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1.1   Ultrashort Laser Pulses and Energetic Materials 
 

LASER is the acronym of Light Amplification by Stimulated Emission of 

Radiation. Theodore Maiman demonstrated the first working laser [1] in 1960. A laser 

can be classified as operating in continuous wave (cw) or pulsed mode. A solid state 

pulsed laser such as Titanium-doped sapphire (Ti: sapphire) produces a highly tunable 

infrared laser, commonly used in spectroscopy. Ultrashort laser pulses are being used 

for basic as well as applied research in frontier laboratories, hospitals, metrology, 

communications, spectroscopy, terahertz science, medicine, material processing and 

defense technological applications in recent times [2]. Ultrafast lasers based research 

and development has been an active area for probing light and matter interaction.  

One can use short pulsed lasers with high peak power to measure dynamical behavior 

in sample on extremely fast timescales. Such time-resolved measurements capture 

snapshots of an event as it happens, which can built up into a full sequence, mapping 

out exactly what is going on at any given time. In this thesis we have focused our 

research to study the interaction between light and matter at femtosecond (fs), 

picosecond (ps) and nanosecond (ns) time scales.  It is a major tool used for the 

determination of quantum energy levels in atoms, molecules, semiconductors, etc. For 

example, molecules possess vibrational and rotational degrees of freedom. Such 

motion is quantized, i.e., only motion corresponding to discrete rotational, 

vibrational/electronic energies is allowed.  Spectroscopy, which investigates 

transitions between these quantized states, is the primary tool in elucidating the 

energy-level spacing. In nature we have a lot of phenomena that take place in a very 

short time scales (ps and fs time scales) such as electron-phonon scattering, chemical 

reactions and photo dissociations.  These short time intervals cannot be time resolved 

by our fastest available electronic instruments such as fast detectors and oscilloscopes.  

Therefore, to resolve such phenomena that occur in ultrafast time scale, we need a 

technique called as “pump-probe technique”. Fs technology is a significant 

achievement since in this regime, the movement of light seems insignificant i.e. in one 

fs light travels only 300 nm. Broadly one can envisage two powerful applications of fs 

pulses in optics - in probing processes on a fs time scale and creating high intensity 

photons. The latter has generated further interest in studying the interaction of fs 

pulses with optically transparent materials because at such high peak intensities even 

these materials absorb laser radiation through multi-photon processes.   
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An energetic material is a substance which stores a large amount of energy 

and can be initiated to undergo rapid decomposition, usually accompanied with 

generation of high pressure, heat or light and sound.  The first application of 

explosives in human’s history could be dated back to the invention of black powder in 

9th the century in China. The invention of nitroglycerine (NG), dynamite and gelignite 

in 19th century marked a breakthrough in the explosive field, due to greater power and 

improved safety of those materials. Since World War II, two new explosives, RDX 

and HMX, have been extensively utilized in both sectors of military and industry.  

High Energetic materials (HEMs such as explosives, propellants and pyrotechnics) 

are extensively used for both civilian and military applications. Worldwide various 

research programmes are going on to develop pyrotechnics with reduced smoke and 

new explosives and propellants with higher performance or enhanced insensitivity to 

thermal or shock insults. Decomposition of energetic materials is a complex 

dynamical process involving events that span a wide range of time scales. Elementary 

intra-molecular motions including those involved in molecular vibrations, bond 

breakage, and bond formation occur in 10 to 100’s of fs. Elementary collective 

motions including those that mediate lattice vibrations, intermolecular collisions, and 

shock front propagation between neighboring lattice sites occur on the hundreds of fs 

time scale.  While macroscopic shock front propagation, build-up of energetic 

primary reaction products, and detonation occur on much slower time scales, 

elucidation of the elementary events is crucial to understand the microscopic 

mechanisms of energetic material decomposition. It has recently been suggested [3] 

that molecular excited states may play a decisive role in ignition of detonation. It is 

then very important to observe the characteristics and the behavior of molecular 

excited states. Comparison of excited state properties of explosive and non-explosive 

molecules may indeed allow understanding the specificity of explosive molecules 

and, finally, the key of the ignition of explosion and detonation processes. However, 

excited state lifetimes may be very short and these states, after excitation, may evolve 

and be transformed on a sub-ps time-scale. It is necessary to observe these excited 

states with a sub-ps time-resolution. With fs time resolution, one can freeze atoms in 

motion and study the evolution of molecular structures as reactions unfold and pass 

through their transition states, thus providing a motion picture of the transformation. 

Nelsons group at Massachusetts Institute of Technology [4-5] performed fs time 
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resolved study of Tri-Nitro Azetadine (TNAZ).  Decomposition of HEMs can be 

initiated by different processes, including sparks, arcs, shocks, compression waves 

and light. These events induce electronic excitation in energetic molecules. In 

principle, a number of photochemical and photophysical processes can occur 

following electronic excitation of an energetic molecule: these include radiative 

transitions, such as fluorescence and phosphorescence, non-radiative transitions, such 

as internal conversion (IC), intersystem crossing (ISC) and excited state 

photochemistry. Among these IC is particularly important since it initiates the 

decomposition of energetic molecules via transferring electronic energy to the 

vibrational degrees of freedom of the excited electronic state potential energy surface 

(PES).  The basic idea behind the present research problem is that energetic materials 

are excited electronically (S0→Sn) upon shock, spark, plasma, laser, etc. ignition 

event, and these excited electronic states are the initiators of the decomposition 

process in which an energetic molecule releases its energy. The initial step in this 

process releases small radical molecules, such as NO, N2, NH3, etc., and this process 

occurs rapidly, of the order of 100 fs. The mechanisms for this release of energy 

involve radiation less and non-adiabatic electronic state interactions and transition 

involving conical intersections between potential energy surfaces. Reed et al. [6] 

performed the first atomistic simulation of an azide energetic material (HN3) from 

beginning to the end of chemical evolution and discovered that the time scale for 

complete decomposition was ~10 ps, orders of magnitude shorter than that of 

secondary explosives and approaching the fundamental limiting time scale for 

chemistry; i.e., vibrational time scale.  Strachan et al. [7] utilized reactive force field 

(ReaxFF) to describe the high energy nitramine RDX and used it with molecular 

dynamics (MD) to study its shock-induced chemistry. Their simulations show clearly 

that the primary reactions leading to NO2, OH, NO, and N2 occur at very early stages. 

They also found that although the barrier for the pathways leading to NO2 and HONO 

was essentially the same, NO2 was the main product for low shock velocities (<6 

km/s), in agreement with experimental data. However, there is little known literature 

available about the coupling between the mechanical loading and detonation initiation 

in HE materials. Such a fundamental understanding is critical for the design of next-

generation materials with improved performance and sensitivity. 
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Fs laser pump-probe techniques were successfully utilized in understanding 

the dynamics of photo dissociation in HMX, RDX from excited electronic states at 

230 nm, 228 nm, 226 nm to monitor the time evolution of the NO product [8].  

Decomposition studies of RDX in the gas phase at ~225 nm generate NO as initial 

product. The generated nascent NO is vibrationally hot (Tvib ~1800 K) and rotationally 

cold (~20 K).  The dynamics of NO formation is faster than 180 fs.  Bernstein’s group 

[8-14] from Colorado state university has extended efforts towards understanding of 

the critical role of non-adiabatic couplings in the initial steps of the excited electronic 

state decomposition of energetic materials.  This group focused on understanding the 

mechanism, dynamics of decomposition of HEMs. Different decomposition channels 

were observed for model compound like dimethylnitramine (DMNA) with different 

experimental conditions.  These experiments provide a potentially useful 

methodology for accurate and predictive determination, design, and synthesis of new 

energetic materials.  Nitro-group stretching modes lifetimes of few ps for several 

energetic molecules at room temperature have been evaluated [15]. Pump pulse 

creates a non-stationary medium while the probe pulse propagates in medium and 

absorbs. The production of fs optical pulses to investigate induced nuclear motion in 

molecules and in a medium. Duration of pump pulse is shorter than periods of some 

vibrational modes of molecule. The speed of atomic motion is ~1 km/s and, therefore, 

to record atomic scale dynamics over a distance of ~1 Aο, average time required is 

~100 fs.   

  

Nano-sized energetic materials offer the potential of high heat release rates, 

increased combustion efficiencies, tailored burning rates, and reduced sensitivity. 

Nano-energetic materials can provide a significant enhancement in the rate of energy 

release as compared with micro-scale materials. The ability to control the temporal 

pulse-intensity profile leads to greater control over the effects of ablative heating and 

the resulting shockwave propagation. Nano-energetic materials such as nano-

aluminum are a fast-growing research area in explosives and propellants because of 

the high heat release and fast reaction. However, determination of the nano-material 

heat release rate is a challenge because of the short reaction time scale. Prof. Dlott’s 

research group (at the University of Illinois) focused on different aspects of ultrafast 

spectroscopy of nano-energetic materials and shock induced chemistry [16-19]. They 

had also performed some pioneering experiments on one of the simplest HEM, 
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Nitromethane (NM) [20].  NM is an insensitive explosive liquid, the simplest of nitro-

organic molecular explosives.  It is believed that vibrational energy plays key roles in 

both shock initiation and detonation processes. When an initiating shock wave is 

present translational energy from the shock front must be driven into NM vibrations, a 

process termed “multiphonon up-pumping”. Once these reactions have been initiated 

and exothermic chemistry begins, energy from the excited vibrations of hot nascent 

molecular species such as HONO and HCN must be converted into translational 

energy for driving the detonation wave.  IR-Raman measurements of NM-h3 with CH-

stretch excitation demonstrated that vibrational cooling (VC) occurred in three 

different stages.  In the first stage parent excitation decayed within ~3 ps 

simultaneously populating all lower-frequency vibrations. These excited daughter 

vibrations could be divided into a midrange tier (1600-1000 cm-1) and a lower-

frequency tier (1000-480 cm-1).  In the second stage, excitations in the midrange tier 

decayed into the lower-frequency tier in ~20 ps. The lower frequency tier thus became 

excited in two stages, the first lasting ~3 ps and the second ~15 ps.  In the third stage, 

excitations of the lower-frequency tier decayed into the bath in 30-50 ps. The initial 

CH-stretch excitation became thermalized on the ~100 ps time scale. The 

instantaneous populations of most of the fifteen NM vibrations were determined with 

good accuracy.  Figure 1 shows a typical energy level diagram depicting all the 

vibrational relaxation times of NM. 

 

Figure 1 Energy level diagram showing the kinetic model with three stages of vibrational 
relaxation used to fit the NM-h3 data. Figure is adapted from reference [20a] 
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Energetic materials can explode only by shock ignition in condensed phase. 

The shearing of crystal planes can cause large electric fields ~108 V/cm that can 

generate excited atoms, ions and radicals, all of which can be highly chemically 

reactive. Ignition processes involving sparks, shock, lasers, and arcs can all initiate the 

decomposition reaction of energetic material by generating excited electronic states. 

Decomposition of energetic materials following electronic state excitation has been 

experimentally proven to play an important role in their overall decomposition 

mechanisms and kinetics. Final decomposition products are characterized by their 

rotational, vibrational, and electronic state populations. Since decomposition of 

energetic materials occurs within the fs time scale, experimental identification of the 

intermediates and their decomposition dynamics offers a number of challenges. We 

anticipate that decomposition mechanisms of simple model systems, if understood, 

will help us to understand some of the complex reactions that are involved in the 

decompositions of energetic materials. Though limited in their absolute structural 

resemblance to the energetic materials, the model systems can provide a point of 

departure and a baseline comparison for the study of the excited electronic state 

decomposition mechanisms of the complex energetic materials. The field of energetic 

materials is now maturing through innovative methods such as fs spectroscopy and 

enabling the diagnostics of energy release rates or measurements of reaction products 

via fs spectroscopy. The aforesaid spectroscopy extends the investigation of hot spot 

formation of microsecond durations, combustion rates from few meters to detonations 

at few km/s and deformations from drop-weight impacts to shock wave loading. 

Creation of biomedical skeletal structures, shell casings, metal foam structures, 

environmentally attractive igniters or cartridge primers, and missile components are 

providing a new dimension for many touted applications of energetic materials. 

Knowledge of the optical absorption properties of nano-metallic particles will 

redound to an understanding of the ignition energy and time, thereby allowing 

materials to be tailored for specific applications.  Time dependence of steady state 

energy levels show some limitation to pump-probe processes as theoretically 

suggested by Fain et al. [21].    

 

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

understand the initiation of chemistry process in high explosive crystals. In particular, 
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they were investigating the relationship between defect-induced deformation of 

electronic structure of solids, electronic excitations, and chemical reactions under 

shock conditions.  Moore’s group [23a] achieved exquisite time synchronicity 

between shock and diagnostics (needed to unravel chemical events occurring in 

picoseconds) using a shaped ultrafast laser pulse to both drive the shocks and 

interrogate the sample via a multiplicity of optical diagnostics. The shaped laser drive 

pulse produced well‐controlled shock states of sub‐ns duration with sub‐10 ps rise 

times, sufficient for investigation of fast reactions or phase transformations in a thin 

layer with ps time resolution.  They also investigated ultrafast laser generated shocks 

[23b] using electronic absorption spectroscopy in the range 400–800 nm to address 

the extent to which electronic excitations are involved in shock induced reactions. 

They presented the data on shocked Polymethylmethacrylate (PMMA) thin films and 

single crystal pentaerythritol tetranitrate (PETN).  Their group also measured the 

Hugoniot and shocked refractive index of cyclohexane subject to shock loading using 

ultrafast dynamic ellipsometry and transient absorption spectroscopy [23c, 23d]. The 

same group also studied shock to detonation transition of NM by using ultrafast 

experiments recently [23e]. Roy et al. [24] performed spatially and temporally 

resolved temperature measurements behind an expanding blast wave using 

picosecond N2 coherent anti-Stokes Raman scattering (CARS) technique following 

laser flash heating of mixtures containing Al nanoparticles embedded in ammonium-

nitrate oxidant.   It is evident from the above mentioned works that ultrafast events 

occurring in the decomposition/detonation of HEMs is not clearly understood. 

Therefore, there is a necessity to develop ultrafast spectroscopic techniques to study 

such processes (in the sub-ps time scales) so as to enable us to understand the energy 

dissipation/distribution during detonation/decomposition processes and further utilize 

this information, probably, to develop superior energetic materials. 

