlott, J. Phys.
Chem. C116(2012) 14737

(@) X. Hong, S. Chen, D.D. Dlott, J. Phys. Ch&®(1995) 9102 (b) J.C. Deak,
L.K. Iwaki, D.D. Dlott, J. Phys. Chem. A03(1999) 971 (c) D.D. Dlott, Annu.
Rev. Phys. Chen62 (2011) 575 (d) H. Kim, S.A. Hambir, D.D. Dlott, &k
Waves12 (2002) 79 (e) M.A. Zamkov, R.W. Conner, D.D. Djo#t Phys.
Chem. C111 (2007) 10278 (f) Ch. Leela, P. Venkateshwarlu, .RSvhgh, P.
Verma, P. P. Kiran, Opt. Exg2 (2014) A268.

(@) S. Shigeto, Y. Pang, Y. Fang, D.D. Dlott, Jy®fChem. B112 (2008) 232
(b) Y. Sun, B.C. Pein, D. D. Dlott, J. Phys. Ch@&1.17(2013) 15444.

B. Fain, S. H. Lin, V. Khidekel, Phy. Rev.4¥ (1993) 3222.

(&) M.M. Kuklja, Advances in Quantum Chemistry, Male 69, 2014, Pages
31-69, Chapter 3 (b) M.M. Kuklja, B.P. Aduev, EA&luker, V.I. Krasheninin,
A.G. Krechetov, A.Y. Mitrofanov, J. Appl. Phy89 (2001) 4156.

(@) D.S. Moore, AIP Conf. Proc195 (2009) 287 (b) S.D. McGrane, D.S.
Moore, V.H. Whitley, C.A. Bolme, D.E. Eakins, Alonf. Proc.1195(2009)
1301 (c) C.A. Bolme, S.D. McGrane, D.S. Moore, VWhitley, and D.J. Funk,
Appl. Phys. Lett93(2008) 191903 (d) N. C. Dang,C. A. Bolme, D. S.dvinS.
D. McGrane J. Phys. Chem. A16 @012) 10301 (e) K. E. Brown, S. D.
McGrane, C. A. Bolme, D. S. Mooré, Phys. Chem. A (2014) Just Accepted
DOI: 10.1021/jp4125793.

37



Chapterl Introduction and Motivation

24,

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

S. Roy, N. Jiang, H.U. Stauffer, J.B. Schmidt, WHKulatilaka, T.R. Meyer,
C.E. Bunker, J.R. Gord, J. Appl. Ph$4.3(2013) 184310.

E. Muybridge. Muybridge’s Complete Human and Anirhatomotion (Dover
Publications, 1979).

A. Topler, Ann. Phys. Chem.31(1867) 180.

D. H. Auston and C. V. Shank, Phys. Rev. Le#(1974) 1120.

E. P. Ippen, C. V. Shank, A. Lewis, and M. A. MacB8cienc00(1978) 1279.
Nobel Prize Website (2010). http://nobelprize.org.

(@) N. Dean, Jesus College, Oxford (2010) (b) EnStein and G. L. Baker,
Phys. Rev. Lett49(1982) 1043.

C.V. Shank, R. Yen, R.L. Fork, J. Orenstein, G.lak& Phys. Rev. Lett49
(1982) 1660.

M.C. Beard, G.M. Turner, C.A. Schmuttenmaer, PRev. B62 (2000) 15764.
G. Yu, C.H. Lee, AJ. Heeger, N. Herron, E.M. Mc©ar Phys. Rev. Let67
(1991) 2581.

S. Koshihara, S. Koshihara, Y. Tokura, T. Mitani,Saito, T. KodaPhys. Rev.
B 42(1990) 6853.

A. Cavalleri, Cs. Téth, C. W. Siders, J. A. Squier,Réaksi, P. Forget, J. C.
Kieffer, Phys. Rev. Lett87 (2001) 237401.

K. Sokolowski-Tinten, C. Blome, J. Blums, A. Caeai] C. Dietrich, A.
Tarasevitch, . Uschmann, E. Forster, M. Kammler, Hérn-von-Hoegen, D.
von der Linde, Naturd22(2003) 287.

A. Cavalleri, Th. Dekorsy, H. H. W. Chong, J. CeKer, R. W. Schoenlein,
Phys. Rev. B0(2004) 161102.

M. Chollet, L. Guerin, N. Uchida, S. Fukaya, H. ®bda, T. Ishikawa, K.
Matsuda, T. Hasegawa, A. Ota, H. Yamochi, G. S&tolazaki, S. Adachi, S.
Koshihara, Sciencg07(2005) 86.

K. Miyano, T. Tanaka, Y. Tomioka, and Y. TokurahyB. Rev. Lett.78 (1997)
4257.

D. Polli, M. Rini, S. Wall, R. W. Schoenlein, Y. firooka, Y. Tokura, G.
Cerullo, A. Cavalleri, Nat. Matef (2007) 643.

S. Wall, D. Prabhakaran, A. T. Boothroyd, A. Casall Phys. Rev. Lettl03
(2009) 097402.

38



Chapterl Introduction and Motivation

42.

43.
44,

45,

46.

47.

48.

49.

A. L. Cavalieri, N. Mdller, Th. Uphues, V. S. Yalev, A. Baltuska, B.
Horvath, Schmidt, L. Blimel, R. Holzwarth, S. Hehd®&l. Drescher, U.
Kleineberg, P. M. Echenique, R. Kienberger, F. kmW. Heinzmann, Nature
449(2007) 1029(b) Nonlinear Optics, Robert W. Boyd!“Edition (2003).

M. Sheik-Bahae, A. A. Said, E.W. Van Stryland, Qutt. 14 (1989) 955.

M. Sheik-Bahae, A.A. Said, T. Wei, D. J. Hagan &dV. Van Stryland, IEEE
J. Quant. Electror26 (1990) 760.

(a) G.A. Askaryan, Sov. Phys. JETP-US3$R (1962) 1088 (b) M. Goppert-
Meyer, Ann. Phys9 (1931) 273 (c) R. S. S. Kumar thesis, Universify o
Hyderabad February (2009).

(@) G.S. He, L.S. Tan, Q. Zheng, and P. N. PraShdm. Rev108(2008) 1245
and references there in,(b) N. Venkatram L. GinbaB. Venugopal Rao and D.
N. Rao, Appl. Phys. B, 91, 149 (2008) (c) P. P.adjrD. R. Reddy, B. G.
Maiya, A. K. Dharmadhikari, G. R. Kumar, and D.R&o Appl. Opt41 (2002)
7631 (d) G. S. He, G. C. Xu, P. N. Prasad, B.AinRardt, J.C. Bhatt, R.
McKellar, and A.G. Dillard, Opt. Lett20(1995) 435.

(@) S. Maruo, O. Nakamura, and S. Kawata, Opt.. P&t{1997) 132 (b) B.H.
Cumpston, S.P. Ananthavel, S. Barlow, D.L. DyeE. Ehrlich, L.L Erskine,
A.A. Heikal, S. M. Kuebler, 1.Y. S. Lee, D. McCoiMaughon, J. Qin, H.
Rockel, M. Rumi, X.-L. Wu, S.R. Marder, J.W. PerNature398 (1999) 51 (c)
S. Kawata, H.-B. Sun, T. Tanaka, K. Takada, Na#ir2(2001) 697 (d) W. H.
Zhou, S. M. Kuebler, K.L. Braun, T.Y. Yu, J.K. Camack, C.K. Ober, J.W.
Perry, and S.R. Marder, Scier2e6 (2002) 1106.

(&) D. A. Parthenopoulos, P.M. Rentzepis, Sciez4® (1989) 843 (b) J. H.
Strickler, and W. W. Webb, Opt. Lett6 (1991) 1780 (c) A.S. Dvornikov, and
P.M. Rentzepis, Opt. Commubl19 (1995) 341 (d) K.D. Belfield, K.J. Schafer,
Chem. Mater14 (2002) 3656.

(@) M. F. Yanik, H. Cinar, H. N. Cinar, A. Gibby,. ®. Chisholm, Y. Jin, and
A. Ben-Yakar, IEEE Journ. Quantum Electrdg.(2006) 1283 (b) P.N. Prasad,
Introduction to Biophotonics, Chapter-12, Wileydrdcience, New Jersey
(2003) (c) A. Karotki, M. Khurana, J. R. Lepock aBdC. Wilson, Photochem.
Photobio. 82 (2006) 443 (d) I.G. Meerovich, V. M. Derkacheva, AG.
Meerovich, N.A. Oborotova, Z.S. Smirnova, A.P. Rélova, I.Y. Kubasova,
E.A. Lukyanets, and A.Y. Baryshnikov, Proc. of SBH27(2007) 64270X.

39



Chapterl Introduction and Motivation

50.

51.
52.

53.
54.
55.

56.

57.
58.

(a) C. Rulliére (ed.), Femtosecond Laser Puls&sE@. Springer (2005) (b) B.
Gu, W. Ji, X. Q. Huang, P. S. Patil, S. M. Dharna&ash, J. Appl. Phy4.06
(2009) 033511 (c) B. Gu, W. Ji, X. Q. Huang, PP&til, S. M. Dharmaprakash,
Opt. Expresd.7 (2009) 1126 (d) B. Gu, W. Ji, P. S. Patil, S. Mabhaprakash,
H. T. Wang, Appl. Phys. Let82 (2008) 091118 (e) B. Gu, Y. Sun, W. Ji, Opt.
Expressl6 (2006) 17745 (f) B. Gu, K. Lou, H.-T. Wang, W. @Qpt. Lett.35
(2010) 417.

F. WagnerM Feuerhake, P Simon, Opt. Quant. Elect@2i(1997) 811.

(@) M. Ghotbi,M. Ebrahim-Zadeh, A. Majchrowski, E. Michalski,\. Kityk,
Opt. Lett. 29 (2004) 2530 (b) M. Ebrahim-Zadeh, Proc. SRIEL8 (2006)
611809 (c) M. Ebrahim-Zadeh Proc. SPHS1(2007) 645106.

S. Venugopal Rao, J. Opt. 8(2004) 569.

K. Moutzouris, Thesis, University of St. Andrew§(03.

Rick Trebino, Lecture Slides, Georgia Tech. Uniitgrs USA.
http://frog.gatech.edu/lectures.html

D. Swain, S. Venugopal Ram Emerging Trends in Laser & Spectroscopy and
Applications, (ISBN # 978-81-8424-626;Bds. A.K. Rai, I.M.L. Das, K.N.
Uttam, Allied Publishers Pvt. Ltd., 272-276, 2010.

A. Rana, P. K. Panda, RSC Ad&/(2012) 12164.

(@) O. Katz, A. Natan, S. Rosenwaks, Y. SilberbAmpl. Phys. Lett92 (2008)
171116 (b) O. Katz, A. Natan, S. Rosenwaks andildefberg, OPN December
2008, 47.

40



Chapter 2

Experimental Details, Theory

of Pump-Probe and Z-Scan Techniques
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2.1 Ultrafast Laser Sources

High power pulsed lasers are attractive due ta fhatiential applications in a
diversified fields such as defense, communicatibtigraphy, biomedical research
etc.. At present kW to PW (peak power) lasers amrmgercially available in the
market for various technological applications. Riteanasuch as Q-Switching,
Mode-locking and Chirp Pulse Amplification (CPA)sa&s the production of high
energy pulses (ns to fs). One of the most commuwresct ultrafast pulsed lasers
include Ti-sapphire lasers. Generally, these spolde laser sources aim to be cost
effective, robust, and technologically simple. 1882 researchers at Lincoln
Laboratory operated a tunable laser based on FOAfbr the first time [1a]. The
most recent advances in the field of ultrashors@generation have been around the
development of titanium-doped aluminum oxide*{l,0s) as a gain medium.
Ti:sapphire was introduced in 1986 and is the rfebaired gain medium, producing
ultrashort pulses with good beam quality and higtpat power. The larger Tiion
replaces 0.1% of Al ion in the sapphire structure a few percent tagmEss in
crystal growth. The ionic radius of the titaniunmiis 26% larger than the aluminum
one it replaces; induces a strong local distoriiorthe titanium ion, which then
creates a strong local electric field. This medres dbsorption band is abnormally
wide in the blue-green part of the spectrum. Undé8uence from the generated
local electric field the absorption at these visiblavelengths excites electrons from
a 2Ty ground state to a ZEexcited level, which then splits into two sublevel
200000 crt apart. The vibrational modes of the sapphire madtie strongly
coupled with the ground and excited states of té in, which induces strong

homogenous broadening.
Some of the special properties of the Ti:sapphaia ghedium [1b] are:

. Sapphire (monocrystalline ADs;) has an excellent thermal conductivity,
lessening thermal effects even at high laser pdinezssities.

. Ti®* ion has a very large gain bandwidth, permitting theneration of
ultrashort pulses combined with wide tunabilitywavelength. The maximum

gain, laser efficiency are obtained near 800 nne pbssible tuning range is
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~650-1100 nm, but different mirror sets are normaéguired for covering
this huge range. The number of mirror sets requigad be reduced by using
ultra broadband chirped mirrors, which have beareldgped by various groups
recently.

. There is also a wide range of possible pump wagdhesn which however are
located in the green spectral region (typically 582), where powerful laser
diodes are not available. In the majority of casesgral watts of pump power
was used, sometimes even 20 W (in our laser weaus@ W pump laser).
Originally, Ti:sapphire lasers were in most cases\ped with 514-nm argon
ion lasers, which are powerful, but very ineffidieexpensive to operate, and
bulky. Other kinds of green lasers are now avaglabhd frequency-doubled
solid-state lasers based on neodymium-doped gadianaee widely used. The
pump wavelength is then typically 532 nm, with &ldly reduced pump
absorption efficiency compared with 514 nm.

. The upper-state lifetime of Ti:sapphire is shor8.2-us), and the saturation
power is very high. This suggests that the pumgnisity has to be high, so that
a strongly focused pump beam and thus a pump sedticénigh beam quality
will be essential.

. Despite the huge emission bandwidth, Ti:sapphire tedatively high laser
cross sections, which reduces the tendency of pplsee lasers for Q-
switching instabilities.

. Ultrashort pulses from Ti:sapphire lasers can bheegeged with passive mode
locking which utilizes kerr lens effect as prin@gbhenomena usually in the
form of Kerr lens mode locking.

. Ti:sapphire is also used for multi-pass/regenesatwnplifiers. Particularly
with chirped-pulse amplification, such devices oeach enormous output peak

powers of several terawatts (TW), or in large faes even petawatt (PW).

Fs pulses [2] are now commonly available in numgréboratories for
employing pump probe techniques to understand dameactions on a ps/fs time
scales. Detailed knowledge of temporal intensityfilg of such laser pulses is
important in many experiments. In addition it iseof necessary to properly align the
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laser system so that optimized (in terms of duradéiod energy) pulses are delivered.
An improperly aligned grating compressor will naintpress the pulse to desired
pulse length. Due to non-availability of fast phatetectors to measure the pulse
length several techniques such as Single Shot Auwator (SSA) [3-5],
Frequency Resolved Optical Gating (FROG) [6], GRattliminated No-nonsense
Observation of Ultrafast Incident Laser Light Elie (GRENOUILLE) [7], and
Spectral Phase Interferometry for Direct Electrgdef Reconstruction (SPIDER) [8]
have been invented over the last two decades. $bthe methods just provide the
temporal information whereas others provide dedaildormation about the short
pulses (temporal and phase). With detailed infolonaabout the input laser pulses
one can (a) determine the temporal resolution ofegperiment (b) determine
whether a pulse can be made even shorter (c) uaddrsarious media: the better
we know the light in and light out, the better weolw the medium (d) use shaped

pulses for possible applications in chemical resdti

The classical method of second order intensity cstelation consists of
crossing two pulses in non linear crystal and meaguhe second harmonic light
beam produced when the temporal delay betweenwbeiritial pulses varies.
However this technique gives information about pludse duration and yields no
information about the temporal shape of the pul§bs method can, therefore, only
be applied to lasers with good stability and netdmplified ultrashort lasers which
work at low repetition rate because the pulse Btalis poor. Consequently, it is
necessary to use single shot measurements. Thapbeimf an autocorrelator is to
transform temporal information into spatial infortoa which is easier to record. In
this chapter we describe the various laser sowsed in different experiments for
studying the ultrafast response of organic molecul€he oscillator, amplifier, and
OPA were commercial systems (MICRA, LEGNED, TOPAS)rthermore, we also
present the basic theory of various techniquegeitilin the present studies such as
degenerate pump-probe technique and Z-scan. Punlye-gtudies were performed
with both ps (800 nm) and fs (~600 nm) pulses. cansstudies were performed
using ps (600 nm -800 nm, 1 kHz) and fs pulses (86080 MHz and 1 kHz)
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2.2 Micra Layout
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Figure 1 Optical layout of MICRA [9].

Figure 2 Inside view of MICRA [9].

MICRA (oscillator) optical layout and the inside view (actual) are shown in figures
1 and 2, respectively. MICRA is a compact broadband mode-locked ultrafast laser
oscillator producing >100 nm bandwidth pulses centered near 800 nm gain peak of
Ti:sapphire. The Micra (one box-design) combines stability of an integrated Verdi

pump laser, along with bandwidth and centre wavelength tenability. Typical Micra
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operation with a 10W Verdi pump laser at 532 nmegates 500-800 mW output
power with bandwidth 40-60 nm.

2.3 Fs amplifier (LEGEND) Layout

wall &

Laryoaut My
Figure 3 Inside view of LEGEND amplifier (Coherent Inc.)[1
Legend (Ultrashort Pulse, USP) is a scientific arduistrial regenerative amplifier
CPA laser system as shown in figure 3 using albisstate technology and is
capable of producing femtosecond pulses with anageeenergy of ~2.5 mJ at 800
nm delivering pulses at 1 kHz repetition rate. dmd) consists of three assemblies
(a) pulse stretcher (b) Ti:ADs regenerative amplifier and (c) a pulse compressor.
The sapphire rod is pumped by the 20W pump soleeltion, Nd:YLF) at 527
nm. Legend (USP) uses regenerative amplificationerathan complex multi-pass
technology. Regenerative amplification providetidsebeam quality, stability, and

simplicity of use for the <40 fs operating range.

2.4TOPAS-C (Travelling wave Optical Parametric Amplifier Super
fluence) layout

TOPAS-C is pumped by a fundamental harmonic ofapiphire lasers and
covers wavelength range from 1150 to 2600 nm. Wftonal frequency mixers
this range can be extended from 189 nm tqu0 TOPAS-C (schematic/inside
view is shown in the figure 4) is a two-stage pagtaim amplifier of white-light
continuum. Its basic configuration comprises of esal/ subunits: pump beam

delivery and splitting optics, white-light continmu generator (WLG), a pre-
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amplifier or first amplification stage (PA1), a s beam expander-collimator (SE)
and a power amplifier or second amplification st{B&2). These subunits are
arranged in a single compact unit. The device ewsplcomputer controlled
translation and rotation stages that allow for st fand precise optimization of

positions of certain optics when tuning the outpatelength of TOPAS-C.

Figure 4 Inside view of TOPAS-C [11].

Small fraction (~1-3uJ) of pump pulses at 800 nm is used to produceit@ wh
light continuum (WLC) in sapphire plate. The WLCabe and another fraction (30-
50 uJ) of the pump beam are focused into the pre-amplifystal. The pulses are
timed and overlapped noncollinearly inside the maar crystal, where parametric
amplification takes place. A non-collinear geomatryused for easy separation of
the amplified signal beam. The residual pump aner ideams are blocked by a
beam blocker after the crystal. The signal beaexpanded and collimated by a lens
telescope, and transported into the second angilic stage. The power amplifier
is usually pumped by the bulk of the input pumprbedhe pump beam size is
reduced to achieve necessary pump intensity bypsnarror telescope. The beam
is kept collimated after the telescope. The pumg signal beams are overlapped
collinearly in the second nonlinear crystal. As esult the TOPAS-C outputs
collinear well collimated signal and idler beamstiOnal frequency mixers can be
used at TOPAS-C output to extend the tuning range visible, ultraviolet and/or
infrared. The wavelength tuning in the pre-ampliéage is achieved by changing

the delay of the white-light pulse with respecthe first pump pulse and adjusting
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the crystal angle for optimal phase-matching. Tlelength tuning in the power-
amplifier is achieved by first adjusting the pregifirer wavelength and then
optimizing the second crystal angle and signal yde¥&h respect to the second
pump beam. The wavelength can be changed eastdyghra computer using a
dedicated software package WinTOPAS.

2.5 Measurement of fs/ps pulses spectra

30000

20000

10000

Intensity (arb.units)

700 750 800 850 900

Wavelength (nm)

Figure 5 Output of MICRA (femtosecond oscillator) as meadutey Ocean optics
spectrometer (USB 4000). Bandwidth (FWHM) of outpuas found to be ~40 nm at 800
nm. Dotted line is the fit while black line is tdata.

MICRA (oscillator) seeds both the fs and ps amgigi Approximately 20% (of

~600 mW) from MICRA output goes in to LEGEND (USRhile 80% seeds a ps
amplifier (LEGEND, ~2 ps). Figure 5 shows a typispectrum obtained from

MICRA. The output pulse duration (and hence thedbadth) can be tuned by
adjusting the prisms inside MICRA. The pulse damrattan be adjusted from ~12 fs
to ~100 fs with corresponding bandwidth adjustm@rgsible from ~90 nm to ~10
nm. Typically a bandwidth of 50-55 nm (FWHM) igjtered and utilized for stable
operation of the fs amplifier. The ps amplifier doeot require such bandwidth.

However, the lasers were designed such that both atmplifiers can work
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simultaneously with single seed. Figure 6 shovwgpaal output spectrum from fs
amplifier (~25 nm FWHM). Fully compressed pulsesl la FWHM of ~28 nm).
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Figure 6 Output of fs amplifier measured by a spectromdtk8K 4000). Band width was
found to be (FWHM) ~25 nm at 800 nm. Dotted liag¢he fit while black line is the data.
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Figure 7 Output of LEGEND ps amplifier measured at 800 nm ®gean optics
spectrometer (USB 4000). Band width was found t6WW&HM ~ 1.5 nm.
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The bandwidth can be adjusted by changing comprgxssition in the amplifier.
An optimized bandwidth (shortest pulse duration)swabtained each time by
looking at the plasma generated in air or optingzthe output of TOPAS C
(maximum output occurs only for shortest and corsged pulses). Figure 7 shows
a typical spectrum from ps amplifier (~1.5 nm FWHMJhe pulse duration in both
fs and ps case were measured using autocorrel@obmiques (both external and

using a single shot autocorrelator).

2.6 Intensity autocorrelation

Intensity autocorrelatioA”(7), is an attempt to measure the pulse intensity

vs. time. It is the result of pulse used to meastself in time domain. It involves
splitting the pulse into two and delaying tempaorahd spatially overlapping them
onto the non linear second harmonic generating (Stt@stal. A SHG crystal will

produce the twice the frequency of input light watfield that is given by

o (t7) O E(H) E(t-7)

1)
Wheret is the delay between two pulses. The resultaltt frgensity is proportional
to the product of intensities of two input pulses:

G ©.0)O1E)N ¢ -7) (2)

Intensity autocorrelation or autocorrelation isegivby

[
AD(1) = j_w 1(t)] (t —7)dt -

The autocorrelation trace yields a rough measutbeopulse intensity width
and, for very complex pulses, a rough measure@ptiise spectral width. But this
is all that it yields. It says nothing of the adtapectrum or the intensity structure.
Thus, a pulse intensity shape and phase must thyphoa assumed when using any
type of autocorrelation. The resulting pulse léngill depend sensitively on the
shape chosen. A relative delay of one pulse lengfihtypically reduce the SHG
intensity by a factor of two.
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2.7 External Autocorrelation with BBO

Due to the large bandwidth associated with ultrespwlses dispersion is an
important phenomenon that needs to be understab@d@mtered [12-17]. BBO is
a potential nonlinear optical crystal for frequenoynversion in the UV-visible
region. During initial stages we performed autoelation measurements externally
using a 2-mm BBO crystal (type | critically phasatohing for SHG, 29%cut).
Figure 8 shows the schematic of the non-collineatereal autocorrelation
experiments performed on ~40 fs/~1.5 ps pulseS@nén.

Legend : | Micra A
1 kHz, 40 fs, B0 MHz <1515, U

Photodiode

Translation stage BBO

Figure 8 External autocorrelation measurements of fs puisesy BBO.

Figure 9 shows typical autocorrelation data forpptses at 800 nm. The
pulse width obtained from the experiments was ~p&5 Throughout the thesis we
assumed the ps pulses duration to be ~1.5 ps. Woyweepending on the MICRA
alignment and the ps amplifier alignment we expketpulse duration to be in the
range of 1.5-2.0 ps. We also studied the pulsadmoing effects due to group

velocity mismatch in both these crystals along wite propagation properties of
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these pulses in various media. We compared our Igilons with the
autocorrelation data obtained from BBO crystal gstd0 fs, 800 nm pulses. BBO
or beta-BaBO, is a NLO crystal possessing wide transparencypnade matching
range, large nonlinear coefficient, high damageeghold and excellent optical
homogeneity. Figure 10 illustrates the autocoti@iadata of ~40 fs pulses. The
pulse duration retrieved was ~432 fs.
0.06 : . . . . :
' Pulse width =

0.05

2.199/1.414 =

0.04
0.03
0.02

0.01

Intensity (arb. units)

0.00F

10 5 5 10

Figure 9 ps autocorrelation measurement depicting a pulséhvaf ~1.55 ps. SHG of 800
nm radiation was used for these studies.
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Figure 10 Fs autocorrelation (pulse width) measurements uBB® crystal (800 nm to
400 nm SHG)
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The group velocity mismatch (GVM) and group velgaitispersion (GVD) were

calculated using the equations (36,37) as explaeetion 1.9 .