1.2   Historical development of time-resolved phenomena 
 

High-speed photography is the science of taking pictures of very fast 

phenomena.  Muybridge (photographer) was the first to perform the time-resolved 

experiments could able to resolve events of the order of 1 ms with fast photography 

during 1878 [25]. This concept was extended to laser-based time-resolved 

experiments to study physical, chemical, and biological processes. A first intense 
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pulse (called pump pulse) is used to initiate dynamics in the system under scrutiny. 

Then a second laser pulse interacts with the system, becoming encoded with 

information about its properties at the moment of arrival. Thus by changing the 

relative time delay between the pulses a series of snapshots are observed. This 

technique is the heart of the pump-probe experiment. In order for these snapshots to 

be of any use, regardless of the century, they need to clearly resolve what they are 

measuring. Muybridge experiments with “Horse in Motion” (1878) set the platform 

for time-resolved experiments. Topler performed the first known pump–probe 

experiment [26]. He used a 2 µs spark to initiate a sound wave and then photographed 

the propagation using a second spark triggered with an electrical delay. The first 

photograph of a supersonic flying bullet was taken by the Austrian physicist Peter 

Salcher in 1886, a technique that was later used by Ernst Mach in his studies of 

supersonic motion. German weapons scientists applied the techniques in 1916. High 

speed camera can capture different fast events such as explosions, ballistic research 

and aircraft propeller disintegration in various temporal scales. 

 
 

Figure 2 explaining the different timescales involved in various physical, chemical and 
biological processes.  Adapted from Ahmad H. Zewail from Nobel lecture Dec 8, 1999/         
J. Phys. Chem. A 104 (2000) 5660. 
 

With the advent of time and technology one could able to resolve the events 

µs/ns with the electronics available.  Ippen and Shank were improved the pump–probe 



Chapter1                                                                                                    Introduction and Motivation 

 10  

 

experimental technique using ultra-short light pulses [27, 28]. Time-resolved science 

has garnered two Nobel Prizes, marking important milestones in the speed with which 

dynamical events can be recorded. In 1967, the Nobel Prize in Chemistry was 

awarded to Manfred Eigen, Ronald G.W. Norrish, and George Porter “for their studies 

of extremely fast chemical reactions, effected by disturbing the equilibrium by means 

of very short pulses of energy” [29]. They were able to monitor chemical reactions 

taking place on microsecond (10-6 seconds) and nanosecond (10-9 seconds) timescales. 

The rapid growth in fs technology in the 80’s and 90’s paved the way for the second 

prize, awarded to Ahmed Zewail in 1999 “for his studies of the transition states of 

chemical reactions using fs spectroscopy” [29]. By using light in a manner similar to 

that described earlier, Zewail’s group was able to capture reactions taking place on 

picosecond (ps, 10-12 seconds) and fs (fs, 10-15 seconds) timescales. Processes 

occurring on such short timescales are referred to as ‘ultrafast’ processes. They 

include not only chemical reactions, but also many operations taking place in different 

systems, where the nature of interactions gives rise to ultrafast events. Figure 2 

depicts some of processes of importance with the different timescales involved in 

various fundamental, physical, chemical and biological phenomena. 

 

The continuing development of ultrafast laser sources, and ever shorter probes 

they provide, has enabled a great progress in observing and understanding these 

fundamental processes, extending the approach of Zewail in new and exciting 

directions. In addition to underlying interactions studies, ultrafast technology has 

opened up the ability to control matter in new ways. Using laser radiation, material 

systems can be driven into new non-equilibrium states, inaccessible by more 

traditional methods. The properties of these new meta-stable phases can be controlled 

and altered by varying the properties of the driving laser, suggesting a wealth of 

potential technological applications based on short-lived or rapidly-changing effects.  

The investigation of ultrafast microscopic process such as intra molecular energy 

transfer in the light harvesting complexes in chlorophyll; intra-molecular electron, 

proton transfer, as in the reaction of photosynthesis; radiative decay of excited energy 

levels; dissociation and isomerization of excited molecule opens the way to 

understand the primary of chemical reactions. A thorough knowledge of these 

dynamical processes is of fundamental importance in many branches of physics, 

chemistry and biology. In order to study these natural process experimentally, one 
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needs sufficient high temporal resolution, which means that the resolvable minimum 

time interval must be shorter than the time scale of the process under investigation.  

The development of ultrafast laser pulses and new detection techniques permits 

achieve a very high temporal resolution [in the fs and attosecond (10-18s) range] to 

study extremely fast process in nature. Tremendous progress in the generation, 

amplification, measurement of ultrashort light sources ensures that commercial 

sources are available at the moment to perform such studies.  

 
The short duration of fs pulses makes them ideal tool to investigate the 

ultrafast process. One drawback is that the available electronic detectors are not fast 

enough to measure these ultrafast processes.  This problem can be overcome by 

employing the pump-probe technique, called ultrafast pump-probe spectroscopy.  The 

advantage of using ultra-short pulses is that they open the door to investigating the 

dynamics of the system directly, i.e., the movement of individual particles such as 

electrons or atoms. From the perspective of classical mechanics, a short pulse whose 

duration is on the same time scale as the motion of a particle in a confined system 

could be used to probe the dynamics of the particle directly. For typical atomic speeds 

of the order of 10000 m/s (= 0.1 Aο/fs), laser pulses 10 fs in duration achieve l Aο 

spatial resolution, a range that is of great scientific interest in physics and chemistry.  

In principle, fs time-resolved spectroscopy permits direct observation of the fast 

events of interest. However, there are several pre-requisites that must be satisfied. The 

most daunting challenge is posed by the irreversible destruction of the sample during 

the process under study. Ultrafast spectroscopy as it is normally conducted involves 

the use of an excitation pulse to initiate the events of interest and a temporally delayed 

probe pulse to monitor the sample at a particular time after excitation. This 

measurement, with the probe delay time held constant, is typically repeated many 

times to optimize signal/noise levels. The probe delay is then changed and iterations 

were continued to determine the sample response at a second delay time. This 

procedure is repeated with many different pump-probe delay times until the entire 

time-dependent sample response is mapped out. The entire procedure typically 

involves many thousands or millions of pump-probe repetitions. If the sample is a 

liquid or a gas, then irreversible change induced by the excitation pulse can be 

managed through continuous flow of fresh material into the irradiated region. For a 

solid-state sample, however, flow is not an option. Rastering of different sample 
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regions into the pump-probe beam path may be practical for a highly uniform 

semiconductor or polymer sample, but for energetic single crystals, often obtained as 

small and irregular pieces, this is rarely if ever possible. Thus, new methods must be 

developed that provide the entire ultrafast sample response in a single laser shot. On 

ps and slower time scales, the necessary time resolution is offered through fast 

electronic apparatus including streak cameras and digitizing oscilloscopes. On fs time 

scales, all optical methods must be developed.  

 

To observe the behavior of molecular excited states with sub-ps time-

resolution two main techniques are available. The first one is "pump-probe" 

experiments in which one excites the sample with a laser pulse and observes its 

behavior, after excitation, by means of a probe pulse. This method mainly involves 

electronic transitions occurring between excited states. At certain wavelengths, 

corresponding to electronic transitions between excited states, the probe pulse can be 

absorbed by the different excited species present in the sample after excitation. Other 

technique involves observing the transmission characteristics (dynamic and spectral) 

of the probe pulse through the excited sample providing information on the behavior 

of excited states.  Apart from observing the behavior of a sample under excitation 

through changes of electronic transitions, it is also important to use spectroscopic 

methods to study the behavior of certain vibrational modes of the sample. When a 

molecule is excited we may expect to observe, for example, the disappearance or the 

evolution of its vibrational characteristics. 

The production of fs optical pulses is to investigate induced nuclear motion in 

molecules and in a medium. Duration of pump pulse is shorter than periods of some 

vibrational modes of molecule.  First one "pump" creates an event by applying a laser 

pulse that induces an excitation in the sample. The sample is disturbed from its 

equilibrium and returns to its initial state after some time. We keep pumping the 

sample at regular intervals that are longer than the response of the sample to ensure 

that there is no overlap of excitation events from the current pump and the previous 

pump. While the sample is changing, the response of the system to the excitation 

event that you created is probed by the other pulse. To come up with a complete 

picture, probing of the system over the entire cycle of 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 0.3 µm 1 fs 
3 1 µm 3.33 fs 
4 10 µm 33 fs 
5 1 mm 333 fs 
6 1 cm 3.33 ps 
7 1 m 3.33 ns 

 

Table1   Space time conversion  

 

The pump and the probe come from the same source. Part of the main beam 

from the laser is split off by a beam splitter and sent off to travel down a different 

path. This path includes a “delay line” which is a device that lengthens the optical 

path of the light relative to the pump beam. There is a retro on a motorized translation 

stage. The retero-reflector was positioned on the rail which can be navigated by the 

motion controller.  If the retro reflector moves backwards and lengthens the path, it 

takes much longer time for the light to reach the sample than the pump beam.  For 

example: If you move the retro-reflector back 1mm then the path is lengthened by 2 

mm which provoke  the probe pulse to travel (2×10-3 m /3.0 ×108 m/s = 6.66  ps) an 

extra 6.66 ps to reach the sample. This means you can probe the sample ~ 7 ps after it 

has been pumped. If you keep doing that you can probe it at nearly 0, 7, 14, … etc ps 

after it has been pumped. Time and Space relative measures are given in table 1. This 

gives you the time evolution of some property of the system at one point on the 

surface of the sample as a function of time. 

 

Pump-probe experiments with fs pulses are one of the most widely used 

approaches for extracting the information of carrier dynamics. In this experiment, a 

non-degenerate setup is preferred because it can provide more information about 

carrier flow among different energy states. A broad spectrum of the probe (WLC) can 

give the data of time-resolved spectral evolution for clearly demonstrates the whole 

carrier relaxation scenarios.  For this purpose, usually a super-continuum generator or 

an optical parametric oscillator (pumped by a regenerative amplified mode-locked 

Ti:sapphire laser) is used.  Here, we have used cross polarization for pump and probe 

for the study to avoid the pump induced contribution to the probe. Modification of 

pump-probe spectroscopy (similar to transient absorption spectroscopy) requires 
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differential amplifier with lock-in amplifier makes the system easy to detect the 

(∆T/T) measurement ready.  There may be presence of two component carrier 

relaxation process. The initial rapid processes occur at the time scale comparable to 

pulse duration, while the slower process occur on ps time scale.  Theoretical fit to the 

data provides the respective relaxation time. We have calculated (∆T/T) of liquid 

samples and (∆R/R) measurement for solid samples. 

In addition to those methods of control mentioned above, the properties of a 

material can also be perturbed using light. Unlike those methods, photo-excitation is a 

non-adiabatic process, shaking the system up in a highly non-equilibrium fashion. The 

effects of photo-excitation can vary depending on the material properties and nature 

of the light used, and range from simple carrier excitation to photo-induced structural 

and electronic phase transitions. Many different types of dynamics can arise from 

photo-excitation, and studying them can reveal a lot about the nature of the underlying 

interactions in the solid. Photo-excitation has been used in semiconductors for a long 

time to understand carrier relaxation and early-timescale dynamics in both absorption 

spectroscopy [30, 31] and terahertz (THz) spectroscopy [32]. The parallels between 

photo-excitation and chemical doping have led to the process often being described as 

‘photo-doping’ [33]. Light is also frequently used for controlling the behavior of a 

material through photo-induced phase transitions [34].  In these types of transition, 

excitation of electrons upsets the interplay between degrees of freedom, driving the 

system into a new regime where its properties can become quite different: structural 

relaxation can take place, shifting the positions of ions towards some new symmetry 

position [35–37], the optical properties can undergo large scale changes [38], and 

metallic states can be formed [39].  All of these effects last for only fractions of a 

second, with the system eventually relax back to its equilibrium state. Spectroscopy of 

time-dependent process is an invaluable tool for the investigation of chemical and 

physical dynamics, facilitating comprehension of fundamental processes in nature 

otherwise inaccessible to frequency resolved techniques. Ultrafast pump-probe 

spectroscopy affords experimentalists the ability to observe dynamics in real-time, 

limited only by the spectral and temporal resolution of their instruments. Early 

absorption techniques with limited temporal resolution still permitted investigation of 

kinetic processes in chemistry due to the inherent sensitivity of the absorption of light 

at a given wavelength to the concentration of a chemical species. 
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The range of tools available for studying ultrafast processes has blossomed in 

the last couple of decades. The frontiers of ultrafast science continue to explore ever 

shorter timescales, studying effects on the scale of a few fs [40, 41] and pushing on 

into the as regime [42].  Observing the collapse of gaps after photo-excitation on the 

fastest timescales and clocking the rate at which processes occur can reveal a great 

deal of information on the formation of states in complex materials. These endeavors 

provide insight into the fundamental timescales and electronic interactions, there is 

still the important task of characterizing the dynamics of photo-induced phases in 

solids. In the same way that it is important to determine the equilibrium properties of 

a material by studying its electrodynamic response over a broad energy range, a full 

understanding of photo-induced phenomena can only be attained by looking across 

different energy scales. This requires an array of different ultrafast probes covering 

large portions of the electromagnetic spectrum, from terahertz (THz, 1012 Hz) 

frequencies, up through the infrared and visible spectrum, and into the ultraviolet and 

X-ray regions. Electronic motion has been explored in semiconductor systems. The 

key is that the duration of the laser pulses must be shorter 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 applications of fs pulses in optics (a) 

in probing processes on fs time scale and (b) creating high intensity photons. The 

latter has generated further interest in studying the interaction of fs pulses with 

optically transparent materials because at such high peak intensities even these 

materials absorb laser radiation through multi-photon processes.  Manifestation of 

such mechanism is the observation of numerous novel nonlinear optical (NLO) 

phenomena. The interaction of high intense laser with matter lead to the new field of 

physics i.e. Nonlinear Optics.  In the linear regime, electric field strength is less than 

intra atomic field and also the refractive index is independent of intensity. If Efield 

>Eatom (Eatom ~ 2×107e.s.u.) then we are in the nonlinear domain and it is intensity 

dependent process [42].  NLO field is an active branch that studies light-matter 

interaction in presence of strong electromagnetic field after the discovery of ultra-

short laser pulses.  Z-scan method was used because it is not only a very simple 
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method, but also a very accurate technique for retrieving the quantities of the 

nonlinear absorption coefficient as well as the nonlinear refractive index of a material.  

The measurements of two-photon absorption coefficient and nonlinear refractive 

index can be easily performed using the standard and well developed Z-scan 

technique [43, 44]. This technique is based on the variation of light intensity by 

altering geometrical parameters of light-matter interaction. This is achieved by 

scanning or moving a sample along the axis of propagation (Z) of a focused laser 

beam through its focal plane and measuring the transmission (T) of the sample for 

each Z position. As the sample experiences different electric field strengths at 

different Z positions, the recording of the transmission as a function of the Z 

coordinate provides accurate information about the nonlinear effects present in the 

sample. Ultrafast Z-Scan experiments are standard experiments for measuring 

nonlinear refractive index/nonlinear absorption of materials and in turn can determine 

the real/imaginary parts of third order NLO susceptibility.  The primary goal of 

performing Z-scan experiments for the molecules investigated in this thesis is the 

information it can provide (especially the open aperture data) about various excited 

state absorption mechanisms at different wavelengths of interest. 

1.4  Fundamentals of femtosecond laser pulses 
  

Fs laser pulses are electromagnetic wave packets and as such are fully 

described by the time and space dependent electric field.  In the frame of a semi-

classical treatment the propagation of such fields and the interaction with matter are 

governed by Maxwell’s equation with the material response given by the macroscopic 

polarization. The real electric field corresponding to an ultrashort pulse oscillates at 

an angular frequency ω0 corresponding to the central wavelength of the pulse. To 

facilitate calculations, a complex field ��(�) is defined. It is defined as the analytic 

signal corresponding to the real field. The central angular frequency ω0 is explicitly 

written in the complex field, which may be separated as an intensity function I(t) and 

a phase function ψ(t): 

[ ])(exp)exp()()(
~

0 tititItE ψω=       (1)    



Chapter1                                                                                                    Introduction and Motivation 

 17  

 

The expression of the complex electric field in the frequency domain is obtained from 

the Fourier transform of )(
~

tE : 

( ))(
~

)(
~

tEFE =ω         (2) 

Because of the presence of the )exp( 0tiω  term, )(
~

tE  is centered around 0ω , and it is 

a common practice to refer to )(
~

0ωω −E by writing just )(
~

tE . Just as in the time 

domain, intensity and a phase function can be defined in the frequency domain: 

[ ])(exp)()(
~ ωφω=ω iSE                                        (3)          

The quantity  )(ωS  is the spectral density (or simply, the spectrum) of the pulse, 

and )(ωφ  is the spectral phase. The intensity functions )(tI  and )(ωS determines the 

time duration and spectral bandwidth of the pulse.  

1.5  Relationship between pulse duration and spectral width  

We define the pulse duration pτ as the full width at half maximum (FWHM) 

of the intensity profile 
2

)(
~

tE  and the spectral width pω∆ as the FWHM of the 

spectral intensity
2

)(
~ ωE . CB  is  the time bandwidth product. 

 

 

 

 

 

 

 

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

Because the temporal and spectral characteristics of the field are related to each other 

through Fourier transforms, the bandwidth pω∆  and the pulse duration pτ cannot vary 
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independently of each other. There is a minimum duration-bandwidth product given 

by: 

Bpppp cπτυπτω 22 ≥∆=∆                                                      (4) 

where Bc  is a numerical constant on the order of 1, depending on the actual pulse 

shape. Some examples are shown in Table 2.  The classical physical relationship eq. 

(4), which leads to the quantum-mechanical time-energy uncertainty principle, has 

several important consequences in the field of ultrashort light pulses. The transform 

limit is usually understood as the lower limit for the pulse duration which is possible 

for a given optical spectrum of a pulse. A pulse at this limit is said to be transform 

limited. The condition of being at the transform limit is essentially equivalent to the 

condition of a frequency-independent spectral phase, and basically implies that the 

time–bandwidth product is at its minimum i.e. no chirp. The minimum time–

bandwidth product depends on the pulse shape, and is e.g. ≈ 0.315 for bandwidth-

limited sech2-shaped pulses and ≈ 0.441 for Gaussian-shaped pulses. (These values 

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

spectral width.) 

1.6  Basic NLO processes 

1.6.1. Self-focusing 

The year 2013 marked the 51st anniversary of the first published prediction by 

Askaryan of the self-focusing phenomenon in light beams [45]. The change in the 

refractive index or spatial distribution of the refractive index of a medium due to the 

presence of intense optical field is called as nonlinear refractive index (2n ). The 

refractive index of air n in the presence of an intense electromagnetic field does not 

only depend on its frequency, but also on the space and time dependent intensity 

),( trI of the laser according to the law:  

),(20 trInnn +=
                               (5) 

The coefficient 2n  is usually positive, leading to an increase of the refractive 

index in the presence of intense radiation. Assuming monochromatic incident laser 

beam with a Gaussian-beam intensity profile given: 
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 Implying this can be expanded into infinite series;   

Considering only first order term of the infinite series, the intensity of the beam, at the 

center of the beam is given by 

)
2

1(
2
0

2

020 ω
r

Inn −+≈
 

1.6.2. Self-phase modulation 

Self-phase modulation (SPM) is a nonlinear optical effect of light-matter 

interaction. An ultrashort pulse of light, when traveling in a medium, will induce a 

varying refractive index of the medium due to the optical Kerr effect. This variation in 

refractive index will produce a phase shift in the pulse, leading to a change of the 

pulse's frequency spectrum.  

 

Figure 3 (Left) intensity dynamics of a Gaussian light pulse; the earlier times, i.e. the leading 
edge of the pulse, lie on the left side of the graph. (Right), time variation of the central 
pulsation, which is proportional to negative of the pulse envelope derivative when nonlinear 
index of refraction is positive (adapted from [50]). 
 

The nonlinear index of material depends on the time dependence of a light 

pulse intensity envelope, which can be expressed as:  

2

)(),,(20
tetItrInnn Γ−=+=        (7) 

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

simplify our analysis by considering a plane wave propagating in a nonlinear medium: 
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 ( ) ( ) )(,cos),( 000 tnckwherekztEtzE ω=−ω=      (8) 

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

( ) ( ) ( )
z

t

tn

c
t

t
t

∂
∂−=Φ

∂
∂= 0

0

ωωω
                                 (9) 

and the frequency variation can be written as  

( ) ( ) ( )
t

tI
z

c

n
tt

∂
∂−=−=

2
20

0

ωωωδω
                             (10) 

Figure 3 shows a graphical elucidation of the above relation in case of the 

considered pulse of Gaussian phase variation. As a consequence of the Fourier duality 

between time and frequency, an application of periodic amplitude or phase 

modulation to a periodic signal results in creation of new components in its frequency 

spectrum. In the self-phase-modulation process, with ��  positive, new low 

frequencies are created in the leading edge of the pulse envelope and new high 

frequencies are created in the trailing edge. These new frequencies are not 

synchronized, but are still created inside the original pulse envelope. Self-phase-

modulation is not a dispersive effect in itself, but a pulse does not remain transform-

limited when it crosses a transparent material.  

1.6.3. Nonlinear absorption (NLA) 

Nonlinear absorption refers to the change of transmittance of a material as a 

function of intensity or fluence. The high intensities associated with fs pulses can 

induce profound changes in the optical properties of a material leading to a nonlinear 

response originates from real and imaginary parts of polarization. The imaginary part 

of the nonlinear polarization is associated for instance with multiphoton transitions 

and will exhibit a n-photon resonance when two level of an atomic or molecular 

system can be connected by n optical quanta.  

At sufficiently high intensities, the probability of a material absorbing more 

than one photon before relaxing to the ground state can be greatly enhanced. As early 

as 1931 Göppert-Mayer derived the two-photon transition probability in a system 

using the second order quantum perturbation theory [45]. With the availability of high 
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intensities with fs pulses, in addition to numerous investigations into this phenomenon 

of the simultaneous absorption of two photons, multiphoton (>2) absorption has also 

been widely studied. Multiphoton absorption processes are highly promising for a 

number of processes including optical limiting [46], 3D microfabrication [47], optical 

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

The shorter the pulse duration than the ps and fs scale the more is its peak 

power (~1 TW/cm2).  Thus the non-linear effects are prominent at these power scales. 

To understand the non-linear optical phenomenon one has to keenly observe the 

interaction at interface of laser and matter. When one or more electromagnetic wave 

packets propagate in a material, the atoms and molecules oscillates not only at 

frequencies of electric field applied but also at different combination of those 

frequencies as a response of the medium. The charge particles of the medium are 

displaced from their equilibrium positions, so that positive charged particles (nuclei) 

move in the direction of the field, while the negative charged particles (electrons) 

move in the direction opposite to the direction of the applied electric fields. Dipole 

moments are created because of the displacement between positive and negative 

charges, and the dipole moment per unit volume describes the induced polarization of 

the medium.  For small field strengths this induced polarization is proportional to the 

applied electric field. When an electromagnetic wave propagates through a dielectric 

medium, the electric displacement can be written as, 

                                         D=εΕ                       (11) 

where ε is the permittivity tensor and Ε is the electric field.  The electric 

displacement, electric field and polarization are vector quantities. However, for the 

sake of simplicity, they are considered as scalar quantities in the following discussion.  

The permittivity tensor can be written in terms of the permittivity of free space (	
) 

and relative permittivity (	�) as, 

                                            	 = 	 	
	�                  (12) 

The electric displacement can also be written as, 

                                           � = ε
Ε + �                    (13) 

Where P is the electric polarization (electric dipole moment density). From the above 

equations, we can write, 

                                         � = 	 ε
(ε� − 1)� = ε
χ�               (14) 
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Where	χ =	 (ε� − 1), is called the electric susceptibility tensor (or simply electric 

susceptibility) of the medium. In the nonlinear regime, the expression for the 

Polarization can be expanded in power series form 

                                      � = 	 ε
(χ(�)� + χ(�)�� + χ(�)��� +⋯)              (15) 

Where, χ(�) , χ(�) , and χ(�) are the linear, quadratic (second-order), and cubic (third 

order) susceptibility tensors, respectively.  Substitution of equation 15 into Maxwell’s 

equations leads to a set of nonlinear differential equations that involve terms with 

high-order-powers of the optical electric field strength. These terms are responsible 

for various observed coherent optical frequency-mixing effects. In other words, in the 

nonlinear case, the re-radiation coming from the dipoles do not faithfully reproduce 

the sinusoidal electric field that generates them. Third-order nonlinear optical 

interactions, which are described by the term χ
(3), can occur in any material. Real part 

of χ(3) is related to the nonlinear index of refraction and imaginary part is related to 

nonlinear absorption.  In nonlinear optics, the product of two or more oscillating 

fields generates oscillations at different combinations of the incident frequencies. In 

order to account for this and to have a complete description of the process, the 

following notation is used: 

P(ω) = χ(1) (-ω; ω) E(ω) + χ(2)(-ω3 ; ω1 , ω2). E(ω1). E(ω2) + 

                              χ(3) (-ω4; ω1, ω2, ω3).E (ω1). E(ω2). E(ω3) + …             (16) 

The above notation also reflects the conservation of energy in each nonlinear process  

ω3 = ω1 + ω2 = ω  [for χ(2) ]                  (17) 

ω3 = ω1+ω2 +ω3= ω [for χ(3) ]                  (18) 

The macroscopic nonlinear polarization expression can be rewritten as  

Pi (ω) = χij
(1) (-ω; ω). Ej(ω) + χijk

(2)(- ω3 ; ω1 , ω2) . Ej(ω1).Ek(ω2) 

+ χijkl
(3) (-ω4; ω1 , ω2 , ω3 ) Ej (ω1). Ek(ω2). El(ω3) + … 

   =  Pi
(1)+ Pi

(2)+ Pi
(3) + …                (19) 

 

We have investigated novel organic molecules and confine ourselves to energy 

level structure of such molecules.  A typical organic molecule consists of singlet and 

triplet states. The nonlinear absorption mechanism in such molecules varies 

drastically depending on (a) the wavelength of input light used (resonant/non-

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

absorption mechanisms: 

Saturable Absorption (SA):   

Saturable absorption is a property of any material where the absorption of light 

decreases with increasing light intensity. At sufficiently high incident light intensity, 

atoms or molecules in the ground state of a saturable absorber material become 

excited into an upper energy state at such a rate that there is insufficient time for them 

to decay back to the ground state before the ground state becomes depleted, and the 

absorption subsequently saturates. 
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Figure 4 Various possible nonlinear absorption processes in organic macromolecules. 

A simple kinetic model can often be used when the saturation is considered in 

terms of depletion of the ground state concentration. Thus, under the steady state, 

 

                             
��
�� = ��

�� ��� −� − �
! = 0                  (20) 

Where N is the concentration of excited state molecules, �� is the undepleted ground 

state concentration, # is the absorption cross section, ℎ%	is the photon energy, and & is 
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the lifetime of the excited state population. Assuming that the absorption coefficient α 

is proportional to the ground state population, ' = #	��� −� 	 we get the following 

equation describing the saturation, 
 

                                  ' = '

�

�(�!�� ��)  = '

�

�(*� �+) ,                           (21)     

Where  -. = ℎ% (#&))   is the saturation intensity and '
 = #�� is the linear absorption 

coefficient. The case described by the above equation is often referred to as 

homogeneous saturation.  In the case of a two-level system with inhomogeneously  

broadened states and hole burning, it has been found that the saturation can be 

described by, 
 

                                                     ' = '

�

/�(*� �+) ,0
1.3                     (22)

      

The main applications of saturable absorbers are in passive mode locking and Q-

switching components of lasers, i.e., in the generation of short pulses. The key 

parameters for a saturable absorber are its wavelength range (where it absorbs), its 

dynamic response (recovery time), and its saturation intensity and fluence (at what 

intensity or pulse energy it saturates). Saturable absorbers are also useful for purposes 

of nonlinear filtering outside laser resonators, e.g., cleaning up pulse shapes, and 

optical signal processing. 