Sellmeier equation for BBO:

No2(ho) = 2.7359+0.01878I¢? -0.01822)-0.01354°

ne(ho) = 2.3753+0.01224/,?-0.01667)-0.01516,°

At %= 800 nm \(Ao/2) = 1.6830 x 10m/s, (ko) = 1.7810 x 1dm/s &

GVM = 194 fs/mm GVD at 800 nm is 74.735/fam for BBO.
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Figure 11 Pulse broadening as a function of crystal length{d) 10 fs pulse (b) 50 fs pulse.
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Figure 12GVD in BBO as a function of wavelength.
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Figure 11 illustrates the pulse broadening effedtd0 fs and 50 fs pulses when
passed through BBO. Figure 12 demonstrates thatiariof GVD in BBO as a

function of wavelength. Group velocity mismatchV(@) for 800 nm SHG (to 400

nm) in BBO was estimated to be ~ 194 fs/mm. Frbesé simulations we have
extracted the pulse duration after travelling ti&CBcrystal (~2 mm) to be ~388 fs
(GVM x L =194 fs/mm x 2 mm) [17]. Our experimelnvalue observed was ~432
fs. Thus the experimental and theoretical pulseiwi@lues were ~432 fs and ~388
fs, respectively, which matched reasonably welbl&@asummarizes the values of
group velocity and group velocity dispersion (GVa&f)common optical materials

and crystals which will be helpful in estimatingtpulse broadening.

e o MQroup \r/]elg\:/i% Group Velocity
Material |R.I. @ 800 nn{ = 0P V€ ocity | Mismatch ( ) Dispersion
(vg) m/s (fs/mm) for SHG of| 2

800 nm (fs"/mm)
Quartz 1.4533 2.04x18 - 36.13
SF10 1.7113 1.71x18 - 158.9
Sapphire 1.7602 1.68x1% - 58.06
Calcite 1.6487 1.68x18 - 76.20
BBO 1.6606 (1) 1.78x18 194.0 74.73
BIiBO 1.9191 () 1.52x18 592.9 164.22
LBO 1.5692 1.68x18 123.0 40.33
LiNbO3 2.2552 1.61x18 3736.4 429.58
KD*P 1.5543 1.43x18 7654 1334.8
KTP 1.7487 167x18 981.8 201.44
KDP 1.5015 1.68x18 77.0 27.33

Table 1Dispersion parameters calculated for typical matesed in various experiments.
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2.8 Single Shot Autocorrelator (SSA)

SSA provides complete temporal characterizationggzhase information)
of ps/fs pulses. Laser pulses are split into tearbs, which are then non-collinearly
frequency doubled in a non-linear crystal (KD*Pjgufe 13 shows the layout of
SSA. The relative wave front tilt produces a spdirae delay in the frequency-
doubled signal, resulting in an autocorrelationhef temporal intensity profile of the
pulse. The autocorrelation is detected by a CCByaiat is read out on a standard
laboratory oscilloscope or captured with a compacC. A variable delay line is

included, which provides accurate, calibrated symgization of the two beams.

B

'b'% . > S
- 'L T :

Figure 13Inside view of a single shot autocorrelator.

In fs mode, the geometric wave front tilt introddcby non-collinearly
crossing the beams in the crystal is sufficiemh&asure sub-picosecond pulses. One
can measures temporal pulse widths ranging fromfs3@o 20 ps. It covers
wavelengths in between 530 nm to 1600 nm. Thecautelation signal was
detected by CCD array that read out on Tektroni20B3 series oscilloscope as
explained in section 2.2. A single shot autocatreh trace (data shown in figure
14) is obtained by mapping the delay onto positaom spatially resolving the
autocorrelation signal using camera or array dete@iis involves crossing of two
beams in the nonlinear-optical crystal at largel@ngp that on the left, one pulse
precedes the other, and, on the right, the othemgoles the one. In this manner, the
delay ranges from a negative value on one sidbeettystal to a positive value on

the other. Typical pulse duration measured usifé ®as ~54 fs. Depending on
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the compressor position within the amplifier and ttumber of optics the fs laser
pulses are passing through the pulse durationiaily fully compressed pulses

duration was ~36 fs) the measured pulse duratidrvarny.
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Figure 14 Output of a Single Shot Autocorrelator.

2.9 Pump-probe transmission

b

|

A

Z

Figure 15 Typical absorption schematic according to the Besnbert Law. Initially,
radiation of intensity is incident on a sample of lendthand total ared. For a subsection
of the sample of widtllz z deep into the sample along the propagation axiseofncident
light (arriving atz now with intensityly), a certain amount of lightd() is absorbed by the
sample f(z) particles] with absorption cross secti@nFinally, the light emerges from the
sample with intensity. (adapted from thesis of Erik Robert Hosler [23c])
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We can see from figure 18 the various processesaaiple position.
Absorption by a sample may be derived starting w&igmall subsection of the total
sample. Given that light of initial intensityis incident on a sample of interaction
length b, over an incremental sectiafg, dl light is absorbed from the initially
incident light intensity, d (at some positionz] within the sample such that some

light has already been absorbed frgnon the subsection of aréa

dl
I,
The total number of absorbers illuminated by tha@dent light source within the

= —oxn(z) xdz (4)

subsection of volumeAdz is n(z) and each absorber has a cross-section for
absorption ot. Then, integrating over the total volume of thenpke illuminated by
the light source the total change in the absorphay be calculated:

z=b
z=0

z=b

I
= — f o+*n(z)*dz

z

Qu

~~

In[I] — In[l,] = In [é] = —0 *Ngrp*b (5

Here, the effective number density.s, accounts for the pressure gradient
encountered in the gas phase experiments acrosaptréure of the target cell.
Essentially,nes, reflects the total analyte molecules along thth pength of the
incident light, which are more accurate than thgoalie number density. The total
absorbance of the sample in terms of the incidedtteansmitted light intensities is

then:

Absorbance = In [H =0 *Ngpr*b (6)
0

Where transmittance is given as:

Transmission = e~ C*Deff*D %
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The optical density of the sample may then be anits:

ODmeasurea (E) = _loglo[ e~ Nefrb ] (8)

By utilizing the Beer-Lambert law optically density basey a direct comparision
may be made between the absorbed light and thaemiclight i.e.if a sample of
given density and the absorption section initidds an optical density of 0.5 and
subsequently has an optical density of 0.25 after pertubation. Therefore,
absorption spectroscopy provides a unique methad nfonitoring chemical
dynamics in real-time given sufficient temporal alesion relative to the

investigated phenomena.

2.10 Theory of Pump-Probe spectroscopy

To describe a pump-probe experiment [18, 19], ktcansider a situation in
which the sample is illuminated by two pulses: anpipulse, centered at time zero,
L,,(t) = I;(t), and a probe pulse delayed by a timg,,.(t) = I,(t — 7). Callingoo
the linear optical absorption coefficient of thengde, the pump pulse perturbs it

inducing a variation given by

Aa(t) = [ L(EDA( - t")dt' = L () * A(t) 9)

where the symbol * stands for convolution and Agtthe impulse response of the
medium, whose determination is usually the objdcthe experiment. The probe

pulse intensity changes by
Alp,(£) = Ly (e~ % (e 2004 — 1) ~ [ ()e~%%Aa(t) (10)

where d is the sample thickness, and the pertomatiduced by the pump pulse is
assumed to be small¢d < 1).

The pump induced variation of probe energy is
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AE,, (7) = [ AL, (t")dt' (11)
= kf+oo12(t’ —7)dt’ fmll(t")A(t’ —t)
dt’ = kI, () @ [I,(t) * A®)] (12)

where the symbaR stands for cross-correlation. By a change of Wées equation

24 can be cast in the form
AE, (1) = At) * [I; ® I,] = A(t) * C(¢) (13)

where C(t)=fjozoll(t)12(t+r)dt’ is the cross-correlation of pump-probe

intensity profiles. The pump-probe signal is thusseg by convolution of system

response with cross-correlation of pump and prallees. Equation (4) highlights

the need to use very short pump and probe pulsestive fast temporal dynamics.
All dynamical processes taking place on the tinedesmuch shorter than the pump-
probe cross-correlation are averaged out by therexpnt.

For time delayst much longer than the duration of pump-probe cross-
correlation, when pump and probe pulses are nopaeally overlapped, one can
simplify equation (3) talE,, = —Aa(t)de("%® fj;o L (t)dt
so that the normalized probe energy variation b&som
AT  AE
— == =—Aa(t)d (14)

T Epr
To calculate the absorption change, let us assume that the system under study
consists oh electronic states, with populationg, Mhich are changed by the pump

pulse by an amoumN;. One can then write

n

Ba(,7) = ) ayWAN(D) - AN, (D) (15)

ij=1
Whereg;; is the frequency-dependent cross section for rdngsition between state

Ni and state N The resulting differential transmission change is
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T W,7) = —bad = ¥, 0 ()[AN;(T) — AN; (0] (16)

ATI/T signal depends on both pump-probe delay and phamiencyv, at each
frequency the signal can be the result of the apedf several transitions, each

weighted with its cross-section.

2.11 Physical processes involved in pump-probe spexscopy

The differential transmissioM\T=Tpump,onTrump.orp IS Observed by measuring the
probe transmission when sample is pumped on ang@dimff. It is possible to find
information about excited state molecules or atomhmsa specific time after
excitation. The time resolution and informatioroabthe kinetics of the molecules
or atoms can be obtained by measuring the delayeleet pump and probe. When
sample absorbs a photon from pump beam it is predntd excited state. Three

important physical processes can occur.

4 Ground State absorption

Photoluminescence
Photo-induced

4 Wavelength Absorption (PA)

_I_/ Broadband I-"'mI:nlr—m‘ﬁ1
Wavelength Photo-

L 3

Nﬁitiw signals

== S

Negative signals

Pump

Bleaching
(PE)

AT/T

Figure 16 Physical processes in Pump-probe spectroscopy.
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2.11.1 Ground state bleach or photo-bleach (GSB/PB)

Pump excites the molecules to higher states wiashlts in reduced number
of molecules in the ground state. There will beiraarease in transmission at the
wavelength where molecules absorb in the grourtd.séapositive signal ofAT>0)

is obtained in this case.

2.11.2 Stimulated Emission (SE)

Pump populates the excited state in such a waythlegprobe can stimulate
those molecules at excited state to return baakdand state and photon identical
to an excited photon will be released. The quartftphoto releases will increase
thus increase in the differential transmissiaif ¢0).

—(t—to) —(t—to)
%(t)zyO +Ale O/Tl +Aze O/TZ +Age

_(t_tO)/‘t3 (17)
The signal is caused by the excited state populatioich can be excited further to
higher energy level by probe pulse. There williberease of the absorption by
probe beam thus decrease in transmission by thee fream AT <0). [20]

2. 11.3 Excited State Absorption (ESA)

Pump pulses reduces the number of absorbing mekeanl ground state
inducing, at probe frequencies equal to or highantthe ground state absorption, an
absorption decreases; this is so called grouné slaaching (PB), giving rise to a
transmission increasedT/T >0). At the same time, pump pulses populate the
excited state, so that a probe photon can stimalaission (SE) signal, also causing
a transmission increas@T/T >0) occurs at probe frequencies equal or lower than
ground state absorption. For some probe frequertiBzand SE overlap, while for
other pure SE signal is observed. Finally, the texicstate populated by the pump
pulse can absorb to some other higher-lying letles so-called photo-induced
absorption (PA) causes a transmission decre&$fr (<0). PA can occur at any
probe frequency, depending on the energy levektire of the molecule under
study; in particular, it can sometimes spectralerntap the PB and SE signals and

even overwhelm them.
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2.12 Femtosecond pump-probe experiments at 600 nm

All the fs degenerate pump-probe experiments [1]8a&#e performed near
600 nm. The liquid samples were taken in a 5 mkthiass cuvette. The samples
were excited with pulses from 1 kHz optical parameimplifier (TOPAS-C, Light
Conversion, Coherent) delivering pulses of ~70usation pumped by a Ti:sapphire
regenerative amplifier. The pulse-width at thengke in our fs experiments was
estimated (taking into account the optics and lengeolved) to be ~70 fs. Pump
pulses in the energy range of 5-50 puJ were uses piidbe beam diameter was ~2

mm, and pump beam diameter was ~4 mm.

/" Legend j
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Figure 17 Typical arrangement of fs pump-probe experimesO&t nm.

The pump beam was focused using a 150 mm lense il probe beam
was focused using a longer focal length lens (5@8).nThe ratio of pump to probe
intensities was > 20. The pump beam was modulgtd®@ Hz with the help of a
chopper and the change in transmitted probe irttengas measured using a
combination of a photodiode (SMO5R/M, Thorlabs) dack-in amplifier (7265,

62



Chapter 2 Experimental Details, Theory....

Signal Recovery). The polarization of pump/proberbe was perpendicular to
avoid coherent artefacts [23]. Schematic and &dsuaxperimental set up can be
seen from the data presented in figures 17 andr'b@. crucial aspect in pump-probe
experiments is the maximum overlap between pumpeei the sample. The zero
delay is adjusted properly to tune both side iv& and —ve sides. The variation of
pump-probe diameter was also optimizdthe ratio of pump power to probe power
was 50:1 or better. Dispersion less mirrors aexldser the experiments. Angle of
overlap between pump and probe %~®as optimized to achieve better signal
noise ratio. The crucial zero delay is the keyassupump-probe experiment. All
efforts were made for both spatial and temporallapeof the beams meet at the
sample. Polarization of the beam was modified usihglf wave plate and Brewster
polarizer combination. Sufficient care was takenaichieving stability of input laser
beam throughout the scan. Laser TTL pulses caneba ss yellow lines and
chopper output at 500 Hz in the figure 19. It vedserved that chopper square
wave pulse drifts with triggered TTL laser pulséefefore, we have taken care so
that frequency of the chopper should not be matgdl line frequency 50 Hz. Later
on we have taken an optimized chopper frequend@06fHz and the observed TTL
pulse was quite stable. We had collected averag&Oopulses per second for

achieving superior signal to noise ratio.

Figure 18 Photograph of the actual fs pump-probe experinhaptaup.
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Figure 19 Output of oscilloscope with chopper output givgnbiue lines and yellow lines
given by laser 1 kHz pulses.

2.13 Ps pump-probe experiments at 800 nm
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Figure 20 Typical arrangement of a ps pump-probe experimedd@ nm.
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In the ps pump-probe set up, pump and probe beameders were ~4 mm, ~2
mm, respectively. The molecules were excited bysgmilfrom 1 kHz Ti:sapphire
regenerative amplifier (LEGEND, Coherent) delivgripulses of ~1.5 ps duration.
The pump and probe beams were focused using s2@§lanm lens. Typical peak
intensities of pump and probe beams were ~150 GW/and ~2-4 GW/cfh
respectively. The ratio of pump to probe intensitieas at least 75. The focusing
was such that the probe beam diameter was ensuteel slightly smaller than the
pump beam diameter. The schematic of experimeetalys is illustrated in figure
20.

2.14 Z-scan experimental setup

The technique of Z-scan [24] has been used in temge of fs [24] to ms

[25] to measure the nonlinear optical parameteng. dhanges due to the absorptive
nonlinearity give rise to saturable absorption (%A}l reverse saturable absorption
(RSA) effects in Z-scan profiles. On the other hasfthnges in nonlinear refraction
appear as peak-valley or valley-peak in the Z-quaniiles. In this technique the
transmitted energy is measured as a function ofameple position. Information on
nonlinear absorption (NLA) and nonlinear refractiLR) are determined by
keeping in view of the geometry of the experimest&tlip. To obtain information on
the NLA, the open aperture (OA) geometry is usedvimch all the transmitted
energy is collected. In the case of NLR the trattgahienergy is collected through
the aperture centered on the beam in the far fieildwn as the closed aperture (CA)
Z-scan) [26].

2.14.1 Ps Z-Scan experiments (800 nm)

Z-scan measurements [27-30] were performed usings; 800 nm pulses
with a repetition rate of 1 kHz from an amplified:sepphire system (Legend,
Coherent) as shown in figure 21. The pulses weaglyn&ransform limited and this
was confirmed from the bandwidth and pulse durati@asurements using an
external auto-correlation experiment in a BBO alstThe amplifier was seeded
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with pulses of duration 15 fs (spectral bandwidth56 nm) from the oscillator

(Micra, Coherent Inc.).

~15fs, 1.0 nJ,
80 MHz
Micra, .
Oscillator Photodiode
Lens 20 Aperture  SM1PD2A
(Thorlabs)

cm Sample
Legend, -~
Amplifier g

~2 ps, 2.0 mJ,

1 kHz NDF Newport Lens l
Neutral ILS250PP -
Density LOCk-In
Filters Amplifier

Figure 21 Experimental schematic of ps Z-Scan at 800 nm.

A quartz cuvette (1-mm thick) containing the sarmgdution was traversed
in the focusing geometry enabled by an achromat ¢¢r200 mm focal length. The
beam waist (@o) at focal plane was estimated to be ~80 pm witdoraesponding
Rayleigh range (J of ~6.0 mm ensuring the validity of thin sampjgeoximation.
The Z-scan was performed over a distance of, 1&g a high-resolution linear
translation stage (Newport ILS250PP) by recordirgggample transmittance using a
sensitive power sensor (Coherent PS19). A LabVIEWg@m was written and used
for automating the data acquisition of all the Ars@xperiments. The experiments
were performed with peak intensities in the ranfj80-400 GW/ch The closed
aperture scans were performed at low peak intessjti100 GW/cr) to ensure that

higher order nonlinear effects are minimal.
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2.14.2 Ps Z-Scan at other than 800 nm

TOPAS, LEGEND, MICRA.
~lps, 2.0ml, ™= Amplifier ™  Osclllator
1 kHz, =2ps, L0 ml, ~15 fs, 1.0 nd, &0
260 Am-20 jim 1 kHz, 300 nm MHz, 300 nim.
Aperture Photodiode
Lens 20 cm SAIPD2A

bt I1]|'I|!3' { Tharlabs)

NDE Newport
Neutral ILSIS0PP
Drensity

Filters

Figure 22 Experimental schematic of ps Z-Scan at other tinrn (using TOPAS).

Z-scan measurements [5] were performed at 560 &@®,nm, and 600 nm,
640 nm, 680 nm, 700 nm using ~1.5 ps (FWHM) pulsigls a repetition rate of 1
kHz from TOPAS (Light Conversion) pumped with anpdifired Ti:sapphire system
(LEGEND, Coherent). The amplifier was seeded wpitilses of duration ~15 fs
(FWHM of ~60 nm) from an oscillator (Micra, CohetenA quartz cuvette (1 mm
thick) containing the sample solution was travergedthe focusing geometry
enabled by an achromat lens of 200 mm focal lengite beam waist () at focal
plane was estimated to be 60ah (FW1/€M) with a corresponding Rayleigh

range (Zr) of 3.5+0.4 mm ensuring the validity loiht sample approximation.
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2.14.3 Femtosecond Z-Scan experiments (1 kHz exdcitan)

~15fs, 1.0 nJ,
80 MHz
Micra, .
Oscillator Photodiode
Lens 20 Aperture (STMth:DbZ?
orlabs
cm Sample
Legend, ~~ae
Amplifier -
~40 fs, 2.0 mJ,
1 kHz NDF Newport Lens
Neutral ILS250PP _
Density Lock-in
Filters Amplifier

Figure 23 Experimental schematic of fs Z-Scan at 800 nm

The amplifier was seeded with pulses of duratiob sl (FWHM) with a
spectral bandwidth of 55-60 nm (FHHM) from the dator (Micra, Coherent). A
guartz cuvette (1-mm thick) containing the sampmkitson was traversed in the
focusing geometry enabled by an achromat lens @fri@t focal length. The beam
waist (2vg) at focal plane was estimated to be 60 um (FAlyewith a
corresponding Rayleigh range  of ~3.5 mm ensuring the validity of thin sample
approximation. Typically <1 pJ energy pulses wesed for the experiments. The
sample was translated using a high resolution stigevport, ILS250PP) and the
transmitted light was collected using a lens apth@odiode (Thorlabs, SM1PD2A)
combination. An aperture was placed in front of lgves for closed aperture scans
and total light was collected during open aperao@&ns. The photodiode output was
fed to a lock-in amplifier (7265, Signal Recoverygeveral neutral density filters
were used to cut down the input intensity before ¢ample and also the intensity
reaching photodiode. The translation stage and phetodiode/lock-in were
controlled by a personal computer using a LabVIEMgpam. Since the ultrashort

pulses passed through several optical elementgebeiatering the sample pulse
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duration was estimated (theoretically) to be ~6@arfd this value was used for peak
intensity calculations. Fresnel losses from th#cepwere considered during these
calculations. The Z-scan measurements were pertbusieg ~40 fs (FWHM), 800
nm pulses with a repetition rate of 1 kHz delivelsdan amplified Ti:sapphire

system (Legend, Coherent)[31,32]. Details of expents were shown in figure 23.

| SILHOUETTE

Central Wavelength 75934 nm
\ Bandwidth (fwhm) 296 nm
Pulse Duration {(fwhm) 384 f=

s e ™ Ty T o T/t 1.02

s |

| R MIIPS ] Mg sl Coom pansats

L g e S R b

c COHERENT.

i d A B N e A R
S
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Figure 24 Typical MIIPS data obtained for femtosecond amgdifpulses using the MIIPS
(Multiphoton Intrapulse Interference Phase Scarhrtejue and Silhouette (Coherent)[33].

The pulses were nearly transform limited and thés wonfirmed fronthe
MIIPS (Multi-photon intra-pulse interference phasean) measurements using
Silhouette (Coherent) as observed in figure 24.[3B)e amplifier was seeded with
pulses of duration ~15 fs (FWHM) with a spectrahdaidth of 55-60 nm (FWHM)
from the oscillator (Micra, Coherent). A quartz ette (1-mm thick) containing the
sample solution was traversed in the focusing gégnemabled by an achromat lens
of 200 mm focal length. The beam waistogp at focal plane was estimated to be
52+2 pm with a corresponding Rayleigh range$ ¢ 2.65+0.2 mm. Typically <1
uJ energy pulses resulting in 0.1-1 TW#cpeak intensities were used for the

experiments.
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2.14.4 Fs Z-Scan experiments (80 MHz excitation)

The laser source used for the measurement wasapphge oscillator
(Chameleon) pumped with Nd:YV/roduces pulses of pulse duration 140 fs, and
80 MHz repetition rate at central wavelength of 800. This is a tunable laser
oscillator which ranges from 720 nm to 950 nm. $hmple was scanned along the
Z-direction through the focus of the 100 mm fooahdth lens. Several neutral
density filters were used to cut down the inpuémsity before the sample and also
the intensity reaching photodiode. The translastage moved mechanically step
size 1mm and corresponding transmittance readirigkisn with the power meter.
The transmitted intensity was recorded as a funatibthe sample position using
Power Max sensor. The beam waisbd{Rat focal plane was estimated to be 30-
40pm (FW1/8M) with a corresponding Rayleigh range)(@f ~2 mm ensuring the
validity of thin sample approximation. Typicall\8& nJ energy pulses were used
for the experiments. The input beam was spatidtigréd to obtain a pure Gaussian
profile in the far field. The sample was placed @i.0 um resolution translation
stage and the detector (Thermal Sensor, Field-Max)) data collected manually.
The closed aperture scans were performed at itEEsthere the contribution from
the higher order nonlinear effects is negligiblee(value ofA¢ estimated in all the
cases wasm [34, 35].

2.15 Theory of Z-Scan

Open aperture Z-scan is performed by collectinghaltransmittance of the
sample using a lens in loose focus before the sefdis measurement gives the
nonlinear absorption of the sample under invesbgatin the Closed Aperture z-
scan, an aperture before the detector allows dwycénter of the Gaussian beam to
enter the detector. The Kerr lens effect exhibligdhe sample due to its nonlinear
refractive index changes its transmittance priorfdous and post focus. This
measurement indicated the sign of nonlinearity andbles us to calculate the
nonlinear phase shif\(p). Ae in turn gives the intensity dependent refractiveex

of the sample.
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2.15.1 Theoretical Formulae

The nonlinear processes like multi-photon abison (MPA) coefficient are
generally measured by conventional Z-scan expetsnenBy using both thin
samples approximation and slowly varying enveloppreximation (SVEA), the
wave equation can be separated into two equat@resfor the nonlinear phase and
the other for the irradiance.

daAg -
4z kny Yn=2 I™1 (18)

dal

iz’ = —(ap + Zm:Z amlm_l)l (19)

where k is the magnitude of the wave vector in free spagg; , is the
nonlinear index of refractiom{= 2 for the third-order nonlinearityn = 3 for the
fifth-order nonlinearity, and m = 4 for seventh erdhonlinearity and so onj, is
the linear absorption coefficien=a is the MPA coefficientrt= 2 for 2PA;m= 3
for 3PA,m= 4 for 4 PA); and is the irradiance within the sample.

2.15.2 Open aperture for Z-scan measurements:

If we want to keep the 2PA term and ignore all otieems on the right side of Eq.
(30), we can analytically solve Eq. (2) for OA Zass on two-photon absorbers.
Similarly, by keeping the 3PA term and ignoring thtber terms, we can have an
analytical expression for OA Z-scans on three phabsorbers. By assuming a
spatially and temporally Gaussian profile for inaoglaser pulses, the normalized
energy transmittancd,pa(z), for 2PA and 3PA can be derived as Eq.(31) Bgd
(32), respectively [24].

+o
1
ToaG) = —— [ Inl1+ qoexp(~x*)ldx (20)
T '2qo -
Toa(@) = —7— 27 In{[1+ po® exp(=2x*)]: + poexp(—x*)}dx @1
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— IOO

Where g, = a,l,L = 2031 %L s s, I = is the
do 2loLesr, Po 3lo Loeff /(1 +Zz/Z02)

excitation intensity at position z.

Lesr = [1 —exp(— aolL)]/a, and

L'esr = [1 —exp(— 2a¢L)]/2a, are the effective sample lengths for 2PA and

3PA processes, respectively; and L is the sampbghe

3PA Z scans are considerably different from 2P#cdns.
Which is mathematically described only for 2PAQJdkK1 orpy <1, egn. (20) or (21)
can be expanded in a Taylor series as

TOA = Z (—1)m qo—nlg
o (m+1)72
i P22
Toa= ) (=D™ v (22)
— 2m-1D!'2m—-1) /2
If higher order terms are ignored, we obtain
— 3/
Toa=1—aylL,r/27/2 (23)
ff
Toa =1—asl?L'sr /372 (24)
ff

Here for our convenience we have uggd= 8 and a; = y. These two expressions
enable us to identify whether the nonlinear absongprocess is a pure 2PA or 3PA

process.

2.15.3 Closed aperture for Z-Scan measurements

In this Z-scan experiment, one thing must bear imdnthat a purely
refractive non-linearity was considered assumingt tho absorptive nonlinearity
(such as multi-photon absorption) are present taigely. The sensitive to
nonlinear refraction is entirely due to the apextuand removal of the aperture

completely eliminates this effect.
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In the case of the cubic nonlinearity and neglgibhbnlinear absorption,

Solve the eqgs (1) and (2), we get

AQ(z,1,t) = ADy(z,t)exp (— 2r? ) (25)

w(z)?

With  A@g(z, &) = 220
1+Z()_2

Where A@,(t) is the phase shift at the focus, is defined as
ABo(£) = k Ang(E)Less (26)
where\n, (t) = n,l,(t)
I, (t) is the irradiance on the axis at the focus (i20)z

The resultant field at aperture is given by

—al

m 2
Ea(Z: r, t) = E(Z, r, t)eT Z%:OM% exp (_ - iem) (27)

m!

In the limit of small non-linear phase change  |AQy| « 1

The Normalized transmittance is given by

4A9
T(Z,A@o) =1- W(xoz-l-l)x (28)

Whexe= 2/,

If Isis higher thangh peak intensity, SA is considered to be a third pptecess and

B can be substituted as¢ils. From the value of we can calculate Irg®>.

The 2PA coefficientp, can be expressed in terms of 2PA cross secti)ras:

o,(cm's/ photop= %

0 (29)
We have evaluated the three photon cross-sectmiging the relation
(n)

2
O3=x Y (30)
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wherew is the frequency of the laser radiation, and thesnumber density. this
the incident photon energy ang ¥ the number density of the sample in solution.
o, can also be written in the units of GM as: 1GM=@n*s/photon.

The real and imaginary parts of the third ordercepsbility is given by

Re(x’)su)= 10%¢, € * p Gm%v ) (31)
1072g,c*n,°ABCT, )
moresy =2 @)

2.16 Initial pump-probe results of phthalocyanine thinfilms

2.16.1 Structures of phthalocyanine

Our initial pump-probe experimental set up wasegatsing two phthalocyanine
thin films. Figures 25(a) and 25(b) show the strees of two samples studied viz.
zinc tetra tert-butyl Phthalocyanine (denoted ag€)Sd 2-(3-(Butane-1,4-dioic
acid)-9(10),16,(17),23(24)-ttert-butyl phthalocyanine zinc(ll) (denoted as USPc).

(@) (b)

Figure 25 Structures of (a) symmetric (b) unsymmetrical phabyanines used for study.

Both the Pc’'s were doped in PMMA and spin coatedaoglass substrate.
Typical thickness of the films obtained was ~15420. We had obtained better data
[in terms of signal to noise ratio (SNR)] with 58éh-610 nm as pump and probe
since these molecules absorb strongly in that sgdeeigion. The probe transmission
was detected using a sensitive power meter (Cot)er@iine pump beam diameter

was larger (~5 mm) than the probe beam diametemm2 and both the beams were
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not focused. Typically 15-50J energies were used for the pump beam while probe
beam energy was a fraction of thdigure 26 shows typical emission spectrum of

SPc indicating a peak near 700 nm and an absorpé&ak near 650 nm.

2.16.2 Absorption and emission spectra of Phthatganine film
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Figure 26 Emission spectrum (blue, right) and absorptioncspen (red, left) of the
symmetric Zn-phthalocyanine studied.

2.16.3 Pump-probe spectroscopy of phthalocyanirigms

0.34 | Pump Power = 45 mW
0.32

0.30 |
0.28 |
0.26
0.24}

(AT)/T

T~ 60 ps]

20 0 20 40 60 80
Probe Delay (ps)

Figure 27 Pump probe data for unsymmetrical ZnPc (USPc) waithinput pump power
(unfocused) of ~45 mW. The lifetime obtained frtra best fit was ~60 ps.
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Figure 28 Pump probe data for the same sample with an ippop power of ~16 mW.
The lifetime was ~50 ps. Both the data were restat 590 nm.

Figure 27 shows a typical pump-probe data for @ fihih of USPc doped in
PMMA with a pump power (unfocused) of 45 mW. Aaralecay was observed
post the coherence spike (zero delay) and thewasareproducible. The lifetime
achieved using the single exponential fit was ~60 fFigure 28 depicts the pump
probe data obtained with lower average powers %) and the lifetime obtained
from the best fit to the experimental data was §80 We expect the small
difference arising from the experimental errorsdgs, calibration of power meter,
fitting errors etc.). Figure 29 shows the pump-gralata for SPc recorded at 610
nm. The lifetime achieved from the best fit wa®+% indicating faster response
compare to USPc. We can draw the following conchsfrom our data: (a) signal
to noise ratio (SNR) is still poor with lot of stering in the data. Though the data is
noisy, the lifetimes were reproducible within arpesmental error of £20%. We
improving the SNR through a better detection systéreensitive photo-diode and
lock-in amplifier combination (b) these data pravigs with order of magnitude for
the excited state relaxation mechanism (c) the dais achieved without focusing
the laser pulses so as to achieve better overldpeopulses and at the same time

interrogate larger area of the samples.
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Figure 29 Pump probe data for symmetric ZnPc (SPc) with goutinpump power
(unfocused) of ~20 mW recorded at 610 nm.

In the solid state, phthalocyanine molecules tenddggregate making the Q-
band broader than that of the monomer in soluttwmf[36-40]. In addition, due to
the interaction between molecules in the films ecduse of molecular distortion,
the two-fold degeneracy of the lowest unoccupiedeswar orbital (LUMO) band
is lifted into two bands with finite oscillator stigth [41]. Several other
phthalocyanines in thin film form were studied [22-44] for their excited state
dynamics and lifetimes of few ps to few tens ofweye observed. Ma et al. [42]
observed three lifetimes from their ultrafast stsdand attributed the shortest (<1
ps) to electron-phonon interaction, the 130 pdgitife to the intersystem crossing,
and the ns lifetime to the radiative transitionnfré, to $. Mi et al. [20] found
strong wavelength dependence of the Q-band exsiigi® dynamics. They too
observed three different timescales in magnesiuthabtcyanine thin film and
attributed the 1 ps component to exciton-excitomnitafation, 16.5 ps component to
the intersystem crossing rate and the longest caemoof 300 ps to the non-

radiative relaxation process.
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Chapter 3 Dinaphthoporphycene

3.1 Introduction

Tetrapyrrolic macrocycles encompass intriguing pals chemical, and
biological properties. In biological processes,géephyrins are found in hemoglobin,
myoglobin, and cytochromes, whereas chlorophylle ased in photosynthetic
systems. These tetrapyrrolic macrocycles play aifsegnt role in vital biological
processes such as (a) photosynthesis (chlorogbylfxygen transport (hemoglobin),
(c) oxygen activation (cytochrome) because of whingy are termed as “pigments of
life"[1] and have attracted the scientific commuynifior over few decades. The
biological significance of porphyrins arises froneit properties and as chromophores
they have captured the imagination of spectrostapidheir molecular design and
structural variability have made them particularfftractive in a variety of
applications such as photodynamic therapy (PDT). [Bhree main features
characterize porphyrins: they are macrocyclic, lyiglolored, and aromatic in nature.
To understand and extend above characteristicsnspsed considerable interest in
the preparation of new porphyrin analogues. Theengarphycene arises from its
similarity to both porphyrins and acenes. Porphgcesn a structural isomer of
porphyrin and act as photosensitizers. With theth®gis of porphycene: a
tetrapyrrolic structural isomer of porphyrin, a neype of porphyrinoid system
became complexes (metalloporphycenes) with manyalmens, although their
coordination cavity is noticeably smaller than tlhtthe porphyrins. As a general
method of synthesis of porphycenes has since beselaped, allowing these
compounds to be made in great structural variephyeical and chemical comparison
between porphycenes and porphyrins suggests itself.

Isomers of porphyrins are generally used in thedystof multi-photon
absorption (MPA). These class of organic mateffiald specific applications in the
fields of imaging, lithography, memory based desjceptical limiting, and PDT to
name a few [3-6]. Porphyrins (chapter 6), phthgdmines (chapter 5), their
metallated derivatives, and other similar molecwel large number of de-localized
n electrons, are recognized to comprise large thicer nonlinearities enabling them
for photonic and opto-electronic applications [4-21Despite a number of recent
studies reporting novel molecules with large twe{pin absorption (2PA) and three-

photon absorption (3PA) coefficients/cross-sectiogech of them using different
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pulses and at different wavelengths, auxiliary adesa in this field are essential.
Furthermore, it is imperative to thoroughly appeaishe structure-property
relationship of such molecules, using pulses ofjimagr duration and over a broad
spectral range, for understanding their photo-giaydoehavior and enhancing their
potential for practical applications [22-28]. Ploypenes, the constitutional isomers
of widely researched porphyrins, were first synides by Vogel and co-workers in
1986 and subsequently many derivatives were repd8-33]. Recently, large
enhancement of two photon absorption (2PA) crosticse[0'”] was discovered in
the case of conjugated porphyrin dimers, directigdd fused porphyrin dimers and
even expanded porphyrins [17-18]. Particularlynaatic core modified porphyrins
are reported to have very large values'®f[19]. To our knowledge only one report
on 2PA studies of porphycenes [34] have been conuatad indicating that these
organic systems need to be explored further foir ttemendous potential in
nonlinear optical (NLO) applications. Arnbjerg ¢t [84] have established that in the
spectral domain of 750-850 nm the 2PA cross sestiontwo porphycenes (TPPo
and PdTPPo) were large compared to that from th@hydan analogue. These
observations are attributed to the fact that, fug porphycenes, the two-photon
transition is nearly resonant with a comparativatyense one-photon Q-band
transition. In case of benzosapphyrins the extensib 7zsystems, by fusing the
bipyrrole moiety with aromatic ring, has more drameaeffect on the electronic
properties of the macrocycle than multiple fusidnbenzene rings through tHg
positions of respective pyrrole units. We haveently synthesized and studied a new
class of porphycenes with interesting photo-physacad NLO properties [35]. In
these molecules bipyrrole and naphthalene moiatiesinvolved lending them the
name dinapthoporphycenes. We observed that thdlatieta of the complex leads to
significant change in the photo-physical propertegsthe complexes. Nonlinear
optical studies using Z-scan technique with ~1.5ppses at 800 nm have been
performed to characterize the dinapthoporphycedlesed and open aperture Z-scans

were performed to estimate the third order nonlitiea of the molecules.

3.2 Synthesis, Structure and Absorption spectra (Pol$5)

To a slurry of low-valent titanium agent, generabgdreduction of (1.90 mL,
17.40 mmol) of titanium tetrachloride in dry THFO(8nL) with activated zinc (2.27
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g) and CuCl (0.34 g), was added a solution of ragsipyrroledialdehyde (300 mg,

0.87 mmol) in boiling THF (230 mL). The reactionxtire was heated under reflux
for 20 min and then hydrolyzed by slow addition % aqueous potassium
carbonate (47 mL). The reaction mixture was filletbrough celite to remove the
excess metal, washed with dichloromethane and #stwgs were combined with the
organic layer of the filtrate and dried over anhi@SO, and freed from solvent by

rotary evaporator and the solid residue was sudjeitt chromatography on a neutral
alumina column using dichloromethane-hexane (T:fg blue fraction thus obtained
was evaporated to yield the dinaphthoporphycena llsie solid and re-crystallized

from chloroform—hexane mixture. Yield 53 mg (20 %).

The molecular structures of the samples (Pol-Pofstigated are provided
in figure 1. In the metal free dinapthoporphyceriesn figure 1 denotes n-propyl, i-
propyl and n-pentyl groups are the different vaorad at the periphery of the core are
named as Pol, Po2 and Po3 respectively. The nickebrdinated
dinapthoporphycenes have only two variations wstipropyl and n-pentyl groups on
the periphery of the core named as Po4, Po5 regplgctSolid state structure of Po2
could be derived explicitly from the single crystalbtained via slow evaporation of

chloroform/hexane mixture, by X-ray diffraction (KR analysis, revealing a near

s

C iR

-

9

planar geometry (Figure 1b).

.

(@) (b)

Figure 1 (a) Structure of the compounds used in present SildRTEP of compound Pol
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Average deviation of nitrogen atoms from the mearppycene plane (excluding the
isopropyl substituents) is +0.15 A. The shortesh Nkistance (N1...N2 in Po2 is
2.49 A much shorter compared to that of regularpRgrene, while the long
(N1...N2) one being 2.95 A. The absorption speotsemble those of porphyrins
with a Q-band region between 15000tmand 23000 cih, and a Soret-band region
between 25000 cihand 30000 cih.

14

P | —Pol (a)
< 12] — P02 (b)

% 10} Po3 (c)
S — Po4 (d)

= 8 Po5 ()
- .

(@) 6

— (b)
2 41
W 2 |

0 :

300 450 600 750 900
Wavelength (nm)

Figure 2 UV-visible absorption spectra of the (Po1-Po5) poonds.

Porphyrin compounds have a weak Q-band around 8003 (1.8-2.5 eV)
and a strong Soret-band around 350-400 nm (3-3)6Th¥ Q-band region often
exhibits a well-resolved vibrational structure inosh of the porphyrins. Despite
similarity of the transition energies, this leadsatcompletely different appearance of
the visible part of absorption spectra of two adgs®f compounds. Similar to
porphyrins, the Q as well as the Soret transitiainspare each nearly degenerate [37].
Porphycene, due to its large energy gap betweeBdhet and Q bands (about 11000
cm?) is a suitable candidate for investigating intrakacular electronic relaxation
processes. Furthermore, it was well known thatpfmphycenes and porphyrins the

relaxation between excited states occurs in subspmond time domain at room
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temperature. For example, in the case of the #agkenylporphyrin energy
degradation between the Soret and Q bands took pldhin a time of 60-90 fs [38].
The process of transfer of energy can be showed the excited molecule into the
matrix can be slowed down in comparison with thepill phase [39-41]. These
studies focused on excess energies below 2000 €he relaxation behavior beyond
2000 cnt is less understood. Consequently, porphyceneharieiceals a large energy
separation between, and S 4singlets (11000 ci) was used in most of the time—
resolved experiments [42]. Absorption spectra oftla@ molecules (Pol-Po5) are
shown in the figure 2. The absorption spectra ofainkee porphycenes (Pol, Po2,
Po3) have large red shifted absorption bands, lbeesrgy Q-band (640-750 nm)
appear near 715 nm. These porphycenes demonstefitdefined Soret or B-bands
(350-430 nm) peaking near 400 nm. The lowest en€dyand is relatively more
intense than the Soret-band in comparison to qtbgyhycenes [30]. The presence of
few UV bands with maxima at 265 nm is attributedh® naphthalene moieties in the
macrocycle. The absorption spectra of Po4 and Po% s general trend of red-
shifted B band and blue-shifted Q-bands. The alasmd at 800 nm was negligible
for all the above mentioned compounds with moren tB&8% linear transmittance.
Porphycene has the most intense Q-band, and iewascted to be a suitable basic
compound for pigment design. Like dibenzoporphycgrmphycenes Pol-Po3 did
not show any fluorescence at room temperature ([48).

3.3 Ultrafast dynamics of (Pol1-Po5)

It is well established that depending on the exoitawavelength and intensity
one can observe 2PA, 3PA, excited state absorption, combination of more than
one process in such molecules owing to the cordigam of their electronic states
[9,12,43]. There are various spectroscopic teclesqto achieve time-resolved
information. However, to understand the decay dynsa of these compounds (Pol-
Po5) we have performed degenerate pump-probe expets with 1 kHz, ~1.5 ps
pulses at a wavelength of 800 nm. We have alsmlborated our ps data with fs
degenerate pump probe data obtained near 600 nurtheFmore, unfocused pump
probe data was also obtained with fs pulses. Tmptete experimental details of
both ps and fs pump probe experiments have bedaieg@ in sections 2.12 and 2.13
(figures 17 and 20).
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Figure 3 (a)-(e)Excited state dynamics data of Pol-Po5 obtainadjus5 ps pulses at 800
nm. Black lines represent the experimental datdevthe red lines are fits to the data.
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Figure 4 (a)-(e)Excited state dynamics of Pol-Po5 using ~70 fsgsué 600 nm. The data
was obtained using focused pump/probe beams. Bilaek represent the experimental data
while the red lines are fits to the data.
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Typical energies of pump beam used in the expetisneras <50uJ. The
pump and probe powers were typically maintaine@0at ratio. Depending on the
excitation mechanisms and energy levels of thedeaules one would expect multi-
exponential decays following different excitationechanisms. Figures 3(a)-(e)
illustrates the pump-probe data obtained at 800wnitin ps pulses. The differential
transmission was positive. At zero-delay a shagkp® dip is a typical signature of
pump-probe experiments. All the porphycenes (Pe)Eepicted similar trend with
respect to excited state dynamics. The transmptetie data was fitted using the
eqguation given below. For the case of single detmgrved only,, for double decay

11 andty, and for triple exponential decay, 1, andts were used.

—(t—to) - (t—to)
&(t)—y + Aje 0/’~'1+A2e 0/T2+A3e

—(t=to)
- =R /‘173

(1)

AT(t) is the time dependent change in probe trarsoms induced by the pump at
time ‘t’ after the pump excitation and T is the Ipeotransmission in the absence of
pump. The peak intensities (~150 GW#grased in ps experiments was sufficient to
access the three-photon states. The valueg,ohAand A (complete details of these
are provided in appendix) dictate the amplitudetted contribution to respective
lifetime. The slope of the exponential decay show#igrent magnitude of lifetimes
[43]. We observed photo-bleaching for all the pgganes studied. The data was
fitted with a double exponential decay and twotiifees were retrieved from the fits.
We tried to fit the data for a single exponentiat the overall fit was poor. Fast
decay retrieved was in the range of 1.8-3.1 psentiié slow component varied from
7 ps to 8.5 ps for different samples. The fastwoment is attributed to the internal
molecular vibration and internal conversion in thesolecules whereas the slower
one to the non-radiative decay back to the grouatesSimilar decay times were

observed in Porphycene reported by Fita et al. [44]

We observed photo-induced absorption (PIA) in td@ fs pump-probe data
collected at 600 nm for all the porphycenes. Detailthe experiments can be found
in section 2.12 (figures 17 and 18). The negati@asmission observed at 600 nm is
depicted in figures 4(a)-(e) for all the sampled#P@5. The data was obtained with

focused pump and probe pulses with pump peak itiEehsufficient to excite the
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molecules to pstates. Probe was absorbed from these stateigltertstates ($

thereby reducing the transmission. That they haenkexcited to high lying states
has been confirmed from the nonlinear absorptioasmements. Fits obtained using
single/double exponential were not providing pedrfeatch to the experimental data
and therefore triple exponential equation was aédi and three different lifetimes
were retrieved from the fits. The fastest lifetioteserved was in the 100-135 fs which
is attributed to the intramolecular vibrationalavedtion (IVR) within $ states while

the slower component of 0.8-1.5 ps could be dubeédC and the slowest one in the

7.3-10.0 ps range again due to non-radiative decay.

Pol

Pod |

-0.75

50 510152025105 0 5 101520 5 0 5 10152025
Probe Delay (ps)

Figure 5 Excited state dynamics of Pol, Po2, and Po4 usiifgfs pulses at 600 nm using
unfocused pump/probe pulses. Black lines reprabenéxperimental data while red lines are
fits to the data.

1% T T3 T n 60cT)1nm
Samples 800 nm 800 nm 600nm 600 nm 600 nm (fs p-p

(psp-p) (psp-p) (fsp-p) (fsp-p) (fsp-p) unfocused)

Pol 20ps 7.2ps 120fs 0.8 ps 8.0 ps 7.5 ps
Po2 3.1ps 7.6 ps 105 fs 1.4 ps 7.3 ps 7.0 ps
Po3 2.0 ps 7.2 ps 102 fs 1.2 ps 8.2 ps -
Po4 1.8 ps 8.5 ps 100 fs 1.5 ps 10.0 ps 10.9 ps

Po5 1.8 ps 7.0 ps 135fs 1.2 ps 8.1 ps -

Table 1 Lifetimes of porphycenes obtained using ps andifagprobe studies.
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To ensure that we are indeed exciting the moledulé& states (followed by
excitation into § states) we performed the fs pump-probe measuremeitihout
focusing the pump and probe pulses, thereby erguhere was no nonlinear
absorption. When the beams are not focused th&agan is limited to $ states only
and therefore induced absorption from sfates to Sstates suggesting decrease in
probe transmission. The representative data olataniié unfocused pulses is shown
in figure 5 for Pol, Po2, and Po4. The data ctelditted with a single exponential
and the lifetimes extracted were 7.5 ps, 7.0 pd, #nh9 ps for Pol, Po2, and Po4,
respectively. Relaxation times extracted for B# samples are enlisted in table 1.
The pump-probe data in the ps (800nm) had betigrakito noise ratio than fs (600
nm) data. The error bars in pump-probe experimetdtd for ps case was estimated
to be 5% and for the fs case £15%.

3.4 NLO studies of Pol-Po5

NLO studies were performed on all the five molesuteassess their nonlinear
absorption and nonlinear refraction behavior. Fegb shows typical closed aperture
data along with their corresponding theoretica$ fibr solvent (chloroform) and

samples Pol-Po5 performed at peak intensities ®IGVK/cnf.

~—\1.2
=
=0
N—r’ P
b 0.6
U p
-

S 15
=
E12
7p]

C 0.9
©

- 0.6

2010 0 10 20 201000 10020 20 <10 0 10 20
Z (mm)

Figure 6 Closed aperture Z-scans of Pol-Po5 and solventr@fiorm) recorded with peak
intensities of ~75 GW/cfn Open circles represent the experimental dataesisethe solid
lines are fits.
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Figure 7 (a)-(j) Open aperture Z-scans of Pol-Po5 at different peaksities. For low peak
intensities 2PA was best fit [blue solid lines &Bme2PA and red dotted lines are for 3PA, (a)-
(e)] while for high peak intensities 3PA was thethf@ [red solid lines are for 3PA and blue
dotted lines are for 2PA (f)-(j).

The data were fitted using standard equations 44%,to extract nonlinear
refractive index (). Details of equations used are discussed in saié® 2.15.3 in

chapter 2. The samples exhibited large nonlineariwith the formation of annular
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rings near focus. This distorted the typical Zrscarve near the valley reflecting in a
slightly asymmetric curve, probably, due to largenlmear phase-shift. Such
behaviour was previously reported by Kouhski et[d4F] and Chen et al. [48].
However, the estimated nonlinear phase shif) (in our case was less tharior the
data presented in figure 6. All the samples posskeaggative nonlinearity with the
magnitudes of nin the range of 2-3x1¥ cnf/W and are summarized in table 2
along with their ¥® values. The reproduction of the typical closedrape valley-
peak signature for the solvent (chloroform) ruledt dhe possibility of any
misalignment in the setup. Pure solvent exhibit@dsitive nonlinearity of ~0.55%10
15 cnf/W. The solvent contribution being positive clearfuggests that the
nonlinearity of the solute (porphycene) is defilyithigher than the values quoted

here.