Reverse Saturable Absorption (RSA):  

Reverse saturable absorption (RSA) is a two-step, sequential one-photon 

absorption process. In this case the medium has linear absorption for the incident laser 

wavelength, and some of the molecules in the ground state are excited to an excited 

state 2.  For a properly chosen medium, it is possible that the excited molecules make 

another transition from the excited state 2 to a higher excited state 3 via one-photon 

absorption. (In polyatomic molecules in fact a 5-level model may be considered, 

which involves both singlet and triplet states). The possibility of this process depends 

on the number of molecules N2 at the first excited state 2, the incident intensity I, and 

the excited state absorption cross section#��. On the other hand N2 is related to N1 and 

I by the relation, 
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																																							�� ∝	#����-                                   (23)                   

     

where #�� is the cross-section of the transition from the ground state to state 2. As can 

be seen from this relation, the number of molecules in state 2 (N2) continuously grows 

with the incident intensity I and the one-photon sequential absorption from state 2 to 

state 3 becomes more significant, provided that the cross section #�� of this transition 

is considerably larger than #��. Under the steady-state condition, the intensity change 

of the laser beam in the nonlinear medium along its propagation direction can be 

expressed as, 

��
	�5 = −#��(�� −��)- − #����-               (24) 

In the simplest case, it can be assumed that   �� ≫ ��, �� = 0, and �� = �
 where �
 

is the number density of the absorbing molecules. Then according to equation 1.24, 

the above equation can be rewritten as, 

��
	�5 = −#���
- − 7#��#���
-�                (25) 

 or    

��
	�5 = −'
- − β′-�                  (26) 

where b is a proportionality coefficient, and the linear absorption coefficient '
and 

nonlinear absorption coefficient β are defined as, 

'
 = #���
                                          (27) 

β′ = 7#��#���
                   (28) 

Two-photon Absorption (2PA): When two photons are simultaneously absorbed 

via a virtual state and population is transferred between two real (quantum) states it is 

defined as instantaneous 2PA.  However, if a photon excites the population from 

ground state to higher state (single photon transition) and there it relaxes back to the 

lowest vibrational state (in the excited state manifold), there is a possibility of 

absorbing another photon to reach further higher states.  This is termed as two-step 

2PA.  

In non-resonant TPA two photons combines to bridge an energy gap larger 

than energies of each photon individually. If there is an intermediate state in the gap, 
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this could happen via two separate one photon transition in a process described as 

“resonant TPA”, sequential TPA, 1+1 absorption.  Non-resonant TPA transition 

occurs without the presence of intermediate state. This can be viewed as being due to 

a virtual state created by the interaction of photons with the molecule.  The 

intermediate level being virtual, the two photons should be simultaneously absorbed 

making the process sensitive to the instantaneous optical intensity of the incident 

radiation. The two-photon absorption process is proportional to the square of the input 

intensity. The propagation of laser light through the system describing the optical loss 

is given by, 

                                          
	��
		�5 = −'- − β-�                     (29)

                      

where α is the linear absorption coefficient (which can be very small) and β the two-

photon absorption coefficient. β is a macroscopic parameter that characterizes the 

material and is related to the individual molecular two-photon absorption cross 

section #� through, 

                           																										#� = ħ8β
�                                     (30)                                                                          

where N is the number density of the molecules in the system and 9 is the incident 

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

of the system that determines the strength of the two-photon absorption.   

Three Photon Absorption (3PA): When three photons are simultaneously 

absorbed via virtual states and population is transferred between two real (quantum) 

states it is defined as instantaneous 3PA.  However, if two photons excite the 

population from ground state to higher  state (two photon transition) and there it 

relaxes back to the lowest vibrational state (in the excited state manifold), there is a 

possibility of absorbing another photon to reach further higher states.  This is termed 

as two-step 3PA. The relaxation within the vibrational states occurs, typically, in a 

few ps time scale.  Therefore, if the pulse duration is <100 fs the excitation can be 

considered as an instantaneous process. 

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

having significant three-photon absorption is given as, 

	��
�5 = −'- − γ-�                (31) 
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where α is the linear absorption coefficient, which can be typically small, and γ is the 

three-photon absorption coefficient. 

Four Photon Absorption (4PA):  

When four photons are simultaneously absorbed via virtual states and 

population is transferred between two real (quantum) states it is defined as 

instantaneous 4PA.  However, if two photons excite the population from ground state 

to higher excited state (two photon transition) and there it relaxes back to the lowest 

vibrational state (in the excited state manifold), there is a possibility of absorbing 

another two photons to reach further higher states.  This is termed as two-step 4PA.  

Another possibility is absorption of 3+1 photons wherein the population relaxes 

within the vibrational states after absorption of three photons and before absorbing the 

fourth photon.  In all the above case instantaneous 2PA/3PA/4PA [50] can occur via 

real states only when the input pulse duration is much shorter than the relaxation time 

of population within the vibrational states. Instantaneous processes are intensity 

dependent while multi-step processes are fluence dependent.  In the present thesis we 

dealt with either ps or fs pulses and, therefore, we neglect any transitions from singlet 

to triplet states via intersystem crossing. 

Free Carrier Absorption (FCA)  

Free carrier absorption (FCA) occurs when a material absorbs a photon and a 

carrier is excited from a filled state to an unoccupied state (in the same band). This is 

different from interband absorption in semiconductors because the electron being 

excited is a conduction electron (i.e. it can move freely). In interband absorption, the 

electron is being raised from a valence (non-conducting) band to a conducting one.  

When excitation is into the absorption band we see saturation type behavior .At higher 

intensities we observe RSA behavior even at these wavelengths.   

1.7  Nonlinear refraction (NLR) 

Change in the refractive index of the medium due to presence of optical wave 

called nonlinear refractive index (NRI). Nonlinear refraction has led to a variety of 

fascinating applications. It is also central to many fundamental investigations. 
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n = n0+n2I                   (32) 

where n is the total refractive index, n0 is the linear refractive index, n2 is the 

nonlinear refractive index and I is intensity of the light. Different physical phenomena 

could be responsible for NRI.  Some of them are discussed below. 

 
1.7.1 Electronic polarization 

Electronic polarization is the slight relative shift of positive and negative 

electric charge in opposite directions within an insulator, or dielectric, induced by an 

external electric field. Polarization occurs when an electric field distorts the negative 

cloud of electrons around positive atomic nuclei in a direction opposite the field. This 

slight separation of charge makes one side of the atom somewhat positive and the 

opposite side somewhat negative. One of the measures of polarization is electric 

dipole moment, which equals the distance between the slightly shifted centers of 

positive and negative charge multiplied by the magnitude of either of the charges. 

Polarization P in its quantitative meaning is the amount of dipole moment p per unit 

volume V of a polarized material, P = p/V. 

1.7.2 Optical Kerr effect 

Optical Kerr effect is change in the refractive index of a material in response 

to an applied electric field. The Kerr effect is distinct from the Pockel’s effect in 

which the induced index change is directly proportional to the square of the electric 

field instead of varying linearly with it.  The optical Kerr effect is the case in which 

the electric field is due to the light itself. This causes a variation in index of refraction 

which is proportional to the local irradiance of the light. This refractive index 

variation is responsible for the nonlinear optical effects of self-focusing, self-phase 

modulation and modulational instability, and is the basis for Kerr-lens mode locking. 

This effect only becomes significant with very intense beams those are from pulsed 

lasers. 

1.7.3 Self-focusing and Self-defocusing 

If light gets intense enough, its electromagnetic field can affect the optical 

properties of the matter it is passing through. One such effect is increase of index of 

refraction at higher light intensities .If the laser beam is more intense in the middle, 
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this means the index of refraction provided by the center of the beam is higher than at 

the edges. This makes even uniform matter act like a lens to focus the beam. When 

this happens, the beam is said to be self focused. This effect only becomes apparent at 

very high power levels. In air, self focusing can be observed at ~1×1010 W. Note that 

the intensity does not matter; contrary to what intuition might tell you, it is the total 

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

1.8  Theory of ultrashort pulse propagation 

With short pulses, one has to account for the combined effects of the broad spectral 

bandwidths and the frequency dependence of the refractive index (dispersion). This is 

usually seen through the definition of the propagation constant: 

 

)()( ωωωβ n
c

=
                  (33) 

The propagation constant can be rewritten in a Taylor expansion around a central 

carrier frequency ω0 as: 

 

(34) 

 

The first order term of the expansion is related to phase velocity vp, which measures 

the propagation velocity of the single frequency line ω0. However, different frequency 

lines travel with different phase velocities as the system’s dispersion dictates. 

Therefore, the pulse envelope travels with a group velocity vg, which appears in 

second term of the above equation. Higher order terms are related to higher order 

dispersion.  In particular, the third term represents group velocity dispersion (GVD), 

which is responsible for changes in the shape of the temporal pulse envelope. The last 

term in the proceeding equation (third order dispersion) as well as higher order terms 

can be neglected to a first approximation for pulses exceeding ~50 fs in duration. 

Table 3 depicts the exact expressions for these quantities. All the quantities depend on 

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

  1.9  GVD and GVM 

Nonlinear pulse propagation in bulk media can lead to substantial 

modifications in the temporal, spectral or spatial characteristics of a given input pulse. 

It has been realized earlier that when a pulse propagates in a Kerr-type medium there 

is a perfect analogy between the spectro-temporal behaviors of the pulse shape with 

the spatial behavior of the pulse spatial profile. The Kerr effect leads to the self-phase 

modulation (SPM) of a pulse, which affects its spectral width by broadening it, 

without affecting the pulse temporal duration. The amount of spectral broadening 

depends on the pulse intensity, interaction length and the nonlinear index of 

refraction, n2, which can be positive or negative and is a characteristic of the medium. 

When acting on the spatial domain, the Kerr effect leads to self-focusing, if n2 >0, or 

self defocusing, if n2 <0, of a beam propagating in a nonlinear material. Inherent 

effect acting on the beam profile is the diffraction, which always broadens the beam 

width. In the time domain, the group velocity dispersion is responsible for the pulse 

width broadening, and even though it can be positive or negative, always leads to 

pulse broadening. NLO crystals are frequently used in generation of new frequencies 

with ultrashort pulses. During the frequency conversion process the maximum 
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achievable pulse duration is often limited by the group velocity mismatch between 

fundamental and the second harmonic pulses.  A phase shift which varies linearly 

with frequency corresponds to a time delay, without any change of temporal shape of 

the pulse.  Higher order phase shifts, however, tend to modify pulse shape are thus of 

relevance for the formation of short pulses and frequency conversion experiments.  

Due to the large bandwidth associated with these ultrashort pulses dispersion 

compensation is an important phenomenon [50-56].  We are progressing towards 

studying the process of the ultrafast dynamics of high energy materials using pump-

probe techniques.  We are interested in generating new wavelengths in the UV-visible 

spectral region by converting the fs pulses in the IR spectral region.  Beta Barium 

Borate (β-BaB2O4, BBO) has been identified as the potential nonlinear optical crystal 

and has been investigated extensively for frequency conversion.  We attempt to study 

the ultrashort pulse (≤50 fs) broadening effects due to group velocity mismatch in this 

crystal along with the propagation properties of these pulses in various media. We 

compare our simulations with the autocorrelation data obtained from BBO crystal 

using ~40 fsec, 800 nm pulses from an optical parametric amplifier.  A variety of 

pumps/ probes are essential to perform these studies and the knowledge (a) generating 

ultrashort UV-visible pulses from IR pulses (b) their properties after passing through 

various optical components is necessary in such endeavors.  

BBO is a nonlinear optical crystal which combines a number of unique 

features including wide transparency and phase matching ranges, large nonlinear 

coefficient, high damage threshold and excellent optical homogeneity.  Frequency-

doubling and tripling of ultrashort-pulse lasers are the applications in which BBO 

shows superior properties to KDP and ADP crystals (d11 = 2.3 pm/V).  An ultrashort 

laser pulse of even 10 fs can be efficiently frequency-doubled with a thin BBO, in 

terms of both phase-velocity and group-velocity matching.  BBO's relatively narrow 

angular acceptance bandwidth (especially in the UV) may limit its usefulness in 

certain applications involving lasers with less than diffraction limited beam quality.  

BBO has a relatively large deff (2.01 pm/V at 1060 nm, 1.99 pm/V at 780 nm) but also 

a large walk-off which reduces the conversion efficiency.  Furthermore, BBO is 

hygroscopic, which limits the lifetime of the crystal.   

In the context of nonlinear frequency conversion with use of ultrashort pulses, 

a number of issues related to the above quantities have to be addressed. First of all, 
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matching the phase velocities of the interacting waves is required for the process to 

build up in useful material lengths. However, even under perfect phase matching 

conditions the interaction length is limited by mismatch of the group velocities of the 

interacting pulses. Evidently, the group velocity mismatch (GVM) between two 

pulses with central frequencies νg(λ/2) and νg(λ)  is given by: 

[ ]
)(

1

)2/(

1
/

λλ gg vv
msGVM −=                           (35)                                                                          

Group velocity mismatch (or temporal walk-off) as defined above measures the time 

separation of the two pulses after a unit length of propagation in the dispersive 

medium. This can be used to define the actual interaction length, as the length L over 

which the two pulses of duration τ∆  do not overlap any more: 

GVM
L

τ∆=                    (36)

  

In turn, group velocity dispersion is responsible for temporal broadening of the 

pulse by introducing a linear phase chirp across the pulse. This can be understood as 

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

ωω d

dv

vvd

d
GVD g

gg
2

11 −=









=                  (37)  

Equation (3) suggests that the value of GVD is positive when the group 

velocity decreases as frequency increases. In this case, blue components travel slower 

and therefore can be found in the trailing edge of the pulse (normal dispersion). Thus, 

the instantaneous frequency increases in time, suggesting that the pulse is positively 

chirped (β >0). Applying similar argumentation, one can easily conclude that in 

presence of negative GVD (abnormal dispersion) the pulse is negatively chirped 

(β <0). The pulse broadening of an initially transform limited, un-chirped pulse with 

duration ∆τ, after propagation of length z in a dispersive medium, can be quantified 

as: 

2

2

1
D

z z

z+⋅∆=∆ ττ                                      (38)                                         

where zτ∆  is the pulse duration at z and zD is referred to as the dispersion length 

given by: 
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                               (39)

                                                                                                    

It should be noted that in eqns. 33 and 39 the second power of GVD and the chirp 

parameter β are involved. Therefore, a pulse travelling in a dispersive medium 

(irrespectively of the sign of GVD) faces a two-fold effect: a) it experiences temporal 

broadening and b) it departs from the transform limit value of the bandwidth-duration 

product. 