Figures 7 (a)-(j) show the open aperture Z-scara d#t different peak
intensities. The shape of Z-scan curves obtairiebbveer peak intensities when
compared to those obtained at higher intensitiese wdifferent indicating two
different NLO processes occurring at those corredpm intensities. The presence
of two resonances in the absorption spectra okthasdecules, one near 400 nm (due
to the porphycene core) and other near 270 nmtfdtiee naphthalene moiety), could
explain the uncharacteristic nonlinear absorptiehdviour of the molecules. 3PA in
naphthalene has been ascertained through sevdrat saudies [49, 50]. For the 800
nm photon these two resonances can act as two+pliaR) and three-photon (3P)
states respectively. Fakis et al. [51] reportexdilar data in pyrylium chromophores
with femtosecond pulses at 760 nm, 790 nm, andm8d0 In their case higher order
effects appeared beyond a certain threshold of petnsity which resulted in
creating a critical population in the first excitethte by 2PA process. Sutherland et
al. [52] and Anemain et al. [53] also observed Emiesults and modelled their data
using an effective 3PA coefficient. The differermetween thenstantaneoussPA
and effective3PA is the process through which three photonsahsorbed by the
molecule. In the former case three photons are lsameously absorbed (via virtual
levels of the molecule) whereas in the latter dase photons are absorbed and the
molecules are then in an excited state (real stad&pending on the lifetime of the
excited state and pulse duration there could berpbsn to even higher excited states

using another photon (2+1) provided the excitetesteoss-section is significant. The
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effective 3PA can also be termed as two-photondadiexcited state absorption. At
lower peak intensities (typically <100 GW/&ndata presented in figures 7(a)-7(e)
was best fitted to 2PA (eqgn. 2) indicating that 2R&s the dominant mechanism. At
higher peak intensities (typically >110 GW/mthe data presented in figures 3(f)-
3(j) was best fitted to effective 3PA (eqn. 3) tating its dominance in this regime.
For Po5, 2PA and 3PA were observed for peak iniessif ~120 GW/crhand ~400
GWicnt, respectively. xX® (TPA, Kerr effect etc.) angt® effects proceed from the
combination of the same kind of excited statesr&laee no different excited schemes
separately fox® andx®. Interference effects related to the phase ohtdinearity

(it is a complex number) can make them appear @ifterent thresholds [55]. In the
present case the, State is responsible for bogtt® process (2PA) ang® process
(effective 3PA).

Toa =1 — BloLesp/23/? (2
Top=1- yIOZL'eff/?’s/z (3)

Above equations were obtained from reference 55w@dlottedIn(Intensity) vs
In(1-Toa), which gave a straight line. A slope of ~1 indesathe presence of 2PA

and a slope of ~2 indicates 3PA behavior as shaviigure 8.

The values of ground state absorption cross-sectieasured for Pol-Po5
were 1.8, 2.4, 2.3, 2.4, 2.7 (x"10cnf) whereas the excited state cross-sectioa$ (
obtained from the fits were 3.9, 6.5, 14.4, 7.461(k 10"’ cnf), respectively. These
values were obtained taking lifetime of Sate as ~1 ps (see equation 2) and values of
B used were obtained from the fits to low intensiita. Table 2 includes 2PA and
3PA cross-sections at different peak intensities d the five samples. Our
measurements were repeated at very low peak itiemngi~50 GWi/crf) for the
samples Po2, Po3, and Po4 and the data againroedfithe presence of pure 2PA
contribution and rather than 2PA + ESA. Howevie 2PA coefficients could have
been over-estimated [56] using this technique ahe&rocomplementary techniques
are required to arrive at the exact values. Tinelaen experimental errors (arising
from estimation of spot size at focus, concentratineasurements, input power

measurements, data fitting etc.,) result in anaVerror of £20% in our calculations.
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Chapter 3 Dinaphthoporphycene
s B @ (3,3 2 6 o® 2 22 Rezlx(ail 0 |m2|X(32)| bg(s)l2 |X(3)|
Sample (GWicm?) (cm/Vl/l) (GM) (cm /V;/l) (cm szlph;)eton) (m N\Q (m /VZl) (mN\i)3 (m /V22) (m /V21) (e.S.ljé) W T
x 10 x 10 x 10 x 10 x10°" x10™ x10 x 10" x10
Pol 78 5 8260 - -
118 - - 3.5 14.4 -3.8 4.3 5.0 3.5 4.3 31 149.0
Po2 98 7 11600 - -
132 - - 9.0 36.9 -2.6 2.9 7.0 4.9 2.9 21 121
Po3 74 8.8 14500 - -
117 - - 25.0 103.0 2.7 3.0 8.8 6.2 3.0 22 126
Po4 74 13 21500 - -
120 - - 19.5 80.1 -3.7 4.1 13.0 9.2 4.2 30 1838
Po5 120 4.8 7930 - -
407 - - 11 45.2 -3.5 3.9 4.8 3.4 3.9 28 181

Table 2 Summary of the NLO coefficients obtained for PoBPo



Compounds Sample ¢*(GM) 1, Ref.
Dye Cytochrome C 100 150 fs [16]
HeteroaromaticQuadrupolar PEPEP 3130 130 fs 28]
Dyes
G37 2900
A-pi-A polymethine dyes g?i igggo 140 fs [22]
G152 17000
Congeneric Pentaphyrin 3300
Pentapyrrolic Expanded iigﬂwxég dyrin 2;7%% 130 fs [227?'
Porphyrins: Orangarin 1200
Porphyr!n -Squaraine - PoR- SQA-Por 11000 100-140 [23]
Porphyrin fs
Self-Assemblies of :
) X Polymer Zn Substituted
Butadiyne-Linked ; ; -\ 440000 120 fs [24]
Bis(Imidazolylporphyrin) Bis(Imidazolylprophyrin)
Water Soluble porphyrin Ezgz:ggj\:H ﬂggg [25]
dimers 22 4 300 fs
P,-Suc 10000
Tetra phenyl TPPo 2280
pheny PdTPPo 1750 120 fs [34]
porphycenes(TPPo) mesoTPPo Y
Pol 8260
Po2 11600 This
Dinapthoporphycenes Po3 14500 ~1.5 ps work
Po4 21500
Po5 7930

Table 3Summary of NLO coefficients of Po1-Po5 with othexgorted in literature.

The magnitudes of Imxf*] and x® were estimated from the nonlinear coefficients
and can be found in reference [57, 58]. The figwkemerit (FOMs) T and W were
evaluated and the data is again shown in table>A Juggests large nonlinear
refraction values suggestive of the potential agpion of dinapthoporphycenes in
photonic-devices. However, the corresponding FOMnanlinear absorption, W, is
>1. W<1 is generally desirable for photonic deviceBhe 2PA absorption cross-
sections are also compared with some of the preilyoteported molecules and
summary of the data is presented in table 3. Cytooh C [19], PEPEP [33] dyes
exhibited low ¢® values of 100 and 3130, respectively. Recentlyr-A-
polymethine dyes have demonstrated large crosireaif the order of T0GM [20].
Porphyrins with expanded rings [26-27] exhibite® values of 1200-3300 GM
whereas Porphyrin-Squaraine—Porphyrin assemblybkas reported to hawe? of
11000 GM [21]. For water soluble porphyrins [3@le tmaximum values reported are
of the magnitude ~fOGM. However, in comparison to previous molecules,
dinapthoporphycenes have larg& values with Ni substituted Po4 havird=
21500 GM. But self assembled porphyrins reporte@®bawa et al. [24], have larger
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Chapter 3 Dinaphthoporphycene

o® magnitude (~440000 GM) than present work. Theineat coefficients presented
in this work are obtained with ~1.5 ps pulses asglming the magnitudes could be
larger (due to longer pulses) by one order of ntagei when compared to ~100 fs
pulses data, the order of magnitudes for our sa(glagle monomer molecules) are
still comparable to many of the recently investigghimolecules (either oligomers or
polymers). The fs Z-scan results of Pol-Po5 sheatarable absorption as in the
figure 9 (open aperture) and(negative) as observed in figure 10 (closed ap&ytur

The NLO values are extracted and presented in table

Q 14 'P { 104 ' ]
ol Po2
O 1.03 1.03
5 1/ e
S 100 1.04
= 0 10 10 20 20 -10 0 10 20
E 1.014 . . .
1.04}
) 100l ]
- 1.02}
(O 1002} ]
L 1.00
— o0
-0 20
E 1014} ] 102}
h
O 1o08t 1 101}
Z 1.002} 1 1.00}
20 20 40 0 10 20

Z (mm)

Figure 9 Saturable absorption demonstrated by fs Z-scaRarphycenes (Pol-Po5) and
chloroform (solvent) recorded with ~50 fs pulsepigal peak intensities of 0.6-0.8 TW/&m

B (fs) n2 (fs)
Sample (cm/W) x 102 (cm2/W) x10Y7

Chloroform 0.50 0.5
Pol 6.00 3.0
Po2 3.10 3.0
Po3 0.95 2.0
Po4 6.00 5.0
Po5 1.15 0.9

Table 4NLO coefficients of porphycenes at 800 nm obtainsidg ~50 fs pulses.
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Figure 10 Closed aperture studies of fs Z-scan in Porphyc¢Re&, Po2, Po3, Po4, Po5)
recorded with ~50 fs pulses (typical peak inteasitf 0.1-0.2 TW/cR). Response of solvent
(chloroform) can be seen in figure 6.
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Figure 11 Open aperture Z-scans of Pol-Po5 at different lgagéhs at 560 nm, 580 nm,
and 600 nm indicating 2PA behavior at peak intéesi€100 GW/crhwith ~1.5 ps pulses.
Some of the plots have been shifted verticallycfarity.
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B (ps) B (ps) B (ps) N2 (ps) N2 (ps) N2 (ps)
560 nm 580 nm 600 nm 560 nm 580 nm 600 nm

sample o) CcmW) emW)  EmW) (W) (cmIW)
xlo—lz X10-12 X10-12 ><10—17 x10-17 x10-17
CHCh - : : : : :
Pol 230 350 3.00 888  6.58 16.3
Po2 110 105 8.70 353 707 78.2
Po3 300  4.40 3.75 148 7.4 22.7
Po4 750 5.0 4.50 728 224 21.8
Po5 350 3.0 3.20 512  9.76 10.8

Table 5NLO coefficients of different porphycenes obtairsgdvavelengths of 560 nm, 580
nm, and 600 nm.

Reverse saturable absorption (RSA) behavior wasreed at 560 nm, 580 nm
and 600 nm. The values of two photon absorptiaifimients @) are tabulated above
for each case for all the five porphycenes. Themdt®n spectra illustrate red shifted
Soret bands and Q-bands comparedptalkylated porphycenes, owing to the
rigidification and extendedk system resulted by fusion of two naphthalene gsoup
onto the porphycene macrocycle. The absorptiontspésee data presented in figure
2) of free-base porphycene (Pol, Po2, Po3) disakafively intense low energy Q-
band (15625 cfh-12000 cnt) peaking near 14000 ¢hand well defined Soret or B-
bands peaking near 25000 ¢mFigure 11 shows the open aperture Z-scan data
obtained for Po1-Po5 at 560 nm, 580 nm, and 600 YWa.have observed 2PA as the
dominant mechanism but one cannot rule out theepoesof ESA from §to Sstates.
The fits to the data provided the values ok#ective2PA coefficient §) in the range
of 1.05x10" cm/W to 8.70x18° cm/W. Evidently, these values are an order of
magnitude lower than the values reported at 800 which was a resonant two-
photon wavelength for these molecules. The vatias in the ps regime recorded
for Po1-Po5 were in the range of 5-35%1@n/W at 560 nm, 6.5-71x18 cnf/W at
580 nm, 10.8-78xIY cnf/W at 600 nm. Some of this data is presented ineApx.
Interestingly, the nvalues increased as excitation wavelength chafrged 560 nm
to 600 nm. This could be attributed to the exciéate population near to 600 nm
with slight increase in absorption. The value$&@ nm, possibly, represent the true

electronic nonlinearity to a great extent sinceré¢his minimal absorption at this
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wavelength. Po2 had the largestvalues for all the wavelengths investigated is thi
study. Po4 had the largest 2PA values for botdnts ps excitation (except at 600 nm
ps excitation). The values of nonlinear coeffit®enbtained from closed and open

aperture data for all the molecules are enlistedbie 5.
3.5 Energy level diagram of Dinaphthoporphycenes

Figure 12 illustrates the possible excitation mada in porphycenes with
singular nonlinear absorption behaviour. At loweak intensities 2PA could be from
the S states (23250-28500 chwith single photon corresponds to 12500y mof
these porphycene molecules while the effective 8Pa cascaded 2PA and excited
state absorption from,State to the Sstates (33300-40000 ¢th Typical lifetimes of
S, states in such molecules are reported to be 444)s Our pump-probe data was
obtained for these molecules after modelling thalinear absorption data. A
qualitative explanation for relaxation mechanism$oth ps and fs regime (focused
and unfocused data) using detailed energy levattsire is depicted in figure 13.

Some recent studies of the porphycene moleculebefound [57-63].

Effective 3PA
 40000cm | O3 = (030 NT,)/(2010)
| 33300cm! S Maph

3 2R EMlem ! —

e
] 23,280 ! —
oL, ' g 15625 em! —
- | P s ISemt —

- e
o
Effective 3PA I IPA hanisze |

mechanism

Figure 12 Energy level structures in porphycenes explainimg tivo resonances for 2PA,
3PA.
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An unfocused 600 nm photon (16,667 Ynonly excites the molecules ta S
states and consequently single decay time (assign&tS, decay) was observed.
Though the scattering is evident from the data sddcfit a single exponential decay
time and a significant difference in shape of thebp transmission at high peak
intensities was seen. At higher peak intensitieB0&t nm we could expect the higher
lying S;states (33,333 cii) to be populate through two photon absorptionjsi
below the § states) followed by excited state absorption fi@&no S, states and one

could distinguish three relaxation pathways (IVK, &nd $).

20,000 cm-!
33,300 cm’! : A niNap
W _ Y
@l i FA (b)y| PD
28.500 cm*!  E—
i E Tl" A :r_£-:-'_ S
23.250 em! — : =
§ T ‘D PIA é"z
15,625¢cm™ A - A —
I : — 5
12,000 cm! - ] e
e T P
photon 804 nm T
TI photon
E"‘I‘l P

PIA: Photo-induced absorption PB: Photo-bleaching
T,: Intramolecular Vibrational Relaxation;
;¢ Internal Conversion; 1, : Non-radiative decay

Figure 13 Typical energy level diagram of Pol-Po5 depictihg various relaxation times
from different excited states (a) fs pulses, fodysemp and probe data, 600 nm (b) ps pulses,
focused pump and probe data, 800 nm (c) fs pulsdéscused pump and probe data, 600 nm.

When excited with ps pulses at 800 nm we obserweddistinct lifetimes
which are attributed to the»&; transition (IC) and §S transition (slowest
component). The values presented in table 1 cuorttiat the fs data and ps data are

corroborating each other, within experimental exyand support our arguments about

102



Chapter 3 Dinaphthoporphycene

different excitation schemes. Since these are hamdscent molecules we feel that
the lifetimes observed are due to non-radiativesiteons (thermalization processes).
The errors (from experiments and fitting procedyresthese measurements were
estimated to be ~15% for the focused data and ~0Unfocused data.

3.6 Conclusions

In summary, we have studied excited state dynadegenerate pump-probe
using ~70 fs at 600 nm and ~1.5 ps laser pulseseckat 800 nm of five different
dinaphthoporphycenes. Our NLO ps Z-scan resultlglelemonstrate 2PA at all the
above wavelengths. Two component carrier relaxatigmamics with the fast time
constant in the range of 1.8-3.1 ps and the slamer in 7.0-10.0 ps range were
observed with ps excitation. We could observe thiezay time constants of 100-120
fs, 0.8-1.5 ps, and 7.3-10.0 ps in the fs pump-@ridta. The lifetimes observed were
similar in both the ps and fs cases. The fasifesinhe is attributed to IVR in the,S
states while the intermediate lifetime to thet® S states de-excitation (IC). The
longest life time is characteristic of the t8 § non-radiative decay. The present
results demonstrate the strong nonlinear absorptigroperties  of
dinaphthoporphycenes combined with ultrafast respotimes may find possible
applications in photonics. Even though generalcstiral and spectral patterns are
qualitatively similar in the two isomers, quantwat differences may sometimes be
immense. For instance, the lowest electronic ttemsi(Q-band) in porphycene is
more than an order of magnitude stronger thanithporphyrin and also significantly
red-shifted. Such a pattern, combined with othatgbhysical characteristics, makes
porphycene a potentially much better agent for @iyrtamic therapy than parent
porphyrin and its derivatives. This prediction Haesen firmly corroborated, using
various substituted porphycenes in the treatmemtirobrs and in photo-inactivation
of bacterial strains. Their photo-physics havenbegdely studied and proposed as
attractive second-generation agents for photodyndnarapy (PDT). This is due to
their ability to absorb red light and photosensitinglet oxygen. In order to control
their photophysical and other properties, inserabfunctionalities into the periphery

of the porphycene macro-cycle is essential.
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Chapter 4

Ultrafast excited state dynamics and NLO
studies of Cyclo[4]naphthobipyrroles



Chapter4 Naphthobipyrroles

4.1 Introduction

The 1930 Nobel prize winner in chemistry (Hans k&Y elucidated the
chemical structure of various porphyrins, the pighresponsible for oxygen binding
in erythrocytes. Scientific hunt for numerous pagmu and porphyrin-like bio-
molecules attracted attention of several reseasaiesr the last few decades. Another
motivation for work in the area of porphyrin resgathat may allow a more detailed
understanding of photosynthesis, cell respiratind axygen transport processes is
effectiveness and ingenuity with which these preess operate in nature.
Considerable efforts are in progress to the desiymrtificial solar cells, water
splitting catalysts, etc. that are based on poipkyand porphyrin analogues. One of
the primary goals in synthesizing expanded porphwas to get absorption spectra
that are bathochromically shifted compared to pgnphdue to its extended-
conjugation. However, larger expanded porphyrint@oimg 6 or more pyrrole rings
often adopts non-planar or figure eight structureré by disrupting the effective
conjugation pathway, which proved to be non-aromatiweakly aromatic in nature.
As research in natural porphyrin chemistry has aded, increased attention has been
devoted to expanded porphyrins and their analogs. example, progress in the
synthetic methodology of porphyrins and a greatasid understanding of their
properties resulted in the design of sophisticdtdly conjugated oligoporphyrin
ribbons with large two-photon absorption coeffitgermnd negative first oxidation
potentials, properties that rendered this groupolecules promising as materials for
use in photo-electronic applications. Similarlye tlliscovery of relatively easy
procedures for the synthesis of annulated pyrroiggired the porphyrin community
to create new pyrrolic chromophores that diffemirporphyrins and contain these
particular building blocks.

The attractive features af-extended porphyrins and expanded porphyrins
have provided an incentive to create new porphamalogues that combine key
attributes from both approaches within a singlengical entity. This convergence has
led recently to the synthesis of new chromophohed are both expanded amne
extended relative to normal porphyrins. A largeiatgrof expanded porphyrins can
be prepared by adding more number of pyrrole oerottetero-aromatic molecules
apart from tuning their number of bridging mesobcas. Several novel organic
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moieties with strong two-photon absorption (2PAJ éimree-photon absorption (3PA)
coefficients/cross-sections have been investigaiext the last decade due to their
impending applications in the fields of photonicbjomedical applications,
lithography etc. [1-14]. However, most of thoseastigations were confined to a
single wavelength in the visible spectral regio@0&m or 532 nm) while using
single pulse duration [femtosecond (fs) or nanosécos)]. Multi-photon absorption
in organic materials typically occurs at longer eiangths ¥ 800 nm) providing
noteworthy advantages such as (a) minimal lightdesdue to scattering and (b)
decrease in superfluous linear absorption. Our mtoas been working extensively
over the last decade investigating several new cuotde (e.g. Phthalocyanines,
Porphycenes, Corroles etc.) for quantifying theionlmear optical (NLO)
coefficients/cross-sections over a range of wayglenin the visible spectral region
and using cw/ns/ps/fs pulses [15-26]. In the tast decades expanded porphyrins
have emerged as a new class of attractive moledudeause of their potential
applications in near infrared (NIR) dyes, anion ssgs, 2PA materials,
photosensitizers, and in photodynamic therapy (P[X#)17,27]. They are having
active role in optical data processing, telecommatnons, aerospace, military
camouflage. A large array of expanded porphyrans loe prepared by increasing the
number of pyrrole or other hetero-aromatic moleswpart from tuning their number
of bridging meso-carbons. Furthermore, it is obsénthat aromatic expanded
porphyrins display large third order nonlinear oglki response while normal
porphyrin monomers exhibit smat, values of <100 GM [12-14]. Similarly,
porphycenes (isomers of porphyrins) possess sfidiigherc, values compared to
the parent isomers i.e. porphyrins [14]. Howewgonp-fusion of naphthalene at its
periphery, through its constituent bipyrrolic unitge observed a large enhancement
of NLO response in dinaphthoporphycenes [15-17¢r&fore, in order to assess the
effect of this naphthalene fusion (by both rigichfion andt-extension), we chose to
explore the NLO response of our recently reportgdiof4]naphthobipyrroles, a
unique class of cyclo[8]pyrroles, which are expahgmrphyrins displaying the
classic disk like structure of simple porphyrinsthwB0r electrons [28-29]. The
cyclo[8]pyrrole molecule can be derived by replgcatl four meso-carbon bridges of
porphyrin with four additional pyrrolic rings. Csequently, these molecules contain

direct linkage between thepyrrolic positions, which imparts rigidity to tmolecule
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thereby making a near planar arrangement despiiadhaxpanded core compared to
porphyrins. The significance of these moleculessigompassed in their novel
photophysical and NLO properties. The fusion oferaate pyrrole units with
naphthalene moieties adds rigidity to cyclo[8]pleso along with extendeck-
conjugation resulting in the formation of cyclo[dphthobipyrroles. Sarma et al. [28]
reported that the cyclo[4]-naphthobipyrrole moietyery sensitive to the nature of
the substituents at its periphery owing to the imement of large number of non-
bonding interactions. Due to their near planancttire, possessing a large aromatic
core (3@-electrons) with extendedconjugation, they are expected to possess strong
third-order optical nonlinearity. The number of electrons and/or the molecular
geometry associated with the static and dynamiargalbility of these molecules can
be considered as determining parameters in comngolihe NLO susceptibility.
Herein, we present results from (a) dispersionistudf nonlinear optical properties
(studied using Z-scan technique) at wavelengtlf@&0fnm, 640 nm, 680 nm, and 800
nm and (b) excited state dynamics (studied near ®®0 using fs pump-probe
technique) of three novel cyclo[4]naphthobipyrroles namely,
octaisopropylcyclo[4]naphthobipyrrole (5a), octgpropylcyclo[4]naphthobipyrrole
(5b) and octarpentylcyclo[4]naphthobipyrrole (5c).

4.2 Synthesis, Structure and Absorption Data

A 1-L round bottom flask was charged with a gtigri bar and
dichloromethane (500 mL). A solution of FeQ2.7 g, 17 mmol) in aq. 1M 130,
(100 mL) was then added. The resulting biphasictun&xwas stirred at around 300
rom, while a solution of alkylated naphthobipyrrol®.3 g, 1 mmol) in
dichloromethane (60 mL) was added via a syringepuawer a period of 9 h with the
needle submerged into the organic phase. After tmmpaddition the reaction
mixture was stirred for 15 h at room temperaturegaic layer was separated and
dried over anhyd. sodium sulfate, solvent was erspd to obtain the crude
molecule. The crude product was purified by coluchnomatography on silica gel
using dichloromethane as the eluent. The greerefibw band was collected. The
solid residue obtained after removal of the solvevds re-crystallized from
CHCls/methanol to yieldba as a dark green powder 5a and 5c. For 5b arnde5c
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amount of FeGlsed was 6.6 equiv. compared to naphthobipyrrolegreas, the

remaining procedure is same as described abovsafor
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Figure 1 Structures of Cyclo[4]naphthobipyrroles and ORTd&Ba under study.

The structure of the cyclo[4]naphthobipyrroles 58, and 5c¢ are shown in
figure 1. The synthesis and NLO properties of 5eevatudied by Sessler group [29].
They obtained significantly large and practicallyeful o, values in the range of
1000-2400 GM in the spectral regions of 1800-2400when excited with fs pulses.
They also observed fast lifetimes for singlet esdtitstate in their pump-
probe/transient absorption measurements. Our gnasprecently synthesized three
molecules with different peripheral substituentsl attempted studying their NLO
properties. Interestingly, unlike other porphyid®) these molecules have strong
absorption in the near infrared (1100 nm) wavelesigind comparatively weaker
absorption in the UV spectral band (430 nm), whmftitles them for niche
applications such as optical storage, processintf signaling devices [30]. The
understanding of excited states lifetimes in suadlesules is essential for various
applications such as PDT, optical switching et@idhNLO data of sample 5a have
been presented in one of our earlier works [31]otAar interesting attribute of
cyclo[8]pyrrole derivatives is their formation otigramolecular liquid crystalline
adduct with nitro-aromatic moleculé&xposure of dihydrogen sulfate salts of
appropriately substituted cyclo[8]pyrrole to electdeficient acceptor molecules
gives discotic liquid crystals stabilized via eleci-donor/electron acceptor
interaction. TNB (trinitrobenzene) molecules intate into stacks of cyclo[8]pyrrole
cores coordinated to the sulfate ions making theamfsing for explosive sensing

[32]. The most striking feature about this macrbeys that it possesses a very strong
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near infrared (NIR) [33] absorption band at ~1100 (also designated as L band)
compared to a weaker Soret type near UV-band & aa8(B band), unlike the other

porphyrinoids where the lower energy bands areeble intensity.

200.0k
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100.0k

e/ M'cm™
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Figure 2 UV-visible-NIR absorption spectra of 5a-5c.