1.10 Scope and Organization of the thesis 

One of the fundamental goals of our centre (ACRHEM) is to understand the 

detailed mechanisms occurring at various time scales (especially in the sub-

picosecond time domain) during decomposition of energetic materials (i.e. during the 

release of their stored energy), and to apply this knowledge to create/synthesize 

improved/novel energetic species.  Achieving this goal will enable the production of 

new specific systems for better and more stable fuels, explosives, and mobile energy 

sources. Our main objective is to capture the ultrafast events occurring in HEMs such 

as RDX, HMX, TNAZ, CL-20 and DMNA etc.. In this pursuit we started with setting 

up of (a) degenerate pump-probe experiments with ps and fs pulses (b) improvise 

these to non-degenerate pump-probe and pump-white light probe experiments (c) 

finally establish near-IR pump/visible probe experiments for understanding the 

dynamics of energetic materials in a controlled fashion.  We were successful in setting 

up pump-probe experiments with ps and fs pulses, investigate a few novel organic 

materials, which are also potential candidates for photonics applications. This thesis 

deals with (a) setting up of pump-probe experiments with fs pulses (b) investigation 

of simple organic molecules which are third order nonlinear optically active materials 

(c) understand the decay dynamics with the presence/absence of nonlinear absorption 

in such molecules.  The decay dynamics depend on the input (pump) peak intensities 

exciting these molecules into high lying states. Further thesis chapters are organized 

as follows: 

Chapter 2 is devoted for discussion on instrumentation details of experiments of fs/ps 

degenerate pump-probe spectroscopy and fs/ps Z-scan. The ps/fs pulses were 

characterized using external autocorrelation in BBO crystal and a single shot 
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Autocorrelator (SSA).  Furthermore, the fs (1 kHz) pulses were characterized using 

Silhouette (Coherent).  Initial pump-probe results on a few phthalocyanine thin films 

are presented. 

Chapter 3 present results from the detailed investigations of metal free base and 

metal substituted dinapthoporphycenes using fs pump-probe and ps Z-scan 

experiments. These compounds exhibited 2PA and 3PA with different input peak 

intensities with 800 nm excitation.  At lower energies (or peak intensities) there is 

possibility of 2PA while at higher peak intensities 3PA was observed since both these 

processes are intensity dependent.  Our detailed studies indicated that at lower peak 

intensities (typically <100 GW/cm2) 2PA prevailed and at higher peak intensities 

(typically >100 GW/cm2) 3PA was the dominant mechanism.  The order and 

magnitude of 2PA and 3PA cross-section were also calculated. Fs pump-probe data 

indicated photo-induced absorption at 600 nm resulting from two-photon/single 

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

 

Chapter 4 presents results from the ps NLO studies of three novel 

cyclo[4]naphthobipyrroles (octaisopropyl cyclo[4]naphthobipyrrole, octa-n-propyl 

cyclo[4]naphthobipyrrole, and octa-n-pentyl cyclo[4]naphthobipyrrole) at 

wavelengths of 600 nm, 640 nm, 680 nm, and 800 nm by Z-scan technique. The 

excited state decay dynamics were investigated using degenerate pump-probe 

experiments with ~70 fs pulses near 600 nm. The process of ultrafast relaxation is 

depicted with the help of Jablonski diagram. 

 

Chapter 5 presents the detailed investigation of both metal free base and metal 

substituted phthalocyanines (Pc-1, Pc-2, and Pc-3) using Z-scan with ps pulses. Two 

novel sterically demanded phthalocyanines (Pc-1, Pc-2) were synthesized and 

characterized.  Nonlinear optical (NLO) properties were evaluated at wavelengths of 

600 nm, 640 nm, 680 nm, and 800 nm using ps pulses and further studies with fs 

(~140 fs) pulses at 800 nm have been performed. Two-photon absorption (2PA) and 

saturable absorption (SA) were the dominant nonlinear absorption mechanisms 

observed with ps/fs excitation at different wavelengths.   NLO coefficients were 

extracted from ps/fs closed and open aperture Z-scan measurements.  The excited 

state decay dynamics were investigated using degenerate pump-probe experiments 

with ~70 fs pulses near 600 nm. Double exponential fits of the pump-probe data 
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suggested two decay times for both the molecules investigated. Similar experiments 

were performed with a novel Thio-Zinc phthalocyanines (Pc-3) dissolved in THF. 

NLO coefficients were calculated   and the excited state dynamics were evaluated.  

 

Chapter 6 demonstrate results from the detailed investigation of 3,8,13,18-

tetrachloro-2,7,12,17-tetramethoxyporphyrin and its metallo-derivatives by using 

fs/ps Z-scan and pump-probe techniques.  The free-base molecule is unique owing to 

the presence of an electron donating methoxy group and electron withdrawing chloro-

group on the adjacent β- positions of each pyrrole moiety. We discuss the NLO 

response of metal free and metal (Zn, Ni) substituted porphyrins in chloroform using 

Z-scan technique with ~40 fs and ~2 ps, 800 nm laser pulses. Excited state dynamics 

were investigated using pump-probe experiments with fs pulses near 600 nm.  Such 

molecules have been demonstrated to detect explosives using florescence quenching 

methods.  Some of these porphyrins have been used for explosives sensing in the 

liquid state using fluorescence quenching method [57]. 

 

Chapter 7 consists of the future prospects and the potential of investigated 

macromolecules and summarizes the results obtained in this thesis. Some discussion 

on the nature and lifetimes of various energetic molecules will be presented.  

Decomposition mechanisms of new energetic materials in excited electronic states 

will be discussed. Future directions for upgrading the present experiments to 

investigate simple HEMS are outlined.  Newly synthesized novel organic macro 

molecules which have comparable (to visible excitation) gap between ground state 

and excited state were usually selected for time resolved study. Moreover, nonlinear 

optical processes (third order) are prominent in these molecules for studying multi-

photon processes. We have investigated NLO properties of organic macromolecules 

with different pulse width and different wavelength interactions are observed.The 

ultimate goal of our group at ACRHEM is (a) to perform ultrafast spectroscopic 

measurements during the detonation/decomposition of HEMs (b) to develop 

techniques using ultrashort pulses for standoff detection of explosive molecules [see 

for e.g. 58]. 
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2.1  Ultrafast Laser Sources 

High power pulsed lasers are attractive due to their potential applications in a 

diversified fields such as defense, communications, lithography, biomedical research 

etc.. At present kW to PW (peak power) lasers are commercially available in the 

market for various technological applications. Phenomena such as Q-Switching, 

Mode-locking and Chirp Pulse Amplification (CPA) assist the production of high 

energy pulses (ns to fs).  One of the most common current ultrafast pulsed lasers 

include Ti-sapphire lasers. Generally, these short pulse laser sources aim to be cost 

effective, robust, and technologically simple.  In 1982 researchers at Lincoln 

Laboratory operated a tunable laser based on Ti: Al2O3 for the first time [1a].  The 

most recent advances in the field of ultrashort pulse generation have been around the 

development of titanium-doped aluminum oxide (Ti3+:Al 2O3) as a gain medium. 

Ti:sapphire was introduced in 1986 and is the most favored gain medium, producing 

ultrashort pulses with good beam quality and high output power.  The larger Ti3+ ion 

replaces 0.1% of Al3+ ion in the sapphire structure a few percent to progress in 

crystal growth. The ionic radius of the titanium ion is 26% larger than the aluminum 

one it replaces; induces a strong local distortion in the titanium ion, which then 

creates a strong local electric field. This means the absorption band is abnormally 

wide in the blue-green part of the spectrum. Under influence from the generated 

local electric field the absorption at these visible wavelengths excites electrons from 

a 2Tg ground state to a 2Eg excited level, which then splits into two sublevels 

200000 cm-1 apart. The vibrational modes of the sapphire matrix are strongly 

coupled with the ground and excited states of the Ti3+ ion, which induces strong 

homogenous broadening.   

Some of the special properties of the Ti:sapphire gain medium [1b] are: 

• Sapphire (monocrystalline Al2O3) has an excellent thermal conductivity, 

lessening thermal effects even at high laser powers/intensities. 

• Ti3+ ion has a very large gain bandwidth, permitting the generation of 

ultrashort pulses combined with wide tunability in wavelength. The maximum 

gain, laser efficiency are obtained near 800 nm. The possible tuning range is 
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~ 650-1100 nm, but different mirror sets are normally required for covering 

this huge range. The number of mirror sets required can be reduced by using 

ultra broadband chirped mirrors, which have been developed by various groups 

recently. 

• There is also a wide range of possible pump wavelengths, which however are 

located in the green spectral region (typically 532 nm), where powerful laser 

diodes are not available. In the majority of cases, several watts of pump power 

was used, sometimes even 20 W (in our laser we use a 10 W pump laser).  

Originally, Ti:sapphire lasers were in most cases pumped with 514-nm argon 

ion lasers, which are powerful, but very inefficient, expensive to operate, and 

bulky. Other kinds of green lasers are now available, and frequency-doubled 

solid-state lasers based on neodymium-doped gain media are widely used. The 

pump wavelength is then typically 532 nm, with a slightly reduced pump 

absorption efficiency compared with 514 nm. 

• The upper-state lifetime of Ti:sapphire is short (~3.2 µs), and the saturation 

power is very high. This suggests that the pump intensity has to be high, so that 

a strongly focused pump beam and thus a pump source with high beam quality 

will be essential. 

• Despite the huge emission bandwidth, Ti:sapphire has relatively high laser 

cross sections, which reduces the tendency of Ti:sapphire lasers for Q-

switching instabilities. 

• Ultrashort pulses from Ti:sapphire lasers can be generated with passive mode 

locking which utilizes kerr lens effect as principle phenomena usually in the 

form of Kerr lens mode locking. 

• Ti:sapphire is also used for multi-pass/regenerative amplifiers. Particularly 

with chirped-pulse amplification, such devices can reach enormous output peak 

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

 
Fs pulses [2] are now commonly available in numerous laboratories for 

employing pump probe techniques to understand chemical reactions on a ps/fs time 

scales.  Detailed knowledge of temporal intensity profile of such laser pulses is 

important in many experiments. In addition it is often necessary to properly align the 
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laser system so that optimized (in terms of duration and energy) pulses are delivered.  

An improperly aligned grating compressor will not compress the pulse to desired 

pulse length. Due to non-availability of fast photo detectors to measure the pulse 

length several techniques such as Single Shot Autocorrelator (SSA) [3-5], 

Frequency Resolved Optical Gating (FROG) [6], GRating-Eliminated No-nonsense 

Observation of Ultrafast Incident Laser Light E-fields (GRENOUILLE) [7], and 

Spectral Phase Interferometry for Direct Electric-field Reconstruction (SPIDER) [8] 

have been invented over the last two decades.  Some of the methods just provide the 

temporal information whereas others provide detailed information about the short 

pulses (temporal and phase).  With detailed information about the input laser pulses 

one can (a) determine the temporal resolution of an experiment (b) determine 

whether a pulse can be made even shorter (c) understand various media: the better 

we know the light in and light out, the better we know the medium (d) use shaped 

pulses for possible applications in chemical reactions. 

The classical method of second order intensity autocorrelation consists of 

crossing two pulses in non linear crystal and measuring the second harmonic light 

beam produced when the temporal delay between the two initial pulses varies. 

However this technique gives information about the pulse duration and yields no 

information about the temporal shape of the pulses. This method can, therefore, only 

be applied to lasers with good stability and not for amplified ultrashort lasers which 

work at low repetition rate because the pulse stability is poor.  Consequently, it is 

necessary to use single shot measurements. The principle of an autocorrelator is to 

transform temporal information into spatial information which is easier to record.  In 

this chapter we describe the various laser sources used in different experiments for 

studying the ultrafast response of organic molecules.  The oscillator, amplifier, and 

OPA were commercial systems (MICRA, LEGNED, TOPAS). Furthermore, we also 

present the basic theory of various techniques utilized in the present studies such as 

degenerate pump-probe technique and Z-scan.  Pump-probe studies were performed 

with both ps (800 nm) and fs (~600 nm) pulses.  Z-scan studies were performed 

using ps (600 nm -800 nm, 1 kHz) and fs pulses (800 nm, 80 MHz and 1 kHz) 
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2.2  Micra Layout 
 

 

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 nm generates 500-800 mW output 

power with bandwidth 40-60 nm. 

2.3  Fs amplifier (LEGEND) Layout 
 

 
Figure 3 Inside view of LEGEND amplifier (Coherent Inc.) [10]. 
 
Legend (Ultrashort Pulse, USP) is a scientific and industrial regenerative amplifier 

CPA laser system as shown in figure 3 using all-solid–state technology and is 

capable of producing femtosecond pulses with an average energy of ~2.5 mJ at 800 

nm delivering pulses at 1 kHz repetition rate.  Legend consists of three assemblies 

(a) pulse stretcher (b) Ti:Al2O3 regenerative amplifier and (c) a pulse compressor. 

The sapphire rod is pumped by the 20W pump source (Evolution, Nd:YLF) at 527 

nm. Legend (USP) uses regenerative amplification rather than complex multi-pass 

technology.  Regenerative amplification provides better beam quality, stability, and 

simplicity of use for the <40 fs operating range.  

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

 
TOPAS-C is pumped by a fundamental harmonic of Ti:sapphire lasers and 

covers wavelength range from 1150 to 2600 nm. With optional frequency mixers 

this range can be extended from 189 nm to 20 µm.  TOPAS-C (schematic/inside 

view is shown in the figure 4) is a two-stage parametric amplifier of white-light 

continuum. Its basic configuration comprises of several subunits: pump beam 

delivery and splitting optics, white-light continuum generator (WLG), a pre-
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amplifier or first amplification stage (PA1), a signal beam expander-collimator (SE) 

and a power amplifier or second amplification stage (PA2). These subunits are 

arranged in a single compact unit.  The device employs computer controlled 

translation and rotation stages that allow for a fast and precise optimization of 

positions of certain optics when tuning the output wavelength of TOPAS-C.   

 

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

Small fraction (~1-3 µJ) of pump pulses at 800 nm is used to produce a white 

light continuum (WLC) in sapphire plate. The WLC beam and another fraction (30-

50 µJ) of the pump beam are focused into the pre-amplifier crystal.  The pulses are 

timed and overlapped noncollinearly inside the nonlinear crystal, where parametric 

amplification takes place. A non-collinear geometry is used for easy separation of 

the amplified signal beam. The residual pump and idler beams are blocked by a 

beam blocker after the crystal. The signal beam is expanded and collimated by a lens 

telescope, and transported into the second amplification stage. The power amplifier 

is usually pumped by the bulk of the input pump beam. The pump beam size is 

reduced to achieve necessary pump intensity by a lens-mirror telescope.  The beam 

is kept collimated after the telescope. The pump and signal beams are overlapped 

collinearly in the second nonlinear crystal. As a result the TOPAS-C outputs 

collinear well collimated signal and idler beams. Optional frequency mixers can be 

used at TOPAS-C output to extend the tuning range into visible, ultraviolet and/or 

infrared. The wavelength tuning in the pre-amplifier stage is achieved by changing 

the delay of the white-light pulse with respect to the first pump pulse and adjusting 
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the crystal angle for optimal phase-matching. The wavelength tuning in the power-

amplifier is achieved by first adjusting the pre-amplifier wavelength and then 

optimizing the second crystal angle and signal delay with respect to the second 

pump beam. The wavelength can be changed easily through a computer using a 

dedicated software package WinTOPAS. 

2.5   Measurement of fs/ps pulses spectra 
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Figure 5 Output of MICRA (femtosecond oscillator) as measured by Ocean optics 
spectrometer (USB 4000).  Bandwidth (FWHM) of output was found to be ~40 nm at 800 
nm. Dotted line is the fit while black line is the data. 

 

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

~600 mW) from MICRA output goes in to LEGEND (USP) while 80% seeds a ps 

amplifier (LEGEND, ~2 ps).  Figure 5 shows a typical spectrum obtained from 

MICRA. The output pulse duration (and hence the bandwidth) can be tuned by 

adjusting the prisms inside MICRA. The pulse duration can be adjusted from ~12 fs 

to ~100 fs with corresponding bandwidth adjustment possible from ~90 nm to ~10 

nm.  Typically a bandwidth of 50-55 nm (FWHM) is required and utilized for stable 

operation of the fs amplifier. The ps amplifier does not require such bandwidth.  

However, the lasers were designed such that both the amplifiers can work 
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simultaneously with single seed.  Figure 6 shows a typical output spectrum from fs 

amplifier (~25 nm FWHM).  Fully compressed pulses had a FWHM of ~28 nm). 
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Figure 6 Output of fs amplifier measured by a spectrometer (USB 4000). Band width was 
found to be (FWHM) ~25 nm at 800 nm.  Dotted line is the fit while black line is the data. 
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Figure 7 Output of LEGEND ps amplifier measured at 800 nm by Ocean optics 
spectrometer (USB 4000). Band width was found to be FWHM ~ 1.5 nm.  
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The bandwidth can be adjusted by changing compressor position in the amplifier.  

An optimized bandwidth (shortest pulse duration) was obtained each time by 

looking at the plasma generated in air or optimizing the output of TOPAS C 

(maximum output occurs only for shortest and compressed pulses).  Figure 7 shows 

a typical spectrum from ps amplifier (~1.5 nm FWHM).  The pulse duration in both 

fs and ps case were measured using autocorrelation techniques (both external and 

using a single shot autocorrelator).  

 

2.6  Intensity autocorrelation 

Intensity autocorrelation(2)( )A τ , is an attempt to measure the pulse intensity 

vs. time.  It is the result of pulse used to measure itself in time domain. It involves 

splitting the pulse into two and delaying temporally and spatially overlapping them 

onto the non linear second harmonic generating (SHG) crystal. A SHG crystal will 

produce the twice the frequency of input light with a field that is given by  

        
( , ) ( ) ( )SHG

sigE t E t E tτ τ∝ −
              (1)

 

Where τ is the delay between two pulses. The resultant field intensity is proportional 

to the product of intensities of two input pulses: 

( , ) ( ) ( )SHG
sigI t I t I tτ τ∝ −

               (2) 

Intensity autocorrelation or autocorrelation is given by 

                                   (2)( ) ( ) ( )A I t I t dtτ τ
∞

−∞
= −∫               (3)

 

The autocorrelation trace yields a rough measure of the pulse intensity width 

and, for very complex pulses, a rough measure of the pulse spectral width. But this 

is all that it yields. It says nothing of the actual spectrum or the intensity structure. 

Thus, a pulse intensity shape and phase must typically be assumed when using any 

type of autocorrelation.  The resulting pulse length will depend sensitively on the 

shape chosen.  A relative delay of one pulse length will typically 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 ultrashort pulses dispersion is an 

important phenomenon that needs to be understood and countered [12-17].  BBO is 

a potential nonlinear optical crystal for frequency conversion in the UV-visible 

region. During initial stages we performed autocorrelation measurements externally 

using a 2-mm BBO crystal (type I critically phase matching for SHG, 29.10 cut).  

Figure 8 shows the schematic of the non-collinear external autocorrelation 

experiments performed on ~40 fs/~1.5 ps pulses at 800 nm. 

  

Figure 8 External autocorrelation measurements of fs pulses using BBO. 

Figure 9 shows typical autocorrelation data for ps pulses at 800 nm.  The 

pulse width obtained from the experiments was ~1.55 ps.  Throughout the thesis we 

assumed the ps pulses duration to be ~1.5 ps.  However, depending on the MICRA 

alignment and the ps amplifier alignment we expect the pulse duration to be in the 

range of 1.5-2.0 ps.  We also studied the pulse broadening effects due to group 

velocity mismatch in both these crystals along with the propagation properties of 
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these pulses in various media. We compared our simulations with the 

autocorrelation data obtained from BBO crystal using ~40 fs, 800 nm pulses.  BBO 

or beta-BaB2O4 is a NLO crystal possessing wide transparency and phase matching 

range, large nonlinear coefficient, high damage threshold and excellent optical 

homogeneity.  Figure 10 illustrates the autocorrelation data of ~40 fs pulses. The 

pulse duration retrieved was ~432 fs. 
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Figure 9 ps autocorrelation measurement depicting a pulse width of ~1.55 ps. SHG of 800 
nm radiation was used for these studies. 
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Figure 10 Fs autocorrelation (pulse width) measurements using BBO crystal (800 nm to 
400 nm SHG). 
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Experiments, Simulations and Results:  

The group velocity mismatch (GVM) and group velocity dispersion (GVD) were 

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

Sellmeier equation for BBO:  

no
2(λ0) = 2.7359+0.01878/(λ0

2 -0.01822)-0.01354 λ0
2 

ne
2(λ0) = 2.3753+0.01224/( λ0

2-0.01667)-0.01516 λ0
2 

At  λ0= 800 nm Vg (λ0/2) = 1.6830 × 108 m/s, Vg (λ0)  =  1.7810 × 108 m/s  &   

GVM = 194 fs/mm GVD at 800 nm is 74.735 fs2/mm for BBO. 
 

 

Figure 11 Pulse broadening as a function of crystal length for (a) 10 fs pulse (b) 50 fs pulse. 

 

Figure 12 GVD in BBO as a function of wavelength. 
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Figure 11 illustrates the pulse broadening effects of 10 fs and 50 fs pulses when 

passed through BBO. Figure 12 demonstrates the variation of GVD in BBO as a 

function of wavelength.  Group velocity mismatch (GVM) for 800 nm SHG (to 400 

nm) in BBO was estimated to be ~ 194 fs/mm.  From these simulations we have 

extracted the pulse duration after travelling the BBO crystal (~2 mm) to be ~388 fs 

(GVM × L = 194 fs/mm × 2 mm) [17].  Our experimental value observed was ~432 

fs. Thus the experimental and theoretical pulse width values were ~432 fs and ~388 

fs, respectively, which matched reasonably well. Table summarizes the values of 

group velocity and group velocity dispersion (GVD) of common optical materials 

and crystals which will be helpful in estimating the pulse broadening. 

 

Material R.I. @ 800 nm 
Group velocity 

(vg) m/s 

Group Velocity 
Mismatch (GVM)  

(fs/mm) for SHG of 
800 nm  

Group Velocity 
Dispersion 

(fs2/mm) 

Quartz 1.4533 2.04×108  - 36.13 

SF10 1.7113 1.71×108 - 158.9 

Sapphire 1.7602 1.68×108 - 58.06 

Calcite 1.6487 1.68×108 - 76.20 

BBO 1.6606 (no) 1.78×108 194.0 74.73 

BiBO 1.9191 (n1) 1.52×108 592.9 164.22 

LBO 1.5692 1.68×108 123.0 40.33 

LiNbO3 2.2552 1.61×108 3736.4 429.58 

KD*P 1.5543 1.43×108 7654 1334.8 

KTP 1.7487 1.67×108 981.8 201.44 

KDP 1.5015 1.68×108 77.0 27.33 

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

SSA provides complete temporal characterization (sans phase information) 

of ps/fs pulses.  Laser pulses are split into two beams, which are then non-collinearly 

frequency doubled in a non-linear crystal (KD*P). Figure 13 shows the layout of 

SSA. The relative wave front tilt produces a spatial time delay in the frequency-

doubled signal, resulting in an autocorrelation of the temporal intensity profile of the 

pulse. The autocorrelation is detected by a CCD array that is read out on a standard 

laboratory oscilloscope or captured with a computer DAC. A variable delay line is 

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

 

Figure 13 Inside view of a single shot autocorrelator.  

In fs mode, the geometric wave front tilt introduced by non-collinearly 

crossing the beams in the crystal is sufficient to measure sub-picosecond pulses. One 

can measures temporal pulse widths ranging from 30 fs to 20 ps. It covers 

wavelengths in between 530 nm to 1600 nm.  The autocorrelation signal was 

detected by CCD array that read out on Tektronix 1320B series oscilloscope as 

explained in section 2.2.  A single shot autocorrelation trace (data shown in figure 

14) is obtained by mapping the delay onto position and spatially resolving the 

autocorrelation signal using camera or array detector. This involves crossing of two 

beams in the nonlinear-optical crystal at large angle, so that on the left, one pulse 

precedes the other, and, on the right, the other precedes the one. In this manner, the 

delay ranges from a negative value on one side of the crystal to a positive value on 

the other.  Typical pulse duration measured using SSA was ~54 fs. Depending on 

KD*P 

Beam Splitter 

Retro 

CCD Array 
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the compressor position within the amplifier and the number of optics the fs laser 

pulses are passing through the pulse duration (originally fully compressed pulses 

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

2.9   Pump-probe transmission 

 

Figure 15 Typical absorption schematic according to the Beer-Lambert Law. Initially, 
radiation of intensity I is incident on a sample of length b and total area A. For a subsection 
of the sample of width dz, z deep into the sample along the propagation axis of the incident 
light (arriving at z now with intensity I0), a certain amount of light (dI) is absorbed by the 
sample [n(z) particles] with absorption cross section s. Finally, the light emerges from the 
sample with intensity I. (adapted from thesis of Erik Robert Hosler [23c]). 
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We can see from figure 18 the various processes at sample position. 

Absorption by a sample may be derived starting with a small subsection of the total 

sample.  Given that light of initial intensity I is incident on a sample of interaction 

length b, over an incremental section dz, dI light is absorbed from the initially 

incident light intensity, I0 (at some position (z) within the sample such that some 

light has already been absorbed from I), on the subsection of area A 

 

��
�� =	−� ∗ 	
�� ∗ ��																																																																																																												
4� 
The total number of absorbers illuminated by the incident light source within the 

subsection of volume Adz is n(z) and each absorber has a cross-section for 

absorption of σ. Then, integrating over the total volume of the sample illuminated by 

the light source the total change in the absorption may be calculated: 

� ��
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���

���
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ln��� − ln���� = ln � ���� = 	−� ∗ 	��� ∗ �																																																																									
5� 
 

Here, the effective number density, neff, accounts for the pressure gradient 

encountered in the gas phase experiments across the aperture of the target cell. 

Essentially, neff, reflects the total analyte molecules along the path length of the 

incident light, which are more accurate than the absolute number density. The total 

absorbance of the sample in terms of the incident and transmitted light intensities is 

then:  

   ������ 	!"	 = #	 $ %%&' = � ∗ 	��� ∗ �                                 (6) 

 

Where transmittance is given as: 

 

(� 	�)*��*�	 = 	 "+,∗-.//∗0																																																																																														
7�   
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The optical density of the sample may then be written as: 

 

234�5678�9
:� = −#�;<�=	"+,∗-.//∗0	>                                                            (8) 

 

By utilizing the Beer-Lambert law optically density in base10 a direct comparision 

may be made between the  absorbed light and the incident light i.e.if a sample of  

given density and the absorption section initially has an optical density of 0.5 and 

subsequently has an optical density of 0.25 after the pertubation.  Therefore, 

absorption spectroscopy provides a unique method for monitoring chemical 

dynamics in real-time given sufficient temporal resolution relative to the 

investigated phenomena. 

2.10 Theory of Pump-Probe spectroscopy  
 

To describe a pump-probe experiment [18, 19], let us consider a situation in 

which the sample is illuminated by two pulses: a pump pulse, centered at time zero,     

�?7
@� = �<
@�, and a probe pulse delayed by a time τ, �?8
@� = �A
@ − B�. Calling α0 

the linear optical absorption coefficient of the sample, the pump pulse perturbs it 

inducing a variation given by  

∆D
@� = E �<
@F��
@ − @F��@F = �<
@� ∗ �
@�G
+H 																																																												
9�  

where the symbol * stands for convolution and A(t) is the impulse response of the 

medium, whose determination is usually the object of the experiment. The probe 

pulse intensity changes by 

∆�J8
@� = �?8
@�"+K&9
"+∆K
G�9 − 1� ≈ �?8
@�"+KN9OD
@�                                 (10)     

where d is the sample thickness, and the perturbation induced by the pump pulse is 

assumed to be small (∆αd ≪ 1). 

The pump induced variation of probe energy is 
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 ∆:?8
B� = E ∆�?8
@F��@FQH
+H                                                                                    (11) 

= R� �A
@F − B��@F
QH

+H
� �<S@"U�
@F − @"�

QH

+H
																												 

�@" = R�A
@� ⊗ ��<
@� ∗ �
@��																																																																																										
12� 

where the symbol ⊗ stands for cross-correlation. By a change of variables, equation 

24 can be cast in the  form 

∆:?8
B� = �
@� ∗ ��< ⊗ �A� = �
@� ∗ X
@�                                                            (13) 

where X
@� = E �<
@��A
@ + B��@FQH
+H  is the cross-correlation of pump-probe 

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

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

the need to use very short pump and probe pulses to resolve fast temporal dynamics. 

All dynamical processes taking place on the time scale much shorter than the pump-

probe cross-correlation are averaged out by the experiment. 