In literature, there are very few cited examplesdgés possessing intense
absorption band beyond 1000 nm [34]. This attabubakes the cyclo[8]pyrrole a
promising material for optical data storage andhaiigng devices [35]. UV-Vis-NIR
absorption spectra, depicted in figure 2, consiste® bands near 433 nm [5] and
strong L bands near 1339 nm, which is a charatte$ these molecules. The L-
bands are very sensitive to the nature of the gubst in comparison to the B-bands.
Fusion of four naphthalene moieties onto the cyimjrrole periphery led to
marginal red shift (3 — 11 nm). Absorption speciasisted of L bands at 244 nm,
and B bands at 433 nm. Moreover, it has a strorgafils at 1339 nm which is a
characteristic of these molecules. The L-bandssarg sensitive to the nature of the

substituent in comparison to the B-bands.
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4.3 NLO studies using ps pulses
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Figure 3 Open aperture Z-scan data of 5a at (a) 800 nr6@d)nm (c) 640 nm (d) 680 nm.
Open circles are the experimental data while tld 8pnes are theoretical fits [31].

Figures 3(a)-3(d) shows typical open, closed aperfiscan data at (a) 800
nm (b) 600 nm (c) 640 nm (d) 680 nmAll the data showed reverse saturable
absorption (RSA). The data was fitted by converdidftscan analysis in which the
propagation equation was solved [9]. The analysisved that two-photon absorption
(TPA) is the cause of nonlinear absorptiofihe closed aperture Z-scan data showed
that these molecules exhibited negative nonlingafihe value of fiwas estimated
from the fits. The peak intensity used for clospérture data avoided higher order
contributions. The solvent contribution was minimall these peak intensities.
Nonlinear absorption coefficients were determinesmf open aperture Z-scan data.
Figures 4 and 5 shows typical open aperture Z-geda obtained at (a) 600 nm (b)
640 nm (c) 680 nm and (d) 800 nm of 5b, 5c, respagt All the data show reverse
saturable absorption kind of behavior with a valear zero. The analysis shows that
two-photon absorption (TPA) is the cause of de@eashe transmittance. The two
photon resonance corresponding to 600 nm excitasidB,333 crit. Summary of

NLO coefficients obtained from the fits are provdda table 1.
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Figure 4 Open aperture Z-scan data of 5b at different wangtles. Open circles are the
experimental data while the solid lines are thecaéfits.
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Figure 5 Open aperture Z-scan data of 5c at different wangghes. Open circles are the
experimental data while the solid lines are thecaéfits.
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As observed the dip in RSA curve of 5b is moreGfi 6m and 640 nm but at
680 nm and 800 nm it is lesser. Similar pattern wlaserved in 5a also. There is an
increase in the linear absorption as we moved 06 nm to 800 nm. Interestingly
RSA dip in 5¢ was higher at 600 nm than other wawgths such as 640 nm, 680 nm
and 800 nm with replacement in heavier n-pentylugran 5c. The values of
B evaluated for Shvere in the range of 0.11-5.80%¥0cm/W and the corresponding
o0, values were in the range of 0.22-9.70%@M. Figure 5 shows the open aperture
data of 5¢ in the 600-800 nm spectral range anddhess were in the range of 2.65-
5.60 cm/GW and the correspondiog values were in the range of 3.30-5.20%10
GM. The values of for 5awere in the range of 0.62-3.20 cm/GW and the

corresponding, values were in the range of 0.50-2.9%GM.

The values of NLO coefficients are at least oneepal magnitude higher than
those reported by other groups [29]. This coulgsgaly be due to experiments being
performed (by us) in the visible spectral regiothwiesidual absorption compared to
the NIR region (by others). The largest value mf was observed for 5b at a
wavelength of 680 nm. The closed aperture Z-scama @& all the molecules
demonstrated that these molecules exhibited negatwlinearity as demonstrated in
figure 6. The peak intensities used were low avalded higher order contributions.
The solvent contribution was minimal (<2%) in theea aperture case at the
respective peak intensities. The magnitudes,afere in the range of 1.9-11x40
cn/W with 5¢ exhibiting the highestof 11x10'° cn?/W at a wavelength of 680
nm. Closed aperture data of the solvent (dateepted in figure 7) provided a value
of 2.8x10" cn?/W but, most importantly, the sign was oppositéntt of the solution
suggesting that the actual value of solutes coaldhigher than values estimated and
presented here. The closed aperture data of 5aarb,5¢c obtained at different
wavelengths and the, walues retrieved from closed aperture data araranmmed in
table 1. From nandp we could estimate the real, imaginary, and to@agnitude of
x®, second hyperpolarizabilities)(and the corresponding figures of merit. The
values of NLO coefficients presented in this work within an error of £15%, which
basically arises from (a) estimation of input bedmmeter, beam waist, peak

intensities (b) calibration of neutral densitydil$ (c) fitting procedures etc.
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Figure 6 Closed aperture Z-scan data of 5a, 5b, and 58Gah, 640 nm, 680 nm, and 800
nm. The peak intensities used were ~20-50 G\i/cm

The two photon resonance corresponding to 600 ruitagion is ~33,333 cih
whereas for an 800 nm photon it is 25,000 crExcept for the molecule 5b, variation
in B with wavelength was minimal. While 5b exhibitetloagest at 680 nm, 5c
exhibited strongest,rat 680 nm compared to others. However, 5¢c exudiighest
3 at 600, 640 and 800 nm as compared to 5a and bb.difference in the structures
is the presence of isopropyl in 5a, n-propyl in &bd n-pentyl groups in 5c at tRe
pyrrolic positions. The increase in strength of limearity could be attributed to the
increased conjugation from 5a to 5c, owing to iasesl planarity, as the neighbouring

isopropyl substituents exert more non-bonding adeon compared to n-alkyl
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analogues [28]. The closed aperture behavior aftieols (5a-5¢) showed negative
nonlinearity and the coefficients calculated arespnted in table 2. Figure 8 depicts
the spectral dependence of in 5a-c. Except for 5b the variation wp with

wavelength was minimal.

Intensity dependerft for 5¢ at 800 nm at a concentration of ~0.2 mM was
found to be constant and is evident from the de¢agmted in figure 9. This suggests
that the process involved is purely two-photon amdimal exicted state absorption.
The magnitudes of two-photon cross-sections obdaifrem these studies are
comparable to some of the recently reported dirmgurphycene molecules (see
chapter 3 of this thesis). De Boni et al. [5] istigated perylene derivatives with two-
photon cross-sections of typically 200-1200 GM oi#d using ~190 fs pulses.
Andrade et al. [7] studied cytochrome solutionsspssing two-photon cross-sections
with a maximum value of 1000 GM using fs pulsesn®aet al. [15] reported two-
photon cross-sections in dinaphthoporphycenesédrrahge of 1810° GM obtained

with ps pulses.

S5a 5b 5C

(n)fun) (cn?/W) a2 (cmB/W) 92 (cn?/W) 02
<ol (10tGm) ULy (a0t GM) Y (x10° GM)
3.20 0.15 3.35

600 150 2.90 (133) 0.40 (133) 4.50
1.50 0.11 2.65

640 (15 1.30 (117) 0.22 (117) 3.30
0.62 5.80 3.65

680 (114 5.00 (103) 9.70 (103) 4.40
1.50 2.15 5.60

800 5g 1.00 ©2) 5.00 (62) 5.20

Table 1 Summary of NLO coefficients of 5a, 5b, and 5c
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Figure 7 Closed aperture data of solvent chloroforgs, 2.8x10" cnf/W, lo = 28 GW/c
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Figure 8 Spectral dependence of in 5a-c. Squares represent 5a data, circles remtrédbd
data and triangles represent 5¢ data. The saokddi only a guide to the eye.
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Figure 9 Intensity dependeift for 5¢ at 800 nm at a concentration of ~0.2 mM.
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Even though our present studies were also cartgavith ~1.5 ps pulses the
values obtained (~£a.0* GM) are superior to many of the recently reporees.
This is corroborated by the fact that values olat@iwith shorter pulses and at longer
wavelengths were in the 4GM range [29]. The variation in total third ord€tO
susceptibility valuesyf) with wavelength at for 5a, 5b and 5c did not destarte any
significant pattern which is evident from data jr@ed in figure 10(a). The values of
2 are at the higher side for sample 5c at all theelemgths. Sample 5c had the
highest value of’at all the available wavelengths confirmed from dia¢a presented
in figure 10(a). Figure of merit data for all moldes at different wavelengths is
presented in figuer 10(b). Figure of merit T <ldesirable for any molecule to be
used in photonic applications. T value was <1 &r5b at 600 nm (b) 5b 640 nm (c)
5a at 680 nm indicating that these molecules candeel in photonic applications.
But 5a and 5c does not have such values at 60G4éhnm and 800 nm. Table 2
summarizes the spectral dependence ofon all the three molecules. Tables 3-6
summarizes the various NLO coefficients retreivesr these molecules at
wavelengths of 600 nm, 640 nm, 680 nm, and 800 kve. had confined our studies
to these wavelengths only since (a) the absormpmectra have interesting peaks in

these spectral regions (b) our ps OPA output wastable at other wavelengths.

n, @ n, @ n, @ n.@
Molecule 600 nm 640 nm 680 nm 800 nm
cm?/W cm?/W cm?/W cm?/W
5a 2.7x10% 3.6x10% 4.9x10' 6.0x10'°
5b 2.6x10%° 1.9x10'° 3.6x10%° 1.5x10%°
5¢ 4.4x10% 4.5x10% 11x10%° 6.0x10'°
Table 2n, values for 5a, 5b, and 5c at different wavelengths
3 3 3 Figure of
Re(() Im(x°) Total (") @ Merit (T)
Molecule @ 600 nm | @ 600 Nnm 600nm @ 600 nm
(m?/W?) (m?W?3) (m?W?)
5a 1.4x10* 7.6x10%° 1.5x10* 7.1
5b 1.3x10%" 3.6x10%° 1.3x10%" 0.34
5¢C 2.2x10%" 8.0x10% 2.3x10" 4.5
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Ret?) Im(®) | Total () ,\F/I'gﬁt“?To)f
Molecule @640nm | @ 640nm | @ 640nm @ 640 nm
(m?W?3) (M?/W?3) (m?W?3)
5a 1.8x10" 3.8x10% 1.8x10" 2.60
5b 9.5x10% 2.8x10% 9.5x10% 0.37
5¢C 2.2x10% 6.7x10%° 2.3x10% 3.76

Table 4 Real, imaginary, and totgf? values of 5a, 5b, 5¢ recorded at 640 nm.

Re(’) Im(y%) Total (%) Figure of
Molecule @680nm | @680nm | @ 680nm | Merit(T)
(M4W?) (M%W?) (m¥w? | @ 680nm
5a 2.4x10%" 1.7x10" 2.4x10" 0.86
5b 1.8x10"° 1.6x10" 2.4x10" 10.9
5¢ 5.5x10% 9.8x10% 5.6x10% 2.25

Table 5Real, imaginary, and totgﬁ) values of 5a, 5b, 5¢ recorded at 680 nm.

Re@®) Im(y®) Total (3°) Figure of
Molecule @800nm | @800nm| @ 800nm | Merit(T)
(Mm?/W?) (Mm2/W?) (m¥w? | @ 800 nm
5a 3.0x10" 4.7x10% 3.0x10* 2.25
5b 7.5x10% 6.8x10% 1.0x10% 5.60
5¢c 3.0x10% 18x10% 3.5x10% 8.40

Table 6 Real, imaginary, and totgf? values of 5a, 5b, 5¢c recorded at 800 nm.
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4.4 Excited State Dynamics of (5a-5c¢)
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Figure 11 Femtosecond degenerate pump probe data of 5a-tdestat 600 nm indicating

two lifetimes. Open circles are the experimentthdwvhile the solid (red) lines are double
exponential fits.
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The complete experimental details of fs pump prekeeriments have been
explained in sections 2.12 (figure 17). Figureshiws the fs degenerate pump-probe
data of 5a-5c¢ obtained at 600 nm using ~70 fs pulgth typical pump energies of
~10uJ. The data was fitted for a double exponenti@l 0] and two lifetimest(
andt,) were retrieved from each of the fits. The valoés; andt, were ~5 ps and

~37 ps for 5a; ~3 ps and ~20 ps for 5b; and ~ds-83 ps for 5c¢, respectively.

4.5 Energy level diagram of 5a-5c¢
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o
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\ S, states
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Figure 12 Schematic of energy level diagram of 5a-c explgnihe double exponential
behavior {; andt,) observed in pump-probe data.

Figure 12 shows a simplified energy level diagrawidating the excitations
and decay times for these molecules. Excitatioth idbcused 600 nm photons
enables 2PA resulting in populating thesgates. The de-excitation mechanism, then,
could be from (a) lowest vibrational state efnsanifold to highest vibrational states
of S manifold (Internal Conversion, IC) followed by iatmolecular vibrational
relaxation (IVR) from highest states of ® lowest states of; However, we could

not resolve these two lifetimes in our present daltle we could in the case of
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porphycenes [17]. These are typically fast proeggs1 ps for IC, ~1-3 ps for IVR)
and, therefore, the shorter lifetimes observedum-probe data (3-5 ps) could be
attributed to this relaxation and (b) from the Igiveibrational states of;$nanifold
the molecules relax to ground state via non-ragBatnechanism by releasing the
energy to solvent (also called as vibrational cayli This process typically occurs in
few tens of ps in such molecules. The longeriliietcan be associated with such a
process in  5a-5c. Radiative lifetimes in simiaolecules were observed to be
typically few ns [20]. The pump-probe studies af\were carried out at 0.062 mM
while that of 5b and 5c were carried out at' M and at these concentrations we did
not observe any aggregation effects (confirmed faedasorption spectral studies) and,
therefore, we can neglect the inter-molecular doutions to the lifetimes observed.
Our initial ESR studies carried out recently sugdlest the triplet ground state could
be much closer to the singlet ground state ancetbeuld be a possible contribution
of this to the longer decay times observed. Howeduether detailed studies (such as
non-degenerate pump-probe and transient absorrengssential to exactly identify
the complicated decay dynamics in these molecules.

4.6 Conclusions

There are several studies which identify processassmilar molecules [36-
38]. Fita et al. [39, 40] studied few zinc phtt@lanines and observed 10-50 ps time
scale dynamics which were characteristic of theatibnal cooling (relaxation to
ground state by transfer of heat to the solveoitnfthe $ state. Kullmann et al. [41]
working with a bisporphyrin recorded four differeifetimes. The fastest lifetime
(~100 fs) was assigned to intramolecular vibratioeéaxation within the Sstates,
second fastest lifetime (few ps) to the decay o$tates, slower lifetime (few tens of
ps) to the cooling dynamics (non-radiative). All @land pump-probe data of 5a-5c
can be found in reference [42]. These cyclo[4]nlaphipyrroles, particularly 5a
(owing to its good solubility), are of great impmmte for realistic applications as NIR
dyes [43-45], apart from their potential utility light harvesting, dye-sensitized solar
cells, bio-imaging, and optical limiting and swiiicy applications. Our future studies
will focus on incorporating these molecules in dahle, transparent polymer and
extend the studies of NLO coefficients evaluatiod axcited state dynamics over the

entire visible spectral range.
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NLO properties of novel Phthalocyanines



Chapter 5 Phthalocyanines

5.1 Introduction

Phthalocyanine [derived from Greek wordsphtha(rock oil) andcyanine
(blue)] nomenclature was first used by Linsteadl®33 to describe a new class of
organic compounds. Phthalocyanine (Pc) molecules naacro-cyclic compounds
extensively studied now due to their potential agpions as pigments and dyes and
also model systems for important biological sysfgotdesses due to their similar
functions as porphyrins, hemoglobin and chlorophiglt molecules have also been
found to be potential candidates for applicatioroiganic solar cells or organic light
emitting devices (OLED) and also used as the aeliements in chemical sensors (gas
sensors) [1]. These molecules have been succegssfséid in homogeneous and
heterogeneous catalysis during a long period fataiion reactions. Pc’s are also used
in many different applications such as dye pigmentstextiles, p-type organic
semiconductors, gas sensors, cancer therapy, orghgint-emitting devices and
magnetic switches [2]. The chemical and electrgmaperties of Pc’s may be tuned
through variation in the metal center, or througigamic functionalization of the
macrocycle. Pc’s are versatile because they effermous structural flexibility with
the capacity of hosting 70 different elements ia ¢entral cavity. The structure of Pc
has been significantly scrutinized for improvedm@al and physical properties and it
is the elegant modification of Pc structure thas baen demonstrated to effectively
improve its photochemical and photo-physical propsr Because of diverse redox
chemistry, and high thermal/chemical stability, ieas applications such as
semiconductors, electro-chromic displays, chensealsors, sensitizers in solar cells,
photodynamic therapy, and optical properties hawivated the researchers to
synthesize various types of Pc’s. Due to their @larconjugated system they are well
suited for third-order nonlinear optical (NLO) resige and possess exceptional
stability against photo-irradiation. The NLO projes of Pc’'s and MPc’'s can be
improved by changing the central metal atom, peraliaxial substitution, and/or its
aggregation state. The large optical nonlinearitid Pc’'s due to delocalizett
electrons are envisaged in applications such asabgirocessing devices, practical
optical limiters and all optical switches [3-10farious research groups, including our
group, have studied in detail the NLO response abimber of Pc’'s with different
central metals and peripheral substitutions [11-d&le luminescence properties of

Pc’s are of interest because of their structurailarities to the porphyrins as will be
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demonstrated in the data presented in chaptehé. UV-visible absorption spectra of
Pc’s demonstrate a Soret band of 360 nm and a @ &a684 nm without substitution
at peripheral positions [27]. Pc’'s are excellengkt oxygen generators with a high
value of quantum yield of singlet oxygen productmin0.59-0.80 [28] as well as a
fluorescence quantum yield production higher tham ¢ porphyrins [29]. Therefore,
one has to come up the design of Pc’s which reredgranced solubility and
anticipated superior properties. The solubilityRdf's in non-polar solvents can be
improved by introducing different kinds of bulkyogips like alkyl, alkoxy, alkylthio
and crown ether groups on the Pc framework [30-32[o fully explore the
photosensitizing qualities of ZnPc, a detailed dpson of the intramolecular
processes, occurring on time scales ranging framtdseconds to microseconds, is
required. Several experimental studies on the ppbysics of ZnPc and similar
compounds (derivatives or different MPc’s) in saathave been reported [33,34] but
so far the results fail to depict a coherent petaf the overall photo-physics.
Furthermore, new molecules with high two-photonoapson (2PA) and three-photon
absorption (3PA) coefficients and cross-sectiores iateresting for their potential
applications in photonics, biomedical, and lithaggric applications [35]. Thiol
substituted MPc’s show rich spectroscopic and piiemical properties as they
absorb at longer wavelengths (>700 nm) than othec’[36-39].

The wide range of Pc applications are primarilyduse of their high molar
absorption coefficients(>1C) in the far end of the visible spectrum, high letpstate
guantum yields, long lifetimes, exceptionally higgermal and chemical stability, and
rational synthetic routes towards preparation @séhcompounds [40]. The optical
properties of Pc’s, of great scientific interesepdnd on the solubility as well as
aggregation of the macrocycle [41,42]. Owing te txtendedr-systems, these
complexes show high aggregation tendency in bothtisn and solid state, less
solubility in common organic solvents thus influgrgctheir spectroscopic and photo-
physical properties and thereby limiting the apdien potential [43]. Therefore,
many efforts have been directed into designing aggregated Pc’s in order to control
their properties. Essentially, aggregation is dwehe co-facial association of the
highly planar Pc units even pM concentration which leads to the low efficiency f
device applications [44]. Consequently, if oneldaget rid of the planarity either by

axial ligation of the Pc molecule or use of bulkypstituents and-substitution of the
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Pc-molecule, aggregation can be reduced. The rafisttive way to reduce
aggregation is by creating steric crowding over Boés macrocycle by use of bulky
substituent [45-48]. Based on thermal, photochahstability, and electrochemical
properties Pc’'s were found to be alternative sizesg for dye-sensitized solar cell
applications [49]. However, because of planaritytleé Pc, macrocycle tends to
aggregate giM concentration and results in low efficiency oétllevice. Recently,
we have successfully introduced bulky substitueattsperipheral positions of Pc
macrocycle and designed several efficient sensstiZer dye-sensitized solar cell
applications [50-52]. This approach gave highlyubté and non-aggregated Pc
derivatives in dilute solution as well as in thdidatate. Pc’s are proper choice for
effectively harvesting red light due to their sigo@ band light absorption properties
near 700 nm. Thus, Pc-sensitized solar cells ferassphotovoltaic window transmit
part of the visible light and harvest in the re@nER part of the spectrum [53]. MPc’s
are characterized by intense B and Q-bands centeezdt 350 and 670 nm,
respectively. Strong absorbance in the far redoregi the UV/visible spectrum was
thus retained upon introduction of the fluorousigtegral substituent [54]. Recently,
we have successfully introduced bulky substitueats peripheral positions of
phthalocyanine macrocycle by adoptingushpull’ concept and designed several
efficient sensitizers for dye-sensitized solar egiplications. These phthalocyanines
are having bulky either alkyl or alkoxy groups, walhiacts as electron releasing
(‘push), and it also having carboxyl groups which acts eectron withdrawing
(‘pull’). This approach gave highly soluble and non-aggred Pc derivatives in dilute
solution as well as in the solid state. Phthalosy@sare proper choice for effectively

harvesting red light due to their strong Q banttligpbsorption properties near 700 nm.

In order to achieve aforementioned properties,@aseto design Pc’s such that the
macrocycle is soluble in all common organic solgedisplay minimum aggregation
(at uM concentration) and also further shift the abgorpbof Q bands towards the red
region of the absorption spectrum. Herein, we hdesigned and prepared two
sterically hindered Zn-Pc’s by introducing 3,4-dthexy (Pc-1) and 2,6-dimethoxy
(Pc-2) phenyl groups at the peripheral position®@imolecule. By introducing these
bulky substituents at peripheral positions of Pcrmoeycle, one can expect to improve

the solublity but also minimizes its aggregation. hiol substituted
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metallophthalocyanines show rich spectroscopic@mtochemical properties as they
absorb at longer wavelengths (>700 nm) than othetallophthalocyanines.The
further red-shift in Q band absorption Pc can bbaiexed by introducing thiol
substituted groups at non-peripheral positions atnocycle. In the present chapter,
we have also designed Pc molecule having damgtHbutylphenyl thio substituents at
the non-peripheral position§he detailed photophysical and photochemical studie
along with their ultrafast NLO responses have bstewlied for both arylalkoxy and
tert-butylphenyl thio substituted zinc phthalocyani(s-3).

5.2 Structures of Pc-1, Pc-2 and Pc-3

Pc-3

Figure 1 Structure of Sterically hindered Zn-Pc (Pc-1, P&&d Thio-ZnPc (Pc-3) used for
the study.
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The structures of sterically hindered Zn-Pc’s (P&&-2) and Thio-Zn-Pc (Pc-3)
are illustrated in figure 1. Pc’s are 18 electhmtrocyclic aromatic systems derived
from porphyrins. The more systematic name is tloeeef tetra-aza-tetra-benzo-
porphyrins. These comprise of four isoindole uritf@ur identical corners, linked
together through their 1,3-position by aza briddése IUPAC names of Pc-1 and Pc-2
are 2,3,9,10,16,17,23,24-octakis (3,4-dimethoxyghen Zn(Il)Pc and
2,3,9,10,16,17,23,24-octakis (2,6-dimethoxyphenyip(ll)Pc, respectively. The
IUPAC name of Thio-Zn-P¢s 1,4,8,11,15,18,22,25-0octakis t@-butylthiophenyl)
Zn(INPc and is termed as Pc-3 throughout this tdraprhe molecule is able to
coordinate hydrogen and metal cations in its cemyetoordinate bonds with the four
iso indole nitrogen atoms. The central atoms carmrycadditional ligands. 3,4
dimethooxy (Pc-1) and 2,6 dimethoxy (Pc-2) phemglugs at the peripheral position
of Pc-molecule. Most of the elements have beenddorbe able to coordinate to the
Pc’s macrocycles. Therefore, a variety of Pc’s clexgs exist. A disadvantage of Pc’s
is the extreme insolubility of the parent compoulmdorder to increase the solubility
in common organic solvents, a humber of functiagr@ups have been added to the
Pc’s core at the benzene rings on the periphethexde micro cycles. The physical,
chemical and electronic properties of Pc’'s may &#ledmproved by the addition of
appropriate substituent’s and functional groughi® molecule such as alkyl chains,
higher order aromatics, ethers, amines, thiolsatidés.

5.3 UV-Vis Absorption spectra of Pc-1, Pc-2, Pg-

The electronic absorption spectra of Pc-1 and Revealed characteristic
features of the Pc. They show a low intense Saet {B band) in the range of 300—-
400 nm and a relatively intense Q band in the raofgg@00-800 nm (figures 2a and
2b). Considerable intensity of this band has beessalt ofre-1t* transitions from the
macrocyclic system. UV-visible absorption spectopscis a very valuable technique
which can be used to study the aggregation phenmraeRc’s in both solution and
solid state. The extent and the nature of the mideqacking can also be deduced
from the interpretation of UV-visible absorptionesprum (Q band). The insolubility
of Pc’s in most organic solvents is due to the @idy structure and leads to aggregate
by forming te1t stacking. As frequently encountered in most ofsPttie shoulder on

the high energy side of the Q band indicates thegnce of aggregated species.
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Figure 3 Absorption spectra ofa) Pc-1 and(b) Pc-2 in various solvents (DCM, DMF,
DMSO, THF, and Toluene).

The solubility and aggregation problem can be wheimed by introducing

bulky aryloxy groups at peripheral positions of tb&c’s. As anticipated, both Pc’s

have shown no evidence of aggregation in solutisrdemonstrated by the sharp

unperturbed single Q band, typical of metallatedcBmplexes with ), symmetry.