 

For time delays τ much longer than the duration of pump-probe cross-

correlation, when pump and probe pulses are not temporally overlapped, one can 

simplify equation (3) to O:?8 = −OD
B��"
+K&9� E �?8
@��@QH
+H        

so that the normalized probe energy variation becomes 

 
∆Z
Z = ∆[\]

[\] = −∆D
@��                                                                                      (14) 

To calculate the absorption change ∆α, let us assume that the system under study 

consists of n electronic states, with populations Nj, which are changed by the pump 

pulse by an amount ∆Nj.  One can then write 

∆D
^, B� = ` �ab
^��∆ca
B� − ∆cb
B��
d

a,b�<
																																																																				
15� 

Where �ab is the frequency-dependent cross section for the transition between state 

Ni  and state Nj . The resulting differential transmission change is 
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∆Z
Z 
^, B� = −∆D� = ∑ �ab
^��∆ca
B� − ∆cb
B��da,b�<                                            (16) 

 

∆T/T signal depends on both pump-probe delay and probe frequency ν, at each 

frequency the signal can be the result of the overlap of several transitions, each 

weighted with its cross-section.  

2.11 Physical processes involved in pump-probe spectroscopy 

 

The differential transmission (∆T=TPump,ON–TPump.OFF) is observed by measuring the 

probe transmission when sample is pumped on and pumped off. It is possible to find 

information about excited state molecules or atoms at a specific time after 

excitation.  The time resolution and information about the kinetics of the molecules 

or atoms can be obtained by measuring the delay between pump and probe. When 

sample absorbs a photon from pump beam it is promoted to excited state.  Three 

important physical processes can occur. 

   

 

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 which results in reduced number 

of molecules in the ground state.  There will be an increase in transmission at the 

wavelength where molecules absorb in the ground state. A positive signal of (∆T>0) 

is obtained in this case. 

2.11.2 Stimulated Emission (SE)  

Pump populates the excited state in such a way that the probe can stimulate 

those molecules at excited state to return back to ground state and photon identical 

to an excited photon will be released. The quantity of photo releases will increase 

thus increase in the differential transmission (∆T >0). 

∆f
g�
f = y� + A<e+
g+g&� τkl + AAe+
g+g&� τml + Ane+
g+g&� τol                                      (17) 

The signal is caused by the excited state population which can be excited further to 

higher energy level by probe pulse.  There will be increase of the absorption by 

probe beam thus decrease in transmission by the probe beam (∆T <0). [20] 

2. 11.3 Excited State Absorption (ESA) 
 

Pump pulses reduces the number of absorbing molecules in ground state 

inducing, at probe frequencies equal to or higher than the ground state absorption, an 

absorption decreases; this is so called ground state bleaching (PB), giving rise to a 

transmission increases (∆T/T >0).  At the same time, pump pulses populate the 

excited state, so that a probe photon can stimulate emission (SE) signal, also causing 

a transmission increase (∆T/T >0) occurs at probe frequencies equal or lower than 

ground state absorption.  For some probe frequencies PB and SE overlap, while for 

other pure SE signal is observed. Finally, the excited state populated by the pump 

pulse can absorb to some other higher-lying level; this so-called photo-induced 

absorption (PA) causes a transmission decrease (∆T/T <0). PA can occur at any 

probe frequency, depending on the energy level structure of the molecule under 

study; in particular, it can sometimes spectrally overlap 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 [18-22] were performed near 

600 nm. The liquid samples were taken in a 5 mm thick glass cuvette. The samples 

were excited with pulses from 1 kHz optical parametric amplifier (TOPAS-C, Light 

Conversion, Coherent) delivering pulses of ~70 fs duration pumped by a Ti:sapphire 

regenerative amplifier.   The pulse-width at the sample in our fs experiments was 

estimated (taking into account the optics and lenses involved) to be ~70 fs. Pump 

pulses in the energy range of 5–50 µJ were used. The probe beam diameter was ~2 

mm, and pump beam diameter was ~4 mm.  

 

Figure 17 Typical arrangement of fs pump-probe experiment at 600 nm. 

The pump beam was focused using a 150 mm lens, while the probe beam 

was focused using a longer focal length lens (500 mm). The ratio of pump to probe 

intensities was > 20. The pump beam was modulated at 109 Hz with the help of a 

chopper and the change in transmitted probe intensity was measured using a 

combination of a photodiode (SM05R/M, Thorlabs) and lock-in amplifier (7265, 
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Signal Recovery). The polarization of pump/probe beams was perpendicular to 

avoid coherent artefacts [23].  Schematic and actual fs experimental set up can be 

seen from the data presented in figures 17 and 18.  The crucial aspect in pump-probe 

experiments is the maximum overlap between pump-probe at the sample.  The zero 

delay is adjusted properly to tune both side i.e. +ve and –ve sides. The variation of 

pump-probe diameter was also optimized.  The ratio of pump power to probe power 

was 50:1 or better.  Dispersion less mirrors are used for the experiments. Angle of 

overlap between pump and probe   (~50) was optimized to achieve better signal 

noise ratio. The crucial zero delay is the key issue in pump-probe experiment. All 

efforts were made for both spatial and temporal overlap of the beams meet at the 

sample. Polarization of the beam was modified using a half wave plate and Brewster 

polarizer combination. Sufficient care was taken for achieving stability of input laser 

beam throughout the scan. Laser TTL pulses can be seen as yellow lines and 

chopper output at 500 Hz in the figure 19.  It was observed that chopper square 

wave pulse drifts with triggered TTL laser pulse. Therefore, we have taken care so 

that frequency of the chopper should not be multiple of line frequency 50 Hz. Later 

on we have taken an optimized chopper frequency of 109 Hz and the observed TTL 

pulse was quite stable. We had collected average of 10 pulses per second for 

achieving superior signal to noise ratio. 

  

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

 

2.13  Ps pump-probe experiments at 800 nm 
 

 

Figure 20 Typical arrangement of a ps pump-probe experiment at 800 nm. 
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In the ps pump-probe set up, pump and probe beam diameters were ~4 mm, ~2 

mm, respectively. The molecules were excited by pulses from 1 kHz Ti:sapphire 

regenerative amplifier (LEGEND, Coherent) delivering pulses of ~1.5 ps duration.  

The pump and probe beams were focused using single 200 mm lens. Typical peak 

intensities of pump and probe beams were ~150 GW/cm2 and ~2–4 GW/cm2, 

respectively. The ratio of pump to probe intensities was at least 75. The focusing 

was such that the probe beam diameter was ensured to be slightly smaller than the 

pump beam diameter. The schematic of experimental set up is illustrated in figure 

20. 

2.14    Z-scan experimental setup  
 

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

[25] to measure the nonlinear optical parameters. The changes due to the absorptive 

nonlinearity give rise to saturable absorption (SA) and reverse saturable absorption 

(RSA) effects in Z-scan profiles. On the other hand, changes in nonlinear refraction 

appear as peak-valley or valley-peak in the Z-scan profiles. In this technique the 

transmitted energy is measured as a function of the sample position. Information on 

nonlinear absorption (NLA) and nonlinear refraction (NLR) are determined by 

keeping in view of the geometry of the experimental setup. To obtain information on 

the NLA, the open aperture (OA) geometry is used in which all the transmitted 

energy is collected. In the case of NLR the transmitted energy is collected through 

the aperture centered on the beam in the far field (known as the closed aperture (CA) 

Z-scan) [26].  

2.14.1 Ps Z-Scan experiments (800 nm) 
   

Z-scan measurements [27-30] were performed using ~2 ps, 800 nm pulses 

with a repetition rate of 1 kHz from an amplified Ti:sapphire system (Legend, 

Coherent) as shown in figure 21. The pulses were nearly transform limited and this 

was confirmed from the bandwidth and pulse duration measurements using an 

external auto-correlation experiment in a BBO crystal.  The amplifier was seeded 
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with pulses of duration 15 fs (spectral bandwidth of 55 nm) from the oscillator 

(Micra, Coherent Inc.).  

Stage 

Lens 20 
cm Sample

Photodiode
SM1PD2A
(Thorlabs)

~2 ps, 2.0 mJ, 
1 kHz

Micra, 
Oscillator

Legend,  
Amplifier

NDF
Neutral
Density 
Filters

Newport
ILS250PP

~15 fs, 1.0 nJ, 
80 MHz

PC

Lock-in
Amplifier

Aperture

Lens

 

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

 

A quartz cuvette (1-mm thick) containing the sample solution was traversed 

in the focusing geometry enabled by an achromat lens of 200 mm focal length.  The 

beam waist (2ω0) at focal plane was estimated to be ~80 µm with a corresponding 

Rayleigh range (Zr) of ~6.0 mm ensuring the validity of thin sample approximation.  

The Z-scan was performed over a distance of 10Zr using a high-resolution linear 

translation stage (Newport ILS250PP) by recording the sample transmittance using a 

sensitive power sensor (Coherent PS19). A LabVIEW program was written and used 

for automating the data acquisition of all the Z-scan experiments.  The experiments 

were performed with peak intensities in the range of 50–400 GW/cm2.  The closed 

aperture scans were performed at low peak intensities (<100 GW/cm2) to ensure that 

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

 

Figure 22 Experimental schematic of ps Z-Scan at other than 800 nm (using TOPAS). 

 

Z-scan measurements [5] were performed at 560 nm, 580 nm, and 600 nm, 

640 nm, 680 nm, 700 nm using ~1.5 ps (FWHM) pulses with a repetition rate of 1 

kHz from TOPAS (Light Conversion) pumped with an amplified Ti:sapphire system 

(LEGEND, Coherent).  The amplifier was seeded with pulses of duration ~15 fs 

(FWHM of ~60 nm) from an oscillator (Micra, Coherent).  A quartz cuvette (1 mm 

thick) containing the sample solution was traversed in the focusing geometry 

enabled by an achromat lens of 200 mm focal length.  The beam waist (2ω0) at focal 

plane was estimated to be 60±4 µm (FW1/e2M) with a corresponding Rayleigh 

range (Zr) of 3.5±0.4 mm ensuring the validity of thin sample approximation.   
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2.14.3 Femtosecond Z-Scan experiments (1 kHz excitation) 

Stage 

Lens 20 
cm Sample

Photodiode
SM1PD2A
(Thorlabs)

~40 fs, 2.0 mJ, 
1 kHz

Micra, 
Oscillator

Legend,  
Amplifier

NDF
Neutral
Density 
Filters

Newport
ILS250PP

~15 fs, 1.0 nJ, 
80 MHz

PC

Lock-in
Amplifier

Aperture

Lens

  

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

The amplifier was seeded with pulses of duration ~15 fs (FWHM) with a 

spectral bandwidth of 55-60 nm (FHHM) from the oscillator (Micra, Coherent).  A 

quartz cuvette (1-mm thick) containing the sample solution was traversed in the 

focusing geometry enabled by an achromat lens of 200 mm focal length.  The beam 

waist (2ω0) at focal plane was estimated to be 60 µm (FW1/e2M) with a 

corresponding Rayleigh range (Zr) of ~3.5 mm ensuring the validity of thin sample 

approximation.  Typically <1 µJ energy pulses were used for the experiments. The 

sample was translated using a high resolution stage (Newport, ILS250PP) and the 

transmitted light was collected using a lens and a photodiode (Thorlabs, SM1PD2A) 

combination. An aperture was placed in front of the lens for closed aperture scans 

and total light was collected during open aperture scans.  The photodiode output was 

fed to a lock-in amplifier (7265, Signal Recovery).  Several neutral density filters 

were used to cut down the input intensity before the sample and also the intensity 

reaching photodiode.  The translation stage and the photodiode/lock-in were 

controlled by a personal computer using a LabVIEW program.  Since the ultrashort 

pulses passed through several optical elements before entering the sample pulse 
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duration was estimated (theoretically) to be ~60 fs and this value was used for peak 

intensity calculations.  Fresnel losses from the optics were considered during these 

calculations. The Z-scan measurements were performed using ~40 fs (FWHM), 800 

nm pulses with a repetition rate of 1 kHz delivered by an amplified Ti:sapphire 

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

 

Figure 24 Typical MIIPS data obtained for femtosecond amplified pulses using the MIIPS 
(Multiphoton Intrapulse Interference Phase Scan) technique and Silhouette (Coherent)[33]. 

The pulses were nearly transform limited and this was confirmed from the 

MIIPS (Multi-photon intra-pulse interference phase scan) measurements using 

Silhouette (Coherent) as observed in figure 24 [33].  The amplifier was seeded with 

pulses of duration ~15 fs (FWHM) with a spectral bandwidth of 55-60 nm (FWHM) 

from the oscillator (Micra, Coherent). A quartz cuvette (1-mm thick) containing the 

sample solution was traversed in the focusing geometry enabled by an achromat lens 

of 200 mm focal length. The beam waist (2ω0) at focal plane was estimated to be 

52±2 µm with a corresponding Rayleigh ranges (Zr) of 2.65±0.2 mm. Typically <1 

µJ energy pulses resulting in 0.1-1 TW/cm2 peak 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 was Ti: sapphire oscillator 

(Chameleon) pumped with Nd:YVO4 produces pulses of pulse duration 140 fs, and 

80 MHz repetition rate at central wavelength of 800 nm. This is a tunable laser 

oscillator which ranges from 720 nm to 950 nm. The sample was scanned along the 

Z-direction through the focus of the 100 mm focal length lens. Several neutral 

density filters were used to cut down the input intensity before the sample and also 

the intensity reaching photodiode.  The translation stage moved mechanically step 

size 1mm and corresponding transmittance reading is taken with the power meter.  

The transmitted intensity was recorded as a function of the sample position using 

Power Max sensor. The beam waist (2ω0) at focal plane was estimated to be 30-

40µm (FW1/e2M) with a corresponding Rayleigh range (Zr) of ~2 mm ensuring the 

validity of thin sample approximation.  Typically <30 nJ energy pulses were used 

for the experiments. The input beam was spatially filtered to obtain a pure Gaussian 

profile in the far field. The sample was placed on a 10 µm resolution translation 

stage and the detector (Thermal Sensor, Field-Max) and data collected manually. 

The closed aperture scans were performed at intensities where the contribution from 

the higher order nonlinear effects is negligible (the value of ∆φ estimated in all the 

cases was <π) [34, 35].  