For example, as shown in figure 3b, the absorpgmectrum of Pc-2 showed a single

sharp Q band at 686 nm in dichloromethane solwemth is a typical non-aggregated

species as evaluated from its position and shafjee concentration dependence of

absorption spectra of these derivatives was furtdssessed in order to prove the

absence of aggregation. It has been found that Hwhcomplexes exhibited a

monomeric form (i.e., no new blue-shifted band tueggregation) as deduced from

the recorded absorption spectra in different comagons. Its apparent molar

extinction coefficient remains almost constant eating a pure monomeric form,
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which obeys the Beer—Lambert Law in the outlinedgeaof concentration. Similar
non-aggregated properties were also observed ircdse of Pc-1 (figure 3a). The
introduction of bulky aryloxy groups at the peripilgoositions of Pc cannot cause any
significant shift of the Q band absorption maxinkggures 3a and 3b illustrate the
absorption studies of both Pc-land Pc-2 in varisaoisents (DCM, DMF, DMSO,
THF, and Toluene). From the data presented indi@ut is evident that as the solvent
polarity increased, the shape and absorption mawinsth B band and Q band did
not change. Similar absorption behavior was alseoled in Pc-2, except in THF and
DMSO solvents. In both THF and DMF solvents, Q baas split into two bands at
684 nm and 775 nm, respectively. The split in Qdoanprobably due to the axial
coordination of the Zn(ll) ion by solvent moleculgsb]. Typical Pc complex is
known to exhibit two strong absorption bands agsirom their orbital interactions
and symmetry, one of them in the UV region at ado@00-400 nm arising from
deeperrelevels to LUMO transition and the other in theilvie part around 700 nm
attributed to HOMO to LUMO transition1t*) of the Pc-2 ring. These intense band
systems can be shifted or broadened dependingrgzhpeal substitution, metallation

and aggregation of the molecules.
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Figure 4 Absorption spectrum of Pc-3 in different solvents.
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Substitution with strongly electron donating orodfen withdrawing groups
potentially provides a method of tuning the Q-babdorption. The UV-Vis spectrum
of the Pc-3 complex in various solvents, includid@M, is shown in figure 4. Pc-3
exhibited a Q band near 796 nm and a B band ne&an®5in DCM. A new absorption
peak was observed at 510 nm, a similar band appéatkio substituted Pc’s reported
in literature [56]. The spectra depicted monomééhavior evidenced by a single
narrow Q band, typical of metallated Pc’s [57]. T@éand was considerably shifted
to near IR region attributed mainly to the subsitiu of Pc ring at eighti-positions

with arylthio substituents.
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Figure 5 Absorption spectral changes®é-3in DCM at different concentrations:(a) 0.3%10
(b) 0.5x10° (c) 0.8x10 (d) 1.0x10 (e) 2.5x1F M. Inset shows the plot of absorbance
versus concentration.

The presence of sulphur atoms further helps tostefl the absorption. The
observed red spectral shift is typical of Pc’'s wstlbstituents at the non-peripheral
positions [58,59] and has been explained to betdumear combinations of atomic
orbitals (LCAO) coefficients at the non-periphemdsitions of the HOMO being
greater than those at the peripheral positions.aAsesult, the HOMO level is
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destabilized more at the non-peripheral positicantit is at the peripheral position.
Resultantly, the energy gap between the HOMO aedLiiMO becomes smaller,
consequently in a bathochromic shift. Aggregates @ndesirable not only for
analytical purposes, for their absorbance speateslaps with that of the monomer,
but also for practical device applications. Theraggtion depends on concentration,
solvent, substituents, complexed metal ions angéeature [60]. For many non-bulky
or electron rich benzo substituted complexes, agdi@n occurs readily, even at low
concentrations, typically, used to record absorpspectra, making the spectral data
more difficult to interpret. In dilute solutions #@xist as single molecule and are
surrounded by solvent molecules but with increastogcentration Pc molecules
aggregate. In the aggregated state electronic tsteumf complex Pc rings are
perturbed thereby altering the ground and excitiatie selectronic structures [61].
Keeping this in mind, we have carried out the aggtien studies of Pc-3 at different
concentrations in DCM and the data is shown inrégb. The complex clearly
followed Beer-Lambert’'s law (figure 5 inset) foretmonomeric species present in the
solution since no aggregation tendency was obseevetent from linear change of

absorbance in the Q band maxima.
5.4 Pump-probe studies of Pc-1,Pc-2 and Pc-3

The complete experimental details of fs pump prekgeriments have been
explained in sections 2.12 (figure 17). Figureh@wes the degenerate pump-probe
data of Pc-1 and Pc-2 (in DCM) obtained near a Vesngth of 600 nm using ~70 fs
pulses with typical pump energies of 10 pJ. ResINT/T in the pump-probe data
indicted photo-bleaching prevailed. The experirakdata was fitted with a double
exponential function and two lifetimes, @ndt,) were retrieved from each of the fits.
The values ot; andt, were ~3 ps and ~40 ps for Pc-1 whereas the valees ~2 ps
and ~500 ps for Pc-2. Qualitative evaluation ofission, including quantitative
analysis of the fluorescence spectra and determmatfi the quantum yieldsp( was
performed for Pc-1 and Pc-2. The emission spedtrboth phthalocyanines were
collected by exciting both phthalocyanines at 680 as observed in figure 7. The
steady state fluorescence spectra of both the exeplare almost similar except the

different emission maxima.
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Figure 6 Degenerate pump-probe data(aj Pc-1 and (b) Pc-2btained with ~70 fs pulses
near 600 nm. Red solid lines are theoreticalsing the equations as explained in Chapter 2.
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Figure 7 Emission spectrum &?c-1 () & Pc-2(7) in DCM atAg, = 680 nm.
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Figure 8 presents the fluorescence decay data df &uwd Pc-2 in DCM.
Figures 9 and 10 present the fluorescence decay afaPc-1 and Pc-2 in various
solvents. It is evident from the data presenteftures 8-10 that the emission spectra
of Pc-1 and Pc-2 were consistent with both the &oalule and the rule of mirror
symmetry between the absorption and fluorescencdsbdine emission properties of
Pc-1land Pc-2n DMSO were evaluated by comparison with thosgrd?c possessing
no peripheral substituents. For ZnPc the Stokdswhs small AA = 7 nm) which
confirmed that the geometry of molecule in the gihgkcited state;Sloes not differ
much from that in the ground state. The Stokest shifthe emission spectra of
phthalocyanines possessing peripheral substituewts somewhat greater.
Fluorescence quantum vyields)( were determined by the comparative method

according to

Fsample X AbS-standard

QSample -

X (bf standard
Fstanadard X AbS-sample

where @ggmpie IS the fluorescence quantum vyield of samplgisangara IS
fluorescence quantum yield of the standdfghnpeis fluorescence intensity of the
sampleFstandardis fluorescence intensity of the standadssampieis absorbance of the
sample at the excitation wavelength; akiubkandaraiS the absorbance of the standard
at the excitation wavelength. The emission speofrdboth Pc-1 and Pc-2 were
measured in different solvents and correspondiranyuum yield data is presented in
table 1. From table 1 data it is apparent thataspolarity of the solvent increased,
the emission maxima slightly blue shifted by 3-5 and quantum yield was reduced
in both the phthalocyanines. This might be duentrease of aggregation in polar
solvents, which reduces the possibility of radetigeactivationi.e., fluorescence
through dissipation of energy by the aggregafHse quantum yields were greatly
reduced in un-substituted phthalocyanines. Thituin effect on the singlet excited
life time. As in steady state emission, lifetinvesre also affected with polarity of the

solvents used.
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Amax, NM (log g)

Sample Solvent . }\elr’?é';lqa)(. (0} T (NS)
Pc-1  Toluene 688 (4.85) 696 0.32 2.73
DCM 690 (4.76) 696 0.31 2.60

THF 682 (4.64) 691 0.29 2.97

DMF 686 (4.61) 695 0.28 2.40

DMSO 688 (4.59) 698 0.26 2.50

Pc-2  Toluene 685 (4.84) 693 0.27 2.81
DCM 684 (4.56) 691 026 270

THF 680 (4.37) 689 0.25 3.18

DMF 682 (4.19) 691 0.24 2.60

DMSO 685 (4.14) 693 022 2091

Table 1 Summary of absorption, emission datd&oflandPc-2in different solvents.

alog € value is recorded for DCM only
b log € value is recorded for DCM only
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Figure 10 Lifetime spectra oPc-2in different solvents.

Figure 11 depicts the fs degenerate pump-probeadd®a-3 recorded near the
wavelength of 600 nm. It is evident from the datesented thaAT/T was negative
suggesting the presence of photo-induced absorptittna single exponential decay.
The lifetime recovered from the fit to experimendaita was a long one of ~309 ps.
Pc-3 is a radiative molecule with lifetimes of ~fe& as seen from the data presented
in figure 12 and rediative lifetimes are summariaethble 2. Therefore, the ~309 ps
lifetime observed cannot be from the radiative dithons. Excitation with 600 nm
pump photon could have excited the molecule tt éxsited singlet state due to small
linear absorption at that wavelength. With strgngnp inentisites (>100 GW/dn
two-photon absorption (2PA) is possible where asd#ta is presented depicting 2PA
in this molecule at 600 nm with stronger pumping &A at weaker pumping). In the
present case of pump-probe measurements the peakity of pump was much lower
than 100 GW/ch Once excited into high lying states the molesuan come down
to ground state via radiative and/or non-radiativechanisms. The ~309 ps lifetime
could be attributed to the non-radiaitve lifetinfeSp states with possible contribution
from inter-system crossing and/or radiative patowever, further detailed transient

absorption studies are necessary to identify tlagtecontributions to this lifetime.
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Figure 11 Degenerate pump-probe dataRaf3recorded with ~70 fs pulses at 600 nm. The fit
(solid, red line) depcits a single exponential gema~309 ps.

Jarota et al. [62] have also investigated tetrasalied Pc’s (again similar
molecules to ours) and observed lifetimes in th@-380 ps range. They have assigned
it to the § to § non-radiative decay mechanism. Howe et al. [68¢stigated Pc and
zinc Pc tetrasulfonate using ultrafast pump-prgtexsoscopy slow life time of ~370
ps for the free base (P9YSand ~460 ps for the Zn substituted compound ¢&)P
We had observed;&tate lifetimes of <200 ps in similar organic nolles in some
our earlier studies on porphycenes, corroles [é4] @aphthobipyrroles. Furthermore,
in a few of our earlier works on Pc’s [65] and pdoypns [66,67] we did observe sub-
100 ps lifetimes (assigned to the State non-radiative decay) achived using
incoherent laser spectroscopy. Fita et al. [68eobed <50 ps lifetimes for ester-
alkyloxy substituted zinc Pcs. They also osbervad lifetimes and assigned them
due to the combination of inter-system crossingdiattve and non-radiative
mechanisms. In our case the radiative lifetimeeew& ns as seen in figure 12 and,

therefore, can safely assume miminal conrtibutromfthis.
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Figure 12 Fluorescence decay signalsRif-3in different solvents.

Sample Solvent Amax NM (109€)  Aem max (0 T; (NS)
M™em’? nm
Zn-Thio-Pc DCM 803 (5.04) 823 0.020 1.23
(Pc-3) DMF 782 (5.13) 813 0.022 1.25
DMSO 793 (4.84) 822 0.020 1.22
THF 787 (5.45) 809 0.022 1.26
Toluene 792 (4.99) 812 0.024 1.25

Table 2 Summary of absorption, emission datdof3

5.5 NLO studies of Pc-1,Pc-2 and Pc-3

There have been reported several novel Pc-bassdizers, including efforts from
our group, and explored their interesting nonlineatical (NLO) properties [69-76].
Several modifications such as substituents on tmatral metal core, peripheral
attachments, incorporation into graphene, dopingth wpolymer, preparing
nanoparticles etc. [77-87] were embarked upon thi¢ghintention of understanding the
structure-property relationship towards tailorilgit NLO properties. However, the
significant aspects missing amongst these studres (a) spectral dependence
(dispersion studies) of the optical nonlinearity) tbme resolution of the optical
nonlinearity (c) pulse width dependent studies. nikear optical absorption (NLA)
studies with nanosecond (ns) pulses (in solutiah doped in polymers/glasses) will
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assist identification materials for optical limigirapplications. For such applications
time-response of the nonlinearity is not importaNLLA studies with ps/fs pulses will
help finding suitable saturable absorbers for miodking applications in ultrafast
lasers. Nonlinear refractive index studies widiffg pulses will provide information
of material properties useful for signal processiltoptical switching applications.
Desired characteristics for applications includeaitmear absorption, low nonlinear

absorption, and strong nonlinear refractive indéth wufficiently fast response (ps/fs

time scales).
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Figure 13 Ps open aperture Z-scan data of Pc-1 showing $&) 840 nm(b) 680 nm andc)
700 nm and RSA gd) 800 nm. Pc-1 shows RSA for 800 nm. The peak sgities used were
~60 GW/cm. Solid lines are theoretical fits to the expenitaé data.

We have performed detailed studies on the optigagtrochemical, and emission
properties in different solvents. Figures 13 (aHdistrate the open aperture data of
Pc-1 obtained using ~1.5 ps pulses at wavelendtbg® nm, 680 nm, 700 nm, and
800 nm, respectively. Typical peak intensitiesdusvere ~60 GW/cfn In all the

figures open, blue circles represent the experiatesdta while the solid, red lines
represent the theoretical fits. Below 700 nm we @ldserve strong linear absorption
for Pc-1 and, therefore, nonlinear absorption meisma was more of saturable
absorption (SA) type. However, at 800 nm we do R&A and this is due to the
absence of any linear absorption and associatge laeak intensities leading to an
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effective 2PA (either 1+1 or instantaneous two-phadbsorption). Solvent (DCM)
contribution was neglected since no transmittari@ge was observed when the Z-
scan was performed with solvent alone. Independeriensity dependent
measurements confirmed the dominance of instantsn2BA. However, there could
be minor contribution from 1+1 type of 2PA. Figurg&d4(a-d) depicts the closed
aperture data for Pc-1 at 640 nm, 680 nm, 700 md,&0 nm, respectively.The
solvent contribution again was minimal. The peaknsities used for closed aperture
data were typically ~25 GW/cmThe asymmetry in figures 14a and 14c could be due
to the poor spatial beam profile. Figures 15(atd¥trates the open aperture data of
Pc-2 recorded at wavelengths of 640 nm, 680 nm,nr0and 800 nm, respectively.

It is evident that except at 700 nm we observed R8Ahe peak intensities used and
the data fitted well for 2PA. At 700 nm, though, we observed SA and this can be
explained from the linear absorption spectra whiclicated a strong absorption peak
near 700 nm. However, harder pumping could lea@RA/ESA as was observed in

our earlier studies [88-93].
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Figure 14 Ps closed aperture Z-scan dat&®ofl showing negative nonlinearity @t) 640 nm
(b) 680 nm(c) 700 nm andd) 800 nm. The peak intensities used were ~25 G\W/cBolid
lines are theoretical fits to the experimental data
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Figures 16(a—d) demonstrate the closed apertusaz-data of Pc-2 obtained at all the
four wavelengths where open aperture data was dedornterestingly, the sign of
nonlinearity was positive at 680 and 700 nm whetkasign was negative at 640 and
800 nm. Tables 3 and 4 summarize the NLO coefftsiextracted from various fits to
the data for botHPc-1 and Pc-2 Figures of merit were also evaluated for these
molecules and they were found to be comparable wiime of the recently,

successfully reported molecules [88-93].
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Figure 17 Fs open aperture Z-scan data shows 2PA&L (a) 800 nm, 80 MHz, 35 mW (b)
760 nm, 1 kHz, 30 mW. SA observed for fs open taperdata oPc-2 (c) 800 nm, 32 mW,
80 MHz (d) 800 nm, 12 mW and 1 kHz. Typical peatensities used were %00’ W/cnt.
Solid lines are theoretical fits to the experimédta.

M Re[®) O Om[(x®)]0 Total(x*®) FOM

A 02
(nm) (cm?/W) (cm/W)  (GM) e.s.u. e.s.u. es.u. (W)

640 2.1x10° -0.2x10" 464  1.1x10" 4.7x10® 1.1x10" 0.39
680 1.5x10° -0.4x10" 873 7.7x13°  10.0x10® 7.7x10° 0.23
700 3.3x10° -0.2x10" 518  1.7x13* 6.3x10'® 1.7x10* 0.47
800 7.1x10° 1.6x10" 3297 1.2x10* 5.2x10"° 1.3x10* 0.70

Negative sign off indicates saturable absorption (SA)

Table 3Summary of NLO coefficients of Pc-1 recorded with5-ps pulses
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|
n B o [Rel™ O Om(zMO o2 FOM
A (nm) (cm27W) (cm/W) (G|\2/|) e.s.u. e.s.u. e)é(su (W)

640 5.4x10'®  2.3x10" 5925 2.8x10° 6.0x10*° 2.8x10™ 1.03
680 2.4x10° 2.2 x10" 5325 1.2x10° 6.0x10*  1.4x10™ 0.38
700  6.0x137 -0.05x10" 118 3.1x10° 1.4x10**  3.1x10® 0.08
800 2.4x10° 6.5x10" 13395  1.2x10® 2.1x10* 2.5x10" 0.23

Negative sign off indicates saturable absorption (SA)

Table 4 Summary of NLO coefficients of Pc-2 recorded with5 ps pulses.

Figure 17a depicts the nonlinear absorption behgdata fitted again with 2PA) for
fs pulse excitation with ~35 mW average input poweiThe behavior was similar
when excited with 1 kHz chopped pulses and at #60the data of which is presented
in figure 17b for Pc-1. However, the behavior afPwas found to different with SA
obtained at similar average powers for both 80 MHd 1 kHz excitation and the data
is presented in figure 17c and 17d, respectivdlypical peak intensities used in this
case were in the range of €1@/cn?. The observed behavior, again, can be attributed
to the linear absorption. Closed aperture fs Zrscdé Pc-1 shows negative
nonlinearity at 800 nm with an input power = 10 m8%J,MHz repetition rate and &
2.05x10" cnf/W. CA fs Z-scan of Pc-2 shows positive nonlingagt 800 nm with

an input power = 3.3 mW, 80 MHz repetition rate and= 0.51x10" cn?/W as
shown in figure 18(a-b). The;rvalue of Pc-1 is higher than Pc-2 at 800 nm. The
power and concentrations were different in Pc-1Rox@.
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Figure 18 (a)CA Z-scan of Pc-1 (shows negative nonlinearityg@@ nm with an input power
= 10 mW, 80 MHz repetition rate, & 2.05x10% cnf/W (b) CA Z-scan of Pc-2 (shows
positive nonlinearity) at 800 nm with an input powe3.3 mW, 80 MHz repetition rate; &
0.51x10" cnf/W.
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The different between fs and ps excitation is thectal bandwidths associated with
them. In fs case the bandwidth was ~ 11 nm (FWKMe@reas with ps excitation the
bandwidth was ~1 nm. Therefore, with fs excitatvom observed SA even at 800 nm,
probably, due to the residual absorption resulfrogh the weak absorption peak near
800 nm (see figure 4b, for DCM). However, in the gase due to large peak
intensities (an order of magnitude higher than tis&d in the fs case) 2PA dominated

over linear absorption.

We do expect a switchover from SA to RSA kind ehavior with stronger
pumping (higher peak intensities) in the fs cadéhe only difference between the
chemical structures of Pc-1 and Pc-2 is the perglgroups attached [3,4-dimethoxy
phenyl (Pc-1) and 2,6-dimethoxy phenyl (Pc-2) gsjup The NLO coefficients
obtained were significantly different even withglslight difference. The 2PA cross-
sections presented in Tables 3 and 4 clearly suggeshighesto, values were
obtained at 800 nm for both these molecules. Bgvalue was ~4 times higher than
that of Pc-1o, value and this could possibly be attributed torgjrlinear absorption of
Pc-2 at 800 nm compared to Pc-1. Furthermore4@trén and 680 nm of (Pc-2)
values were at least 5-10 times stronger than tob@ec-1)o, values. We had earlier
performed detailed studies on a variety of phthaomes using cw, ns, ps, and fs
pulses. The values of obtained in Pc-1 and Pc-2 were slightly lower iagmitude to
that of unsymmetrical alkoxy and alkyl substitui#&dc phthalocyanines [70]. We had
investigated (a) alkoxy and alkyl phthalocyaning2-19, 39] using cw, ns, ps, and fs
pulses (b) phthalocyanine thin films [76] using psises (c) phthalocyanine
nanoparticles [15] using ns and fs pulses (d) syimoa¢ and unsymmetrical
phthalocyanines [13] using ps pulses for evaluatingir NLO properties. The
summary of our meticulous NLO studies performed ligzar on different
phthalocyanines is as follows: (a) Unsymmetricahplocyanines had superior NLO
properties compared to symmetrical counterpartdiat been established that the
optical nonlinearity of a molecule increases wigyrametry if the excited states
transition moments dominate (b) Alkoxy phthalocyes had improved NLO
properties compared to alkyl counterparts (c) Thiims possessed superior NLO
properties compared to solutions (d) Nanopartidesnonstrated enhanced NLO
properties compared to bulk solutions (e) Metalhpldcyanines NLO performance

was superior to free-base phthalocyanines. Theskes suggest that (i) doping these
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molecules in thin polymer films (ii) creating namopcles out of these
phthalocyanines and (c) an unsymmetrical subsiituttould enhance the NLO

properties further.
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Figure 19 Fs open aperture Z-scan data of Pc-2 at 680 nm(ajtpower = 9.0 mW an¢b)
power = 46 mW witi80 MHz. Nonlinear absorption of Pc-2 680 nm wiit) power =10.7
mW (d) power =16.6 mW. The datg) and(d) was acquired with a chopperlakHz.

The 2PA cross-sections presented in tables 3 ateladly suggest the highest
value was obtained at 800 nm for both these madsculThe above data clearly
suggests that using the same molecule one coulévaclBA, RSA, or RSA in SA
using (a) same wavelength excitation but diffeqguise widths (b) same pulse width
excitation but at different wavelengths. Therefamee could easily tune the nonlinear
absorption mechanism by slightly changing the gl substitutions of a Pc
molecule. That these molecules do not aggregate ewehigher concentrations
combined with the strong NLO coefficients make th@atential candidates for
photonic applications. In the case of aggregati@neinergy level structure is generally
modified thereby altering the optical and NLO pmndigs and furthermore aggregation
effects are not desirable for most of the deviggliegtions. Complete details of the
experimental setup, equations used for fittingekeerimental data (SA/2PA) for both
fs 80 MHz and 1 kHz excitations can be found inptba?2.
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The higher peak intensity response of Pc-1 showeglative nonlinearity
(figure 19a) same as that of solvent but with logalp intensity response of Pc-2
showed positive nonlinearity (figure 19b) opposdehat of solvent (DCM). The data
was obtained using ~140 fs, 80 MHz pulses with mOlens focusing. At lower peak
intensities open aperture data behavior was pureypa [figures 20(a) for 80 MHz
and 20(c) for 1 kHz] but as the intensity increagexvitched to RSA in SA as shown
in figures 20(b) and 20(d). The peak intensitiesan0.2-0.4 GW/cffor both 80
MHz and 1 kHz excitation. These MOT truly 1 kHz pulses as obtained in a typical
ultrafast amplifier. A chopper was used (1 kHzgimal repetition rate 80 MHz)
indicating that we obtained bunches of pulses petrgon rate of 1 kHz. From OA,
CA graphs, nonlinear absorption coefficiefit and || were calculated and

summarized in tables 5 and 6.
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Figure 20 Fs open aperture data of Pc-2 at 850 nm withd@a)ep = 26.70 mW with chopper 1
kHz (b) Closed aperture behavior of Pc-1 at 850with power = 5 mW at 80 MHz. Solid
lines are fits while scattered data (open circés)experimental data.
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Figure 21 Closed aperture behavior of solvent DCM at 800(ajfs pulses, 80 MHz (b) ps
pulses, 1 kHz (1000 pulses/sec). Solid lines d@revihile scattered data (open circles) are
experimental data.
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For calculatind;((3)| values the equations explained in chapter 2 weezl.u The
fitting was performed using MATLAB and Sheik-Bahat al. model. At 700 nm
wavelength with power 14.5 mW we found that> I, , this shows this is d%rder

nonlinear process [97]. The nonlinear absorptioafficient was calculated using,

ﬂ:

%o where a, is the linear absorption coefficient ard is the saturation

IS
intensity.
n, m Re|x(3) | [m|x(3) | |X(3) | |x(3) |

V\éi\ﬁ;ength (m? /W) i(l({Y‘{z (esu) (esu) (esu) | (m?/V?)
x 10716 x10710 | x10713 | x10710 | x 10718

680 5.2 2.6* -2.7 7.2 2.7 3.9

700 -5.5 1.4* -2.8 4.0 2.8 4.0

800 0.5 -- 0.27 -- 0.27 0.37

*in B values indicates the presence of saturable absoigh (SA)

Table 5NLO coefficients (fs regime) d?c-2 at different wavelength retrieved fro80 MHz
repetition rate data.

3) 3) ®3) @)

o iy B T e | b
x 10 x 10 x 10 x 10710 | x 10718

680 2.9 4.4* -1.5 1.2 1.5 2.1
700 4.7 11.1* 2.4 3.2 2.4 3.4
750 2.1 - -1.0 - 1.0 1.4
850 5.2 9.9* 2.6 3.4 2.7 3.8

*in B values indicates the presence of saturable absoigh (SA)

Table 6 NLO susceptibility (fs regime) d?c-2at different wavelength with kHz repetition
rate (using chopper)

We observed RSA in SA for Pc-2 at 850 nm [datarés@nted in figure 20(a)]
recorded with 1 kHz pulses. As the input intensitgreased the excited state
absorption could have dominated compared to thangtrstate absorption leading to
RSA in SA. This type of switching behavior can belized for optical signal
processing applications provided one can achiewh subehavior with low peak

153



Chapter 5 Phthalocyanines

powers. Closed aperture data [presented in figldg)] demonstrated negative
nonlinearity at low peak intensity when the data wecorded at the same wavelength.
The solvent contribution was minimal in this casd avas confirmed by recording the
closed aperture data of solvent separately. Figetéa) depicts the solvent
contribution with fs, MHz pulses while figure 21(@¢picts the contribution with ps, 1
kHz pulses. The magnitude of was much lower (at least an order of magnituda th
that of the solutions studied. With the intentiminjustifying the potential of these
molecules we calculated the figures of merit (FOW)e merit factor W is defined as

W = %Wherek is wavelength, andi; is the light intensity at which, saturates.
1

The pre-requisite for superior FOMIg > 1. The corresponding FOM for nonlinear

absorption isT~! = ;—2

—. For photonics device applicatiofis< 1 is desirable.
2

w 1.04

O 1012}

% 1.02}

+> 1.008}

:': 1.00¢

E 1.004}

%2 0.98}

-

@ 1000}

— 0.96 bt

I_ 40 20 0 20 40 -80 60 -40 -20 0O 20 40 60
1.204

8 , L6f fs, 80 MHz 1

N 115}

" — b 1.2¢

@ Liofp

& 1ot 0.8

O 100} d : |

Z I fS, 80 MHz 04
0.9 —r——5—""3 T -30 10 0 10 20 30

0 20 -20
Figure 22 OA behavior ofPc-3 (in THF) at 800 nm depicting (a) SA with ~2 pskiiz

excitation and (b) ~150 fs, 80 MHz excitaitdh<< lo0). Closed aperure data depicting
negative nonlinearity in (c) ~2 ps, 1 kHz excitatia) ~150 fs, 80 MHz excitation.
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n, B Re|x(3)| ]m|x(3)| |X(3)| |X(3)|
Wavelength
a‘(lﬁrﬁl)lg m?/w) | (MW (esu) (esu) (esu) [(m?/V?)
x10716 | x107° | x1071° | x107" | x 10710 | x 10718
800 nm,
80 MHz 2.1 1.6 -1.1 5.2 1.2 1.2
760 nm,
1 KHz -2.6 25.2 -1.3 79.2 8.0 11.2

Table 7 NLO coefficients (fs regime) d#c-1.

Figures 22(a) and 22(b) illustrate the open aperdiscan data of Pc{3-0.1
mM concetration) recorded at 800 with ~2 ps pulses(1 kHz repetition rate) and
~150 fs pulses (80 MHz repetition rate), respebtiv8oth the data depicted saturable
absorption (SA), which is due to the presence oingt linear absorption at that

particular wavelength.

=
)

=
[y

=
o

o
©

© B &
© N wu

Norm. Transmittance

I
o

03 " " " " . " "
-30-20 -10 0 10 20 30

30 2010 0 10 20 20

30 20 10 0 10 20 30
Z (mm)
Figure 23 Closed aperture data Btt-3 demonstrating negative nonlinearity at (a) 700(hjm
720 nm (c) 740 nm (d) 760 nm and (e) 780 nm andB2) nm with 80 MHz, fs pulse
excitaiotn. a values extracted from the fits were ~1.66%10nf/W, ~2.10x10? cnf/W,
~2.30x10% cnf/W, ~6.95x10° cnf/W, 4.36x10° cnf/W and ~2.11x1% cnf/W at
respective wavelengths. The sign g@iwvas negative (self-defocusing).
Closed aperture Z-scan data is presented in figg@és), 22(d) for ps and fs
excitaitons, respectively. It is evident that iottb the case the nonlinearity was

negative. The magnitudes of were ~10 cn/W in fs (MHz repetition) case and
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~10%cm?/W in the ps (1 kHz repetition rate) case. The mitages ofy® were large
(~10*e.s.u.) in the fs case and moderate (4£0s.u.) in the ps case. Figures 23(a)-
23(f) depicts the fs closed aperture data of Peednded at different wavelengths in
the 700 nm—820 nm spectral range and the datdyckaggests negative nonlinearity
with magnitudes of ~I& cm?/W with a largest value of ~6.95x1Hcn?/W recorded

at 760 nm. Figures 24(a) and 24(b) illustrate thpectal open aperture data of Pc-3 at
600 nm recored with ~2 ps pulses at lower (~60 GifY@nd higher (~120 GW/c

peak intensities, respectively.

=
o
IS

8 1.02}
c
1.03}
S
= 1.00}
c 102f ]
&
< 101} {0-98f
| -
= 1.00
E' T Jo.96}
-
O 0.99¢
zZ 0.94L—
40 20 0 20 40 40  -20 0 20 40
Z (mm)

Figure 24 (a) Open aperture Z-scan dataRif-3 at 600 nm with ~2 ps, 1 kHz excitation
depicting (a) SA at 60 GW/cwith 15> lge. 1,=170 GW/crdand (b) RSA at 120 GW/chwith
B ~1x10" cm/W. Solvent (THF) contribution was negligibletinth cases.

Figure 25 Spatial rings observed on a screen placed indht for Pc-3 at high input powers
(fs, MHz excitation) due to self phase modulatibe/tnal lensing effect.
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In such type of molecules depending on the exoitatvavelength and the input peak
intensity SA or RSA or switching behavior (SA to R8nd vice-versa) prevails [14-
20, 36-39]. For Z-scans performed away from resoedstrong linear absorption) we
have observed switching mechanism from SA to RS¥ (supporting information)
with both MHz, fs and kHz, ps excitation. The Nk@efficients extracted from the Z-

scan studies are presented in table 2 for botmg$saexcitation.

L — T T

o 1.04 ' QP () 10

O 640 nm S e 680 nm o

s C’Oo@o ©
= =10

= =

o z

c

9 1.00F 9
= - — 1.00+

E- B=4.8*10"cm/W E

c %60 lo,=62 GW/cm? = lo,=62 GW/cm?
§ I.=5 Gw/cm? g I,=1 GW/cm?

" " S 2 0.98 " "
-40 20 0 20 40
Z (mm)
)

o 1.02 r o

(&) O 1.08

% c

= i

é 1.00r E 1.04k

z z

1.00

© o

— 0.98 (o

c © | =62 Gwicm? c 0.96¢

) B=75*10% emwW © 1=60GwWiem® | &

Z 0.9 " n n Z 0.9% " " " " " " ]

-20 0 20 40 60 -40 -20 O 20 40 60
Z (mm) Z (mm)

Figure 26 Open aperture Z-Scan 8fc-3 at (a) 640 nm using ~2 ps, 1 kHz pulses showing
RSA in SA with I< loo (62 GW/cm). 1= 5 GW/cni. p ~4.8x10" cm/W. (b) 680nm SA with
1< loo. (¢) RSA in SA with ¥ lo (62 GW/cr) B = 7.5x10"* cm/W (d) at 600 nm (positive
n,of ~1.43x10° cnf/W).

Sample Solvent Amax, NM Aems max, NM () Tr (NS)
(loge)
Mtem™

Pc-3 DCM 803 (5.04) 823 0.020 1.23

DMF 782 (5.13) 813 0.022 1.25

DMSO 793 (4.84) 822 0.020 1.22

THF 787 (5.45) 809 0.022 1.26

Toluene 792 (4.99) 812 0.024 1.25

Table 6 Absorption, emission data Bic-3from [98].
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@) @

AMnm) n (cmBW)  Igwiem?d  REXTTH Total[x®]

e.S.u. e.s.u.

800 nm ] 16 Ex1gt L 310t "

(-2ps, 1kHz) 2010 x10¢ 3% 3x10"
800 nm

(~1501s, 80 -9.3x10% 1x10 4.7x104 4.7x104
MHz)

Table 7 Summary of NLO coefficients d?c-3(Is<log)

5.6 Excited State Dynamics

Based on the nonlinear absorption data obtainedi@us wavelengths in the
visible region we tried to analyze the fs pump-gratata. Figure 23 shows a
simplified energy level diagram indicating the eatons and decay times for these
molecules. Excitation with focused 600 nm phot¢h8600 cri) and the peak
intensities used enables 2PA resulting in populateaching the Sstates.

33,300 em”! ™
B 52
25,000 ¢m”!
T Ips/2ps
IT-.Sﬂﬂ Em'll A 5
12,000 em! - Sl
&00 nm photon Ty 40 ps /500 ps
Sﬂ

Figure 27 Typical energy level diagram &fc-1, Pc-2

Once excited into the high lying states ¢ftlse de-excitation mechanism could
be from (a) lowest vibrational state of ®anifold to highest vibrational states of S
manifold (Internal Conversion, IC) followed by iatmolecular vibrational relaxation

(IVR) from highest states of ;S0 lowest states of;5 These are typically fast
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processes (<1 ps for IC, 1-2 ps for IVR) and, tuees the shorter lifetimes (2—-3 ps)
could be attributed to this relaxation and (b) frdme lowest vibrational states of S
states the molecules relax to ground state viaradiative mechanism by releasing
the energy to solvent. This process typically osdarfew tens to hundreds of ps in
such molecules. The longer lifetime can be assedtiatth such a process as depicted
in figure 23. The longer lifetime cannot be duertaliative processes since the

radiative lifetimes measured in different solventse typically few ns.

The lifetimes observed in Pc-1 and Pc-2 were coaipa to those obtained in
similar molecules such as Porphycenes and Corvdiésh were recently investigated
by our group. But in Pc-3, relaxation is froms&te to §showing only single non -
radiative exponential recovery of magnitude 309 pRadiative decay times are
expected to be few ns. Pc-1 has a short-livedradrative lifetime from §$ states
whereas Pc-2 has a long-lived lifetime. Howetee, radiative lifetimes of both Pc-1
and Pc-2 were similar in magnitude (2-3 ns). Tdretlived lifetime could, possibly,

have played a role in the observation of stronde®d Moefficients for Pc-2.

5.7 Conclusions

In summary two novel sterically hindered Pc’s (R&t-2) and Thio-Zinc Pc
(Pc-3) were synthesized and characterized. Thpiicad and electrochemical
properties have been investigated in detail. Mealr optical (NLO) properties were
also evaluated at different in the visible spectrgion using picosecond (~1.5 ps)
pulses and further studies with femtosecond (~B)Qptilses at 800 nm have been
performed. Excited state dynamics in Pc-3 moleaulestigated using fs degenerate
pump-probe spectroscopy revealed a single exp@iesfti~309 ps, which has been
assigned to the;State non-radiative lifetime and the radiativetlihe are few ~ns.
2PA and saturable absorption were the dominantimear absorption mechanisms
observed with ps excitation while 3PA was observath fs excitation. NLO
coefficients were extracted from ps/fs closed apenoaperture Z-scan measurements.
Large two-photon absorption cross sections in #regge of 400-14000 GM and n
values in the range of 1-7x1%cm?/W were recorded for these samples. The excited
state decay dynamics were investigated using deggen@ump-probe experiments
with femtosecond pulses near 600 nm. Double expaidfits of the pump-probe

data suggested two decay times. The shorternfitetivas 2-3 ps while the longer
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lifetime was ~40 ps in Pc-1 and ~500 ps in Pc-2ur 6tudies suggest that these

molecules can be tailored for potential applicationphotonics.

By appropriate tuning of the input wavelength, pullsiration, peak intensities
with a fixed concentration of the molecules in solu one could obtain all the
nonlinear absorption behavior with these moleculdsor example, with ns pulse
excitation at 532 nm we could envisage RSA/ESA kihdehavior while with 800 nm
ps/fs excitation we observed SA. For ps/fs exoitain the 600 nm-900 nm one can
observe the switching mechanism of SA to RSA anth wironger and selective
pumping one could achieve pure RSA (due to 2PAa&s abserved in the case at 600
nm). Though there are a number of reports on Nufiss of various Pc’s it is
imperative that (a) a database of NLO propertiesalbfnovel Pc’s is created to
facilitate establishing a structure-property relaship [94-96] useful for synthesis of
novel molecules and devices (b) nonlinearitiesnagasured with short pulses (ps and
fs) excitation in an attempt to identify the trdeatronic nonlinearities and their time
response (c) congregate information on the specdkeplendence of nonlinearities
indispensable for identifying the spectral regidnnberest for various applications of
n, and nonlinear absorption. Some of our recent &fff@®7, 98] have focused on
understanding the nonlinearities and ultrafast dyina in novel Pc’'s. Some recent
results [99] have investigated the complete photsighl and photochemical
phenomena in a Zinc-Pc. Furthermore, NLO measungsmeith MHz pulses is also
required since the repetition rates of lasers tods# in optical signal processing will
be of similar magnitude to achieve high-speed datasmission rates (for example
Gigabits/s to Terabits/s). It is well understood @&stablished that MHz repetition rate
pulses induce thermal nonlinearities in open aper@iscan measurements. However,
one needs to discover mechanisms to identify thgniades of both electronic and
thermal nonlinearities and separate them. Onéhefcertain ways of reducing the
thermal nonlinearities is to incorporate these mukes in media (e.g. polymers or
glasses) possessing higher thermal diffusion coefftis. Detailed investigations of
dispersion studies (in the NIR spectral regionNafO properties with both ps and fs
pulses will be a subject of our future investigatio
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Chapter 6 Porphyrins

6.1 1Introduction

The process of photosynthesis in plants has driven many researchers to
investigate phenomena, which mimic this natural event [1-3]. Porphyrins play a major
role in attracting the scientific community because of its use inartificial
photosynthesis and respiration. The origin of name porphyrin came from ancient
Greece with the word porphura meaning purple. Porphyrin is the name given to a
class of intensely colored molecules all sharing a macrocycle of twenty carbon atoms
and four nitrogen atoms. This macrocycle contains four pyrrole rings joined by
methine bridges. Porphyrin is a nearly flat molecule though it may be distorted by
certain ligand binding or by various substituent groups bound to the periphery. These
family of compounds provides a compelling motivation to study and design new
chromophores analogues with improved functions. The central cavity of the porphyrin
can bind metals such as Fe, Zn, Cu, Ni, Mg, Ag, Au, and Co[4].Porphyrins have also
been extensively used in a wide range of materials for sensing applications [5,6].The
interesting absorbance or fluorescence properties of porphyrins make them suitable
for sensing applications. Porphyrins can be modified by changing peripheral
substituent's and/or centrally coordinated metal ion, to achieve binding specificity
allowing for their application in amperometric or potentiometric protocols or for use
with acoustical devices such as quartz crystal microbalances [7]. Some interesting
works have been performed using porphyrin arrays as electronic noses and electronic
tongues. Electronic noses are used for detection of vapors and electronic tongues are
used for detection of compounds in the solution [8,9]. Amico’s group has
demonstrated the identification and quantification of fourteen different volatile
organic compounds (VOCs) using an array of eleven metalloporphyrins [10]. They
have also shown that the system can be used to classify unknown compound swhich
are similar to others in library. The system used for this demonstration consisted of
an HP flat-bed scanner as the spectrometer/light source and Adobe Photoshop for data
analysis [10,60].Several other protocols using porphyrin arrays had employed quartz
crystal microbalances. Porphyrins have also been used in amperometric and
potentiometric detection protocols due to their ability to catalyze oxidation/reduction
reactions. Most of the detection protocols are based on changes in the porphyrin

absorbance spectra. One could gain by focusing on the Soret region of absorption
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spectrum since very large extinction coefficients in that spectral region permits the

detection of very small amounts of analyte.

Porphyrins are understood as a class of important biological pigments,
endowed with rich photophysical properties owing to their conjugated 18 7~electron
aromatic system. Further, the properties of this macro cyclic tetra pyrrolic system can
be easily modulated via substitution at one or more of the peripheral meso- and/or /-
positions [11]. In the last two decades many porphyrin derivatives have been designed
to study their utility as nonlinear optical (NLO) materials [12-37]. Porphyrin based
oligomers, in association with other chromophores and polymers derived from
porphyrins demonstrate interesting nonlinear optical behavior and hence hold great
promise as second and third order NLO materials, as broadband optical limiters, in all
optical switching, and in two-photon photodynamic therapy (PDT) [35-37].The basis
of design in most of these systems for better NLO response is to have suitable donor
and acceptor functionalities at the periphery of the aromatic porphyrin ring or the
extended multi-porphyrinic systems. In this regard, monomeric porphyrin units were
also studied as either reference for designing more accomplished systems or as
standalone systems to gain understanding about their nonlinear optical response.
Presence of multiple donor and acceptor functional groups at the porphyrin periphery
is achieved either through direct link or through phenyl bridge or a combination of
both. Also, it is known that direct linkage of functional groups at the porphyrin
periphery impart a greater influence on the electronic properties of the macro cyclic
ring. f-octa substituted porphyrins which could be synthesized quite conveniently
could emerge as attractive target systems. However, there are very few reports
containing substituents other than alkyl groups at all the S-positions of porphyrin[38-
43].In particular, pyrroles with simultaneous single electron donating and single

electron withdrawing substituents at their adjacent S-pyrrole positions are rare[44,45].

Detection and analysis of various types of explosives has been primary targets
of many research groups for defense and security applications [46]. Trace detection
of explosives has attracted attention for preventing terrorist activities [47]. Explosives
are successfully detected by trained canines owing to its high vapor pressure [48].
However, some of the new explosive detecting techniques recently developed include

Laser Induced Breakdown Spectroscopy (LIBS),Coherent Anti-stoke Raman
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Spectroscopy (CARS), ion mobility spectroscopy (IMS),X-ray scanning, terahertz
spectroscopy/imaging[49,50] etc. Fluorescence quenching method is also anemerging,
sensitive low cost technique for on field detection[47]. Several polymer-based
fluorophores, fluorescent dendrimers have been recently explored for superior results
[51-52].Molecular imprinted polymer, coordination polymer, quantum dots, graphene,
nano particles [53-57] were also used recently for sensing of high energy materials.
There is scarce literature available to depict experimental work on detection of single

molecule fluorophores [58].

Sensors based on porphyrin derivatives evoke particular interest owing to their
superior photo-stability, ease of synthesis and capability of explosive molecules
detection such as TNT [59,60]. There is limited literature existingon the sensing
ability of differently substituted porphyrins with respect to different nitrated
explosives. Ghosh and coworkers recently reported a fluoro-substituted organogelator,
which demonstrated attogram level sensing of TNT [61]. Pradeep et al. recently
reported selective visual detection of TNT at subzepto-molar level (i.e. almost in the
regime of single molecule detection) in solution [62].These types of molecules may
possess interesting NLO properties owing to special arrangement of multiple donor
and acceptor substituents. These ideas are implemented in our recently reported
symmetrical type 3,8,13,18-tetrachloro-2,7,12,17-tetramethoxyporphyrin (H,TCTMP)
[63].This molecule is unique, in the sense it contains an electron donating methoxy
and electron withdrawing chloro group on the adjacent f- positions of each pyrrole
moiety. Therefore, we studied its nonlinear optical behavior along with its Zn(II) and

Ni(IT) derivatives .

Porphyrins have also been evaluated in the context of PDT since they strongly
absorb light, which can be converted to energy for storage. We have recently
demonstrated the efficacy of B-octa-methoxy porphyrin (H,OMP) and also their
corresponding Zn(II)-derivatives as fluorophores in fluorescence quenching[63-
66].Phthalocyanines, which are structurally related to porphyrins, are used in
commerce as dyes and catalysts as described in chapter 5. Synthetic porphyrin dyes
that are incorporated in the design of solar cells are the subject of ongoing research.

Recent applications of porphyrin dyes for dye-sensitized solar cells (DSSC) have
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shown solar conversion efficiencies approaching silicon based photovoltaic

devices[4].

meso-carbon

Figurel Porphyrin macrocycle consisting of twenty carbon atoms and four nitrogen atoms.
(A) Fischer numbering system (B) IUPAC numbering system as adapted from [4].

Figure 2 Structure of porphyrin molecule. Adapted from http://www.org-
chem.org/yuuki/porphyrin/porphyrin.html

The molecule is stabilized by aromatic character which extends over its entire
structure. A porphyrin has four of its nitrogen atoms facing the center, which can
capture a metal ion to form a very stable organo metallic complex. This property of
molecule is closely linked with the way it is used in living systems. When forming a
complex, many metal ions accept six coordinating ligands to assume an octahedral

configuration. The nitrogen atoms of a porphyrin occupy the four sites on the square

171



Chapter 6 Porphyrins

plane of an octahedron, leaving two empty sites on the top and the bottom (see figure
2). These two sites are then filled by the axial ligands, which are known to react in
special ways. By using them, biological systems carry out a wide range of chemical

reactions.

6.2 Structure, Absorption and emission data of porphyrins

R OMe

MeO R 1. M = H,, R = OMe; H,OMP
2.M=H,, R=CI; H,TCTMP
3.M=2Zn, R = OMe; ZnOMP
4. M=2Zn,R=CI; ZnTCTMP

R OMe 5.M=Ni, R =Cl: NiTCTMP

MeO R

Figure 3 Structure of novel porphyrins investigated in the present study.

Five porphyrins [H,OMP (2,3,7,8,12,13,17,18-octamethoxyporphyrin),
H,TCTMP (3,8,13,18-tetrachloro-2,7,12,17-tetramethoxyporphyrin), ZnOMP,
ZnTCTMP, NiTCTMP] were synthesized according to reported procedures [63]. The
structure of the five porphyrins investigated is presented in figure 3. Porphyrin ground
state absorption is sensitive to the surrounding environment. Changes in acidity,
hydrophobicity, ion content, etc. can result in increased ordecreased absorbance at
any/all of the bands as well as changes in the exact wavelength position of any/all of
the bands [64-66]. The absorption spectra showed a relatively higher red shift of
Soret band upon insertion of Zn, whereas Ni insertion led to only minor red shift of
absorption bands than freebase H,TCTMP. The high degree of conjugation in
porphyrin ring results in several absorbancebands. A very intense band is observed
around 400 nm referredto as Soret band. In addition to Soret band, there are several
weaker absorbance bands in the spectral region from 450 nm to 700 nm, the Q-bands.
Porphyrins are, in general, intensely fluorescent with emission bands in the spectral
region of 600 nm-750 nm. Absorbance, fluorescence spectra of porphyrins are
sensitive to binding of metal in the central ring position, addition of substituent groups

to the macrocycle, solvent conditions, and presence of other analytes.
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1.0 —— H,OMP
—— ZnOMP

0.8 ——H,TCTMP
—— NiTCTMP

0.4
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0.0
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Wavelength (nm)

Figure 4 Absorption spectra of H,OMP, ZnOMP, H,TCTMP, ZnTCTMP, Ni-TCTMP.

UV-Visible and fluorescence spectral data for freebase porphyrins display
strong near-UV Soret absorption bands in 377 nm-418 nm spectral region
accompanied with four weaker Q-bands in the visible region, whereas corresponding
Zn(Il)-porphyrin derivatives possess strong Soret absorption bands in 398 nm—423 nm
spectral region with two characteristic weaker Q-bands. Porphyrins depict two
emission bands (574 nm—714 nm) when excited at Soret bands with large Stokes shift
(180 nm—308 nm). UV-Visible spectral data for compounds H,OMP, Zn-OMP,
H,TCTMP, Zn-TCTMP and Ni-TCTMP are presented in figure 4. Freebase porphyrin
H,OMP and H,TCTMP displayed strong near-UV Soret absorption bands at 381 and
383 nm respectively. These are accompanied with four weaker Q-bands in the visible
region, whereas the corresponding Zn(II)-complex of H,OMP,H,TCTMP and Ni-
TCTMP derivatives possessed strong Soret absorption bands at 403 nm, 409 nm and
391nmrespectively, with characteristic of two weaker Q-bands in visible regions. The
presence of metal ion (such as Zn, Ni) in the center of porphyrin molecule adds 4
weak absorption bands that is used prominently as sensitizers in PDT therapy Among
these derivatives H;OMP, Zn-OMP, H,TCTMP and Zn-TCTMP emits in red regions

with emission maxima at 622 nm, 578 nm, 629 nm, 584 nm respectively as depicted
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in figure 5.Table 1 summarizes the absorption and emission data of all the compounds

investigated.

The emission spectra of all the above porphyrin except Ni derivative shows
(data presented in figure 5)two prominent peaks 575nm and 630nm for Zn-OMP and
Zn-TCTMP and these are blue shifted as compared to the freebase porphyrins.
H,OMP and H,TCTMP depicted two peaks 625nm and 680nm respectively.Ni-
TCTMP did not show any florescence. These two emission peaks are significance of a
typical porphyrin molecule. Fluorescence lifetime measurements were carried out
using a time correlated single-photon counting (TCSPC) spectrometer (Horiba Jobin
Yvon IBH). Pico Brite diode laser source was used as the excitation source and an
MCP photomultiplier (Hamamatsu R3809U-50) as detector. The repetition rate of
laser source was 10 MHz. The width of instrument response function, which was
limited by the FWHM of the exciting pulse, was ~55 ps. The lamp profile was
recorded by placing a scatterer (dilute solution of Ludox in water) in place of the
sample. The time resolved emission decay profiles were collected at steady state

emission spectrum maxima.

1.0 —H,OMP ]
g 0.8 i _ZnOMP |
g —— H,TCTMP
Q. —_—
¢ 0.6} ZnTCTMP .
-
o 0.4t .
E 02} .
o)
pa

0.0 .

500 550 600 650 700 750
Wavelength(nm)

Figure 5 Emission spectra of H, OMP, ZnOMP, H,TCTMP, ZnTCTMP and NiTCTMP.
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Porphyrins UV-Vis (nm, loge) Fluorescence in
nm(P)
H,OMP 377 (5.19), 494 (3.98), 530 622, 647, 688
(4.09), 564 (3.76), 618 (3.78)  (0.061)
ZnOMP 398 (5.34), 533 (4.24), 565
(4.29), 573 (4.33) 578, 632 (0.031)
H,TCTMP 383(4.85), 502(3.80),
539(3.81), 571(3.60), 629, 659,696(0.045)
626(3.64)
ZnTCTMP 409(5.02), 540(3.99), 584, 638 (0.032)
579(4.03)
NiTCTMP 391(5.06), 519(3.88),

558(4.34)

Table 1 UV-Vis and Emission studies of the porphyrins in chloroform at 25 °C. [63, 88]

2000

1500

-
o
o
o

Counts (a.u.)

oy

—— H,OMP
—— H,TCTMP

Prompt

ZnOMP
ZnTCTMP

0 5

10 15

Time (ns)

Figure 6 Fluorescence decay profile of H,OMP, H,TCTMP and their Zn(II) derivatives in

chloroform.

Decay curves were analyzed by nonlinear least-squares iteration procedure

using IBH DASG6 (version 2.2) decay analysis software. The quality of the fit was
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assessed by inspection of the y* values and the distribution of the residuals. The
fluorescence lifetime data of HOMP, TCTMP, and their Zn(Il) derivatives are
tabulated in table 1, whereas their life time decay profiles are depicted in figure 6.
Freebase porphyrins H OMP and H,TCTMP both demonstrated shorter lifetimes of
3.77 and 4.54 ns respectively as compared to its octa ethyl analogue [50]. Whereas,
Zn(Il) complexes of H,OMP and H,TCTMP exhibited dual lifetimes, however,
relatively shorter compared to their freebase analogues. The reduced singlet life time
of these molecules may be attributed to efficient deactivation by oxygen and/or chloro

groups present at the periphery.
6.3 Excited State Dynamics of porphyrins

The complete experimental details of fs pump probe experiments have been
explained in sections 2.12 (figure 17). Figure 7 shows the triple exponential decay of
H,TCTMP, H,OMP and ZnOMP near 600nm. We attempted fitting the data using
two exponentials [67] but the fits were poor, especially at the initial time scales (<30
ps). The three lifetimes obtained (t;, T2, and t3) are summarized in table 1.The first
lifetime (t;) which is in the ultrafast time scale (300-600 fs) could be attributed to the
intra-molecular vibrational relaxation from S, states to the highest lying S, states.
The shorter lifetime (t3) could be the vibrational relaxation within the S; vibrational
manifold. The longest lifetime could be assigned to the non-radiative relaxation from

S, states to the ground state.

These lifetimes are similar to the ones measured in porphycenes and corroles,
recently investigated by our group [68, 69]. Figure 8shows a typical energy level
diagram considering the various absorption peaks for the molecules investigated. Ha-
Thi et al.[70] observed ultrafast dynamics of copper tetra-phenyl porphyrin (CuTPP),
copper octa-ethyl porphyrin (CuOEP), and the free base tetra-phenyl porphyrin
(H,TPP)in the gas phase. The first two molecules exhibit a sequential four-step decay
ending on a slow evolution in the nanosecond range 2Sz—>2CT —2T —*Ground state.
For the free-base case, the first ultrafast time scale of ~110 fs was attributed to an

extremely rapid S,—S; internal conversion.
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Figure 7 Pump-probe data of H,TCTMP,H,OMP and ZnOMP near 600nm

Okhrimenko et al. [71] measured a slow component with lifetime of ~690
psin a Ni(Il)-porphyrin derivative, which was independent of probe wavelength.This
process was established to be an electronic deactivation from the metal d,>.,* excited
state to its d/ground state.Three lifetimes were observed in the measurements of
another set of porphyrins viz. Ni(II)TPPF, Ni(Il)TNPP, and Ni(II)TPrF,P [72-74].
The first lifetime (<1.2 ps) was assigned to (rn*)—(d,d) transition while the second
lifetime (few ps) was assigned to vibrational relaxation within the (d,d) states and the
longest lifetime of 450-690 ps was assigned to the (d,d) — ground state transition.
Dogan et al. [75] investigated the pump-probe dynamics of 5,10,15,20-tetrakis(4-
hydroxyphenyl)porphyrin with different central metal ions (Zn*", Ni*", Co*", Fe’")
using 532 nm excitation and observed three components in the data. They attributed
the observed three lifetimes to (S,—S;), (S;—ISC), (T;—Sy) transitions for filled ‘d’
shell metal and free base porphyrins, on the other hand those were attributed to
(S,—S)), (S;—d), (d—Sp) for unfilled ‘d’ shell metal porphyrins. When these
molecules are pumped at 600 nm with fs pulses we expect 2PA driving them to higher
lying states (S,). Z-scan data obtained at 600 nm with ps pulses confirmed this (data
presented in next section). In our case we expect the fast lifetime (300-600 fs) to be

due to internal conversion from S, states to the highest vibrational state of S;
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manifold. The slower component of 6-22 ps could be attributed to the vibrational
relaxation within the S; states and the longest component to the S; to Sy non-radiative
transition. These molecules are fluorescent but the lifetimes are in the few ns regime

(table 1). Therefore, the contribution of radiative decay to the longest component

could be neglected.
Sample Lifetime 1 (ty), ps Lifetime 2 (1,), ps  Lifetime 3 (t3) ps
TCTMP 0.6 8.0 430
ZnOMP 0.3 22.0 480
H,OMP 0.6 6.0 250

Table 2Summary of various lifetimes of TCTMP, ZnOMP, H,OMP retrieved from the pump-
probe data.

50000 cm?
A

30000 cm! AA
23300 cm?

ﬁg“ nm ~300-600 fs

photon
21300 cm™!

ZZH%.Z .

15500 cm! |1t ~6-22 ps

photon

600 nm ? ~250-480 ps

Figure 8 A simple energy level diagram to demonstrate the excited state dynamics .

6.4 NLO properties of Porphyrins

The NLO coefficients (B)and cross-sections (c,) were extracted from the open
aperture data presented in figure 9 while n, was calculated from the closed aperture
data presented in figure 10 using the Sheik-Bahae formulation [51]. Table 2 depicts
the n, values of the molecules investigated indicating a positive nonlinearity (~107"

cm”/W). Two photon absorption (2PA) coefficients were obtained from experimental
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data and the magnitudes were ~10"" cm/W.2PA cross-sections (o,) were also
estimated from 2PA coefficients and the magnitudes were in the range of 10°-10* GM.
The complete summary of NLO coefficients and cross-sections along with third order
NLO susceptibilities are presented in table 2. The effect of introduction of electron
withdrawing chloro- groups to an electron rich porphyrin core, hence a donor-
acceptor characteristic to the resultant macrocycles, could be clearly perceived in
these porphyrins, with large enhancement in o, values in case of H,TCTMP and its
metallo-derivatives (containing four electron donating methoxy and four electron
withdrawing chloro- groups), as compared to H,OMP and its metallo-derivatives

(containing only eight electron donating methoxy groups).

10.98
10.91
70.84

11.00
10.95
10.90

Figure 9 Open aperture Z-scan data of (a)H,OMP (b)Zn-OMP(c)H,TCTMP(d)ZnTCTMP (¢)
NiTCTMP inchloroformnm. Peak intensity used was ~100 GW/ cm’.

The largest o, value was obtained for NI TCTMP (~5x10* GM). Interestingly,
Zn-TCTMP and NiTCTMP molecules show strong 2PA coefficients and cross-
sections compared to H;TCTMP which, probably, could be attributed to the effect of
central metal ion [37]. H,OMP and ZnOMP molecules exhibited two times larger
values of the nonlinear absorption when compared to H,TCTMP and ZnTCTMP

molecules. However, the n, value of HyOMP was stronger compared to TCTMP and
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ZnOMP. The closed aperture scans were performed with peak intensities <50
GW/cm® where we expect minimal contribution from nonlinear absorption and higher
order nonlinearities. The solvent contribution was negligible and was confirmed

through open aperture data of solvent alone.

1.02
0.96

1.02

0.96

Normalized Transmittance

Ni-TCTMP
10 20 30

Figure 10 Closed aperture Z-scan data of H,OMP, ZnOMP, H,TCTMP, ZnTCTMP,
NiTCTMP at 800nm.The solvent used was chloroform and peak intensity of <50 GW/cm®
was used.

Drouet et al. [76] recently reported new Zn(Il) tetraphenylporphyrin
derivatives functionalized with electron-rich d®-transition metal alkynyl complexes at
periphery. They retrieved strong 2PA cross-sections (o3) of 10°-10* GM for their
molecules. Wang et al. [77] using nanosecond (ns) and picosecond (ps) pulses
investigated a novel porphyrin derivative bearing one D-n—A-n—D pyrimidine
chromophore at the periphery. They demonstrated that appropriate coupling of the
chromophore to a porphyrin moiety with reverse saturable absorption was an efficient
way for preparing molecules with superior nonlinearities. Senge’s group has
investigated several push-pull type of porphyrins [78-81] using ns laser pulses.
Drobizhev et al. [82] studied double stranded conjugated porphyrin arrays and
reported 10°-10° GM cross-sections. Collini et al. [83] reported strong 2PA cross-
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section of ~4000 GM measured by Z-scan technique for a push—pull A—n—D Zn(II)
porphyrin complex di-substituted in the meso position with strong donor and acceptor
moieties. Dogan et al.[75] studied nonlinear absorption behavior in 5,10,15,20-
tetrakis(4-hydroxyphenyl)porphyrins with different central metal ions (Zn**, Ni*",
Co*", and Fe’")using open aperture Z-scan technique with 65 ps/ 4 ns excitation.
Table 3 summarizes the NLO coefficients, cross-sections and ¥ of all the five
porphyrins studied using 2 ps, 1 kHz pulses. The basis of design in most of these
systems for better NLO response is to have suitable donor and acceptor functionalities
at the periphery of aromatic porphyrin ring or extended multi-porphyrinic systems. In
this regard, monomeric porphyrin units were also studied as either reference for
designing more accomplished systems or as standalone systems to gain understanding

about their NLO response.

3)
n
Loy B ow Rl ) o] P
Sample W) “"™w) (GM) (esu) (esu)  (esu) 2
% 10-16 x107' X107 x1071* x 10714 < 10-22
H,0OMP 2.90 2.85 1960  1.52 0.95 1.80 2.50
Zn-OMP 1.20 420 4000  0.63 1.40 1.52 2.10
H,TCTMP  1.10 1.85 6440  0.57 0.61 0.85 1.20
Zn-
TCTMP 1.25 250 14740 0.65 0.83 1.06 1.50
Ni-
TCTMP 0.80 520 53690  0.41 1.74 1.80 2.50

Table 3 Summary of NLO coefficients of five compounds studied using ~1.5 ps pulses.

The presence of multiple donor and acceptor functional groups at the
porphyrin periphery is achieved either through direct link or through phenyl bridge or
a combination of both. Furthermore, it is known that direct linkage of functional
groups at the porphyrin periphery impart a greater influence on the electronic
properties of the macrocyclic ring. In this regard, f-octa substituted porphyrins which
could be synthesized quite conveniently could emerge as attractive target systems.
Towards this, symmetrical type, H;,TCTMP appears very promising [84-86]. In
particular, the uniqueness of this molecule arises from the presence of orderly

arrangement of pyrrole molecules in a cyclic fashion, where each pyrrole moiety is
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endowed with an electron donating methoxy- and an electron withdrawing chloro-

group on its adjacent f-positions. Therefore, we studied the fs NLO behavior along

with its Zn(II)-and Ni(II)-derivatives i.e. ZnTCTMP and NiTCTMP respectively.
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Figure 11 Fs closed aperture (top) and open aperture (bottom) data of H,TCTMP, NiITCTMP
and ZnTCTMP in chloroform. Open circles are experimental data and solid lines are
theoretical fits. Peak intensities were ~0.65 TW/cm? for closed aperture scans.
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Figure 12 Closed aperture (left) and open aperture (right) data of solvent chloroform. Open
circles are experimental data and solid lines are theoretical fits.

Experimental conditions for the fs Z-Scan studies of H,TCTMP, NiTCTMP, and

ZnTCTMP were as explained in chapter 2. Briefly, Z-scan measurements were

performed using ~40 fs (FWHM), 800 nm, 1 kHz pulses. Typical concentrations of

used in NLO measurements were 0.118 mM, 0.04 mM, and 0.07 mM respectively and
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figure 11 illustrates the data. Closed aperture data revealed positive nonlinearity for

all the samples.

Sample B (cm/W)x107" n; (cm*’/W)x10™"’

CHCl; 0.50 0.50
H,TCTMP 0.80 1.00
NiTCTMP 2.00 2.00
ZnTCTMP 2.25 2.00

Table 4 NLO coefficients extracted from fs Z-Scan data

The order of magnitude was ~10"7 ¢cm?W. Open aperture scans revealed
saturable absorption type of behaviour and the magnitude of nonlinear coefficients
extracted were ~10"° cm/W. Figure 12 shows the optical nonlinearity observed in
solvent (chloroform). Saturable absorption has potential applications in mode-locking
of ultrafast laser systems. Due to large peak powers associated with these short pulses,
input energies play a significant role in their propagation through the sample. For
pulse energies >1.5 uJ we could clearly observe the Supercontinuum being generated
from the solvent (chloroform) affecting the transmission in open aperture data.
Therefore, we restricted the input energies to a few hundred nJ for all the experiments
and ensured that the transmittance changes were from the solute only. However, for
similar energies, pure solvent in a similar cuvette was scanned and both closed
aperture and open aperture data were obtained. The NLO coefficients of the
porphyrins along with solvent are recorded in table 4. The sign of solvent nonlinearity
was positive with magnitude of <0.5x10"7 cm%W and nonlinear absorption
coefficient of <0.5x107"° cm/W. It is evident that the solute contribution was higher

than that of the solvent.

The linear absorption of these molecules near 800 nm is negligible and since
these pulses possess extremely large bandwidth (~26 nm FWHM and a total width
~50 nm near 800 nm) and large peak intensities we strongly believe that the saturation
could possibly be from the higher singlet states. The presence of two-photon states

near 400 nm for all these molecules further suggests that this could be 2PA saturation.
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Figure 13 Open aperture data for large peak intensities (2 TW/cm?) indicating a complicated
behavior of nonlinear absorption in ZnTCTMP and TCTMP.

Figure 13 shows the open aperture scans of ZnTCTMP and H,TCTMP
recorded at a peak intensity of 2 TW/cm®. It is obvious that the nonlinear absorption
switches from saturable type to reverse saturable type indicating complicated
behavior. Further increase in peak intensity resulted in Supercontinuum generation
and the dip magnitude increased drastically. These measurements clearly suggest that
at lower peak intensities saturable absorption is indeed the nonlinear absorption

mechanism.
6.5 Conclusions

We have performed detailed studies for extracting the NLO coefficients and
cross-sectionsfor five novel porphyrins. Fluorescence lifetimes measured for these
molecules indicated radiative lifetimes of ~few ns. Ultrafast non-radiative decay
dynamics were also investigated using fs pulses and the lifetimes of excited states
were determined. NLO coefficients/cross-sections obtained with ps Z-scan technique
suggests that these are potential molecules for photonic applications. NLO
measurements performed with ~40 fs pulses revealed the electronic contribution to
the nonlinearity. All the molecules exhibited saturable absorption with similar
magnitude of nonlinear absorption coefficients.An estimated error of £30%, in the
nonlinear coefficients calculated, was deduced from the errors in (i) the estimation of
beam waist and thereby the Rayleigh range and peak intensities (ii) pulse-to-pulse
energy fluctuations (iii) calibration of neutral density filters (iv) fitting procedures (v)

concentration measurements etc.
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7.1 Summary and Conclusions

After photo-excitation of excited molecules in liquids experience various
relaxation processes, which can be broadly classified into four major categories:
electronic relaxation, solvent relaxation, orientation relaxation and vibrational
relaxation. We have investigated only the first two cases in this thesis. The excited
state dynamics and nonlinear optical properties of these molecules (such as
dinaphthoporphycenes, cyclo[4]naphthobipyrroles, phthalocyanines, porphyrins) with
different wavelengths, pulse widths, repetition rates were the central theme of this
thesis. Structure and absorption properties of these molecules were understood in
detail, in particular the electronic transitions. The connection between multi-photon
absorption and relaxation processes were well understood in the visible spectral
regime. Internal conversion (IC) processes were studied in the above molecular
systems. The dynamics of these fundamental photo-induced processes were
investigated by fs/ps pump-probe spectroscopy and steady-state fluorescence
techniques. Degenerate fs pump-probe results can be extended to non-degenerate and
white light continuum (WLC) to have a complete insight of dynamics in the entire
visible spectrum. We believe that we have achieved progress towards extending
these experiments to IR region and study the dynamics in different high energy
materials (HEMs).

Decomposition mechanism of various energetic materials is our focus at
ACRHEM. Energetic materials, defined as controllable storage systems of chemical
energy, have numerous military and industry applications as propellants, fuels,
explosives, and pyrotechnics. They can release their entire chemical energy over a
very short period of time, often within the fs/ps time scales. Due to this very rapid
detonation, decomposition studies of these materials pose considerable challenge for
physicists and physical chemists. Elucidation of detailed fundamental steps in the
initiation of and the propagation phases of energetic material decomposition reactions
is central for better understanding, controlling, and enhancing the performance of
these materials for combustion and explosion, and to model the combustion behavior

of either pure compounds or simple mixtures.
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The photo-physics of diverse organic macromolecules with the different laser
pulse durations [ps, fs], energy/intensity, wavelength, and repetition rates was the
focal point of the thesis. High-energy materials (HEMs) are materials that store a
huge amount of chemical energy, a majority of which gets converted into mechanical
energy during decomposition. Ignition processes such as sparks, shocks, and heat can
initiate decomposition of these materials through their excited electronic states. The
direct applications of novel compounds (e.g. porphyrins) have found applications in
sensing HEMs. Pump probe spectroscopy is the simplest experimental technique used
to study ultrafast electronic dynamics. The use of real-time fs transient absorption
spectroscopy to study molecular motions and photochemical reaction dynamics is
relatively a young and rapidly growing field. Because of the limitations that the
Heisenberg principle places on traditional pump-probe spectroscopy, transient
absorption method [1,2] will become increasingly important as experimentalists take
advantage of ever shorter optical pulses. For example, Dang et al. [1] response to
ultrafast laser shock loading of nine liquids was monitored in an effort to reveal
evidence of chemical changes occurring during the first 350 ps following the shock
front. Significant transient absorption, attributed to chemical reaction, was observed
for shocked phenylacetylene and acrylonitrile. Brown et al. [2] investigated the shock
driven chemical reaction in Nitromethane(NM) and in NM sensitized with

diethylenetriamine, using a laser-driven, sustained, 300 ps shock driven by fs pulses.

The basic idea behind multi-dimensional vibrational spectroscopy is to apply
the elegant methods originally developed in NMR to study nonlinear excitations of
nuclear spin transitions to nonlinear optical excitations of vibrational transitions.
These vibrational transitions can be resonantly driven by excitation in the infrared
(IR) wavelength region. Two-dimensional vibrational infrared (2D-IR) spectroscopy
can be used to study both structure (by measuring couplings between vibrations) and
structural fluctuations (by measuring relaxation processes). Fs pump-probe
spectroscopy enables to follow in real time vibrational motions coupled to electronic
transitions. Indeed, if the system is excited by a pulse shorter than the vibrational
period, vibrational coherence is induced both in the ground and excited electronic
states, providing information also on the excited state nuclear dynamics. Our aim is
also to develop pump—probe techniques to evaluate the vibrational dynamics in

HEMs. For example, nitromethane (CH3NO,) is the simplest member of a series of
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energetic nitro-compounds that are of great interest to the HEMs community.
Nitromethane (NM) has 15 vibrational degrees of freedom. If a particular mode of the
molecule is excited, the de-excitation follows two ways: (1) energy relaxation and (2)
phase relaxation. Energy relaxation is an incoherent process whereas phase relaxation
is a coherent phenomenon. The energy relaxation dynamics can be obtained from
coherent anti-Stokes Raman experiments through which vibrational energy re-
distribution and its time evolution mechanisms can be investigated. These relaxation
times and pathways play crucial roles in the process of detonation. However, there are
limited literature is available other than Bernstein’s group and Dlott’s group [3, 4]
regarding ultrafast excited state dynamics of HEMs. They have the common interest
for understanding the critical role of non-adiabatic couplings in the initial steps of the
excited electronic state decomposition of energetic materials. These experiments
provide a potentially useful methodology for accurate and predictive determination,

design, and synthesis of new energetic materials.

Little is known about the chemical evolution and states of matter found within
an energetic material undergoing detonation. The short time scales of the chemical
reactions (microseconds and less) and inherent danger of experimental work have
been a major obstacle to understanding their microscopic nature. Recently, molecular
dynamics simulations [5, 6] have been effectively utilized to shed light on the initial
steps during detonation in secondary explosives, the less sensitive class of energetic
materials. Significantly knowledge about detonation in primary explosives, those
which are most easily detonated by external stimuli and are most dangerous to work
with, is still in its infancy. Very recently Sun et al. [7] introduced a new type of three-
dimensional (3D) spectroscopy to study vibrational energy transfer, where an IR pulse
tunable through the CH-stretching and CD stretching regions was used to create
parent vibrational excitations in liquids and a visible probe pulse was used to generate
both Stokes and anti-Stokes Raman spectra as a function of delay time. The technique
was used to study NM and acetonitrile (ACN) and their deuterated analogues at

ambient temperature.
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Appendix

The transmitted probe data was fitted using theaggu given below. For the case of
single decay observed onty, for double decay; andt,, and for triple exponential
decayr, T, andtz were used.

—(t-to) —(t-to) =(t-to)
%(t):yO +Ale 0/11 +Aze 0/12 +A3e 0/T3

(1)

AT(t) is the time dependent change in probe trarsoms induced by the pump at

time ‘t’ after the pump excitation and T is the Ipeotransmission in the absence of
pump.

The following tables provide the weightings of difént fitted parameters (lifetimes)

Ps-pump probe data of porphycenes (chapter 3)

Sample Yo Xo A1 71 (pS) A 72 (pS)
Pol 1x10° 0 1.81x10" 2.0 2.1x10* 7.2
Po2 1x10° 0 3.85¢10* 3.1 3.76x10° 7.6
Po3 1x10° 0 2.73x10* 2.0 8.0710° 7.2
Po4 1x10° 0 -2.19%x10* 1.8 5.89x10" 8.5
Po5 3x10° 0 5.53x10* 1.8 3.54x10* 7.0

Sample (Ps-PP) 71 (%) 72 (%)
Pol 46 54
P02 91 9
Po3 77 23
Po4 27 73
Po5 60 40

Fs-pump probe data of porphycenes (chapter 3)

T2

Sample Yo Xo Aq T1 (fS) A, Aj T3 (pS)
(ps)
por | P10 o | 8ax105 | 120 | -8.86x10° | 7.2 | -454x10° | 8
1x10 5 5 5
P02 5 0 |-84710°| 105 | -4.6710 7.6 | -4.84x10 7.3
Po3 0 -0.5| -2.5x10° | 102 | -2.2x10° 7.2 | -2.99¢10° 8.2
Po4 0 0 |-15210°| 100 | -3.37%10° | 8.5 | -2.86x10° 10
Po5 0 -0.5| 2.94x10° | 135 | -3.4810° | 7.0 | -1.16x10° 8.1

XiX



Sample (Fs-PP) 71 (%) 7, (%) 73 (%)
Pol 60 6 34
Po2 47 26 27
Po3 4 40 56
Po4 4 50 46
Po5 38 46 26
Fs-pump probe data of naphthobipyrroles (chapter 4)

Sample Yo Xo A1 71 (pS) A T2 (pS)
5a 1x10" 0.1 7.1x10° 5 7.0x10° 37
5b 2x10" 0.1 7.6x10° 2.5 4.5x10° 20
5c 1x10" 0 7.5x10° 2 1.9x10* 33

Sample (Fs-PP) 71 (%) 72 (%)
5a 50 50
5b 62 38
5c 28 72
Fs-pump probe data of phthalocyanines (chapter 5)

Sample Yo Xo A1 71 (pS) A 72 (pS)
Pcl 1x10" 0 1.08<10* 40 -5.58x10° 3
Pc2 1x10" 0 4.23x10° 500 3.58x10° 2
Pc3 1x10" 0 -1x10“ 309

Sample (Fs-PP) 71 (%) 72 (%)

Pcl 65 35

Pc2 54 46

Pc3 100 0
Fs-pump probe data of porphyrins (chapter 6)
Sample Yo Xo Aq (;]é) A, (;25) Aj T3 (pS)
H,OMP | 1x10° | O | 1.45¢<10% | 250 | 4.53x10° 6 1x10° 0.6
TCTMP | 1x10° | O | 6.7210° | 430 | 2.6%10° 8 1.01x10* 0.6
znomp | 1310 1 o | g 420 | 480 | 1.2010% | 22 | 2.7810% | 03
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Sample (Fs-PP) 71 (%) 7, (%) 73 (%)
H,OMP 72 22 6
TCTMP 34 13 53

ZNTCTMP 25 23 52
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