2.15  Theory of Z-Scan  

Open aperture Z-scan is performed by collecting all the transmittance of the 

sample using a lens in loose focus before the sensor. This measurement gives the 

nonlinear absorption of the sample under investigation. In the Closed Aperture z-

scan, an aperture before the detector allows only the center of the Gaussian beam to 

enter the detector. The Kerr lens effect exhibited by the sample due to its nonlinear 

refractive index changes its transmittance prior to focus and post focus. This 

measurement indicated the sign of nonlinearity and enables us to calculate the 

nonlinear phase shift (∆φ).  ∆φ in turn gives the intensity dependent refractive index 

of the sample. 
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2.15.1 Theoretical Formulae 

    The nonlinear processes like multi-photon absorption (MPA) coefficient are 

generally measured by conventional Z-scan experiments.  By using both thin 

samples approximation and slowly varying envelope approximation (SVEA), the 

wave equation can be separated into two equations: one for the nonlinear phase and 

the other for the irradiance. 

                      

9∆∅
9� ′ = R	A∑ �4+<																																																																																																									
18�4�A        

9r
9�′ = −
D� + ∑ D4�4+<��4�A 																																																																																								
19�
  

where k is the magnitude of the wave vector in free space; DA4+A	is the 

nonlinear index of refraction (m = 2 for the third-order nonlinearity, m = 3 for the 

fifth-order nonlinearity, and m = 4 for seventh order nonlinearity and so on).	D� is 

the linear absorption coefficient, m=α is the MPA coefficient (m= 2 for 2PA; m = 3 

for 3PA, m= 4 for 4 PA); and I 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 other terms on the right side of Eq. 

(30), we can analytically solve Eq. (2) for OA Z-scans on two-photon absorbers. 

Similarly, by keeping the 3PA term and ignoring the other terms, we can have an 

analytical expression for OA Z-scans on three photon absorbers. By assuming a 

spatially and temporally Gaussian profile for incoming laser pulses, the normalized 

energy transmittance, TOA(z), for 2PA and 3PA can be derived as Eq.(31) and Eq. 

(32), respectively [24]. 
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Where  v� =	DA������, }� = 2Dn��A�′���,              � = 	 ��� 
1 + �A ��Al �� is the 

excitation intensity at position z.  

 

      ���� = �1 − exp	
− D����/D�   and     

      �′��� = �1 − exp	
− 2D����/2D�   are the effective sample lengths for 2PA and 

3PA processes, respectively; and L is the sample length. 

 3PA Z scans are considerably different from 2PA Z-scans.  

Which is mathematically described only for 2PA? If q0 <1 or p0 <1, eqn. (20) or (21) 

can be expanded in a Taylor series as 

 

(st =	`
−1�4
H

4��
	 v�4

) + 1�n Al

 

(st =	`
−1�4
H

4��
	 }�A4+A


2) − 1�! 
2) − 1�< Al
																																																																	
22� 

If higher order terms are ignored, we obtain 

(st = 1 − DA�����/2n Al                   (23) 

(st = 1 − Dn�A�′���/3n Al                        (24)     

Here for our convenience we have used DA = �	 	�	Dn = �.  These two expressions 

enable us to identify whether the nonlinear absorption process 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 in mind that a purely 

refractive non-linearity was considered assuming that no absorptive nonlinearity 

(such as multi-photon absorption) are present qualitatively. The sensitive to 

nonlinear refraction is entirely due to the aperture, and removal of the aperture 

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

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

∆∅
�, �, �� = ∆∅�
�, ����� �− ���
�
���	�              (25) 

      With    ∆∅�
�, �� = ∆∅�
��
�Q ��

���
 

  Where  ∆∅�
�� is the phase shift at the focus, is defined as  

                             	∆∅�
�� = R	∆	�
@�����              (26) 

                            where   ∆	�
@� = 	A��
@�   
 ��
@� is the irradiance on the axis at the focus (i.e., z=0) 

The resultant field at aperture is given by 

��
�, �, �� = �
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� ∑ 
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∞���

���
��

����− ��
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In the limit of small non-linear phase change   				 �∆∅�� ≪ � 

The Normalized transmittance is given by 

�
�, ∆∅�� = � − �∆∅�	
S��Q U
��Q���               (28) 

                                        Where y = � ��l  

If I s is higher than I00, peak intensity, SA is considered to be a third order process and 

β can be substituted as –α0/Is. From the value of β we can calculate Im χ(3).  

 

The 2PA coefficient, β, can be expressed in terms of 2PA cross section (σ2) as:
 

4
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We have evaluated the three photon cross-section (σ3) using the relation 
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where ω is the frequency of the laser radiation, and N is the number density. ‘hν’ is 

the incident photon energy and N0 is the number density of  the sample in solution. 

σ2 can also be written in the units of GM as: 1GM=10-50 cm4s/photon.  

 

The real and imaginary parts of the third order susceptibility is given by 

23 4 2 2
0 0 2Re( )( ) 10 ( )cmesu c n n Wχ ε−=

                             (31) 
2 2 2

0 03
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2.16  Initial pump-probe results of phthalocyanine thin films 

2.16.1 Structures of phthalocyanine 

Our initial pump-probe experimental set up was tested using two phthalocyanine 

thin films.  Figures 25(a) and 25(b) show the structures of two samples studied viz.  

zinc tetra tert-butyl Phthalocyanine (denoted as SPc) and 2-(3-(Butane-1,4-dioic 

acid)-9(10),16,(17),23(24)-tri tert-butyl phthalocyanine zinc(II) (denoted as USPc).   

 

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

 Both the Pc’s were doped in PMMA and spin coated on a glass substrate.  

Typical thickness of the films obtained was ~15-20 µm. We had obtained better data 

[in terms of signal to noise ratio (SNR)] with 590 nm-610 nm as pump and probe 

since these molecules absorb strongly in that spectral region. The probe transmission 

was detected using a sensitive power meter (Coherent).  The pump beam diameter 

was larger (~5 mm) than the probe beam diameter (~2 mm) and both the beams were 
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not focused.  Typically 15-50 µJ energies were used for the pump beam while probe 

beam energy was a fraction of that.  Figure 26 shows typical emission spectrum of 

SPc indicating a peak near 700 nm and an absorption peak near 650 nm. 

2.16.2   Absorption and emission spectra of Phthalocyanine film 

 
Figure 26 Emission spectrum (blue, right) and absorption spectrum (red, left) of the 
symmetric Zn-phthalocyanine studied. 

2.16.3   Pump-probe spectroscopy of phthalocyanine films 
 

 

 

 

 

 

 

 

 

 

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

 Figure 27 shows a typical pump-probe data for a thin film of USPc doped in 

PMMA with a pump power (unfocused) of 45 mW.  A clear decay was observed 

post the coherence spike (zero delay) and the data was reproducible.  The lifetime 

achieved using the single exponential fit was ~60 ps.  Figure 28 depicts the pump 

probe data obtained with lower average powers (~16 mW) and the lifetime obtained 

from the best fit to the experimental data was ~50 ps.  We expect the small 

difference arising from the experimental errors (delays, calibration of power meter, 

fitting errors etc.). Figure 29 shows the pump-probe data for SPc recorded at 610 

nm.  The lifetime achieved from the best fit was ~30 ps indicating faster response 

compare to USPc.  We can draw the following conclusions from our data: (a) signal 

to noise ratio (SNR) is still poor with lot of scattering in the data.  Though the data is 

noisy, the lifetimes were reproducible within an experimental error of ±20%.  We 

improving the SNR through a better detection system of sensitive photo-diode and 

lock-in amplifier combination (b) these data provide us with order of magnitude for 

the excited state relaxation mechanism (c) the data was achieved without focusing 

the laser pulses so as to achieve better overlap of the pulses 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 an input pump power 
(unfocused) of ~20 mW recorded at 610 nm. 
 

In the solid state, phthalocyanine molecules tend to aggregate making the Q-

band broader than that of the monomer in solution form [36-40]. In addition, due to 

the interaction between molecules in the films or because of molecular distortion, 

the two-fold degeneracy of the lowest unoccupied molecular orbital (LUMO) band 

is lifted into two bands with finite oscillator strength [41].  Several other 

phthalocyanines in thin film form were studied [20, 42-44] for their excited state 

dynamics and lifetimes of few ps to few tens of ps were observed.  Ma et al. [42] 

observed three lifetimes from their ultrafast studies and attributed the shortest (<1 

ps) to electron-phonon interaction, the 130 ps lifetime to the intersystem crossing, 

and the ns lifetime to the radiative transition from S1 to S0. Mi et al. [20] found 

strong wavelength dependence of the Q-band excited state dynamics.  They too 

observed three different timescales in magnesium phthalocyanine thin film and 

attributed the 1 ps component to exciton-exciton annihilation, 16.5 ps component to 

the intersystem crossing rate and the longest component of 300 ps to the non-

radiative relaxation process. 
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3.1  Introduction 
 

Tetrapyrrolic macrocycles encompass intriguing physical, chemical, and 

biological properties. In biological processes, Fe-porphyrins are found in hemoglobin, 

myoglobin, and cytochromes, whereas chlorophylls are used in photosynthetic 

systems. These tetrapyrrolic macrocycles play a significant role in vital biological 

processes such as (a) photosynthesis (chlorophyll) (b) oxygen transport (hemoglobin), 

(c) oxygen activation (cytochrome) because of which they are termed as “pigments of 

life”[1] and have attracted the scientific community for over few decades. The 

biological significance of porphyrins arises from their properties and as chromophores 

they have captured the imagination of spectroscopists.  Their molecular design and 

structural variability have made them particularly attractive in a variety of 

applications such as photodynamic therapy (PDT) [2]. Three main features 

characterize porphyrins: they are macrocyclic, highly colored, and aromatic in nature. 

To understand and extend above characteristics has inspired considerable interest in 

the preparation of new porphyrin analogues. The name porphycene arises from its 

similarity to both porphyrins and acenes. Porphycene is a structural isomer of 

porphyrin and act as photosensitizers. With the synthesis of porphycene: a 

tetrapyrrolic structural isomer of porphyrin, a new type of porphyrinoid system 

became complexes (metalloporphycenes) with many metal ions, although their 

coordination cavity is noticeably smaller than that of the porphyrins. As a general 

method of synthesis of porphycenes has since been developed, allowing these 

compounds to be made in great structural variety, a physical and chemical comparison 

between porphycenes and porphyrins suggests itself. 

 

Isomers of porphyrins are generally used in the study of multi-photon 

absorption (MPA). These class of organic materials find specific applications in the 

fields of imaging, lithography, memory based devices, optical limiting, and PDT to 

name a few [3-6].  Porphyrins (chapter 6), phthalocyanines (chapter 5), their 

metallated derivatives, and other similar molecules with large number of de-localized 

π electrons, are recognized to comprise large third-order nonlinearities enabling them 

for photonic and opto-electronic applications [7-21].  Despite a number of recent 

studies reporting novel molecules with large two-photon absorption (2PA) and three-

photon absorption (3PA) coefficients/cross-sections, each of them using different 
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pulses and at different wavelengths, auxiliary advances in this field are essential. 

Furthermore, it is imperative to thoroughly appraise the structure-property 

relationship of such molecules, using pulses of varying duration and over a broad 

spectral range, for understanding their photo-physical behavior and enhancing their 

potential for practical applications [22-28].  Porphycenes, the constitutional isomers 

of widely researched porphyrins, were first synthesised by Vogel and co-workers in 

1986 and subsequently many derivatives were reported [29-33].  Recently, large 

enhancement of two photon absorption (2PA) cross section [σ(2)] was discovered in 

the case of conjugated porphyrin dimers, directly linked fused porphyrin dimers and 

even expanded porphyrins [17-18].  Particularly, aromatic core modified porphyrins 

are reported to have very large values of σ(2) [19]. To our knowledge only one report 

on 2PA studies of porphycenes [34] have been communicated indicating that these 

organic systems need to be explored further for their tremendous potential in 

nonlinear optical (NLO) applications. Arnbjerg et al. [34] have established that in the 

spectral domain of 750-850 nm the 2PA cross sections for two porphycenes (TPPo 

and PdTPPo) were large compared to that from the porphyrin analogue. These 

observations are attributed to the fact that, for the porphycenes, the two-photon 

transition is nearly resonant with a comparatively intense one-photon Q-band 

transition. In case of benzosapphyrins the extension of π-systems, by fusing the 

bipyrrole moiety with aromatic ring, has more dramatic effect on the electronic 

properties of the macrocycle than multiple fusion of benzene rings through the β-

positions of respective pyrrole units.  We have recently synthesized and studied a new 

class of porphycenes with interesting photo-physical and NLO properties [35].  In 

these molecules bipyrrole and naphthalene moieties are involved lending them the 

name dinapthoporphycenes. We observed that the metallation of the complex leads to 

significant change in the photo-physical properties of the complexes. Nonlinear 

optical studies using Z-scan technique with ~1.5 ps pulses at 800 nm have been 

performed to characterize the dinapthoporphycenes. Closed and open aperture Z-scans 

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

3.2  Synthesis, Structure and Absorption spectra (Po1-Po5) 

To a slurry of low-valent titanium agent, generated by reduction of (1.90 mL, 

17.40 mmol) of titanium tetrachloride in dry THF (90 mL) with activated zinc (2.27 
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g) and CuCl (0.34 g), was added a solution of naphthobipyrroledialdehyde (300 mg, 

0.87 mmol) in boiling THF (230 mL). The reaction mixture was heated under reflux 

for 20 min and then hydrolyzed by slow addition of 10% aqueous potassium 

carbonate (47 mL). The reaction mixture was filtered through celite to remove the 

excess metal, washed with dichloromethane and the washings were combined with the 

organic layer of the filtrate and dried over anhyd. Na2SO4 and freed from solvent by 

rotary evaporator and the solid residue was subjected to chromatography on a neutral 

alumina column using dichloromethane-hexane (1:1). The blue fraction thus obtained 

was evaporated to yield the dinaphthoporphycene as a blue solid and re-crystallized 

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

 

The molecular structures of the samples (Po1-Po5) investigated are provided 

in figure 1. In the metal free dinapthoporphycenes, R in figure 1 denotes n-propyl, i-

propyl and n-pentyl groups are the different variations at the periphery of the core are 

named as Po1, Po2 and Po3 respectively. The nickel coordinated 

dinapthoporphycenes have only two variations with isopropyl and n-pentyl groups on 

the periphery of the core named as Po4, Po5 respectively. Solid state structure of Po2 

could be derived explicitly from the single crystals obtained via slow evaporation of 

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

planar geometry (Figure 1b).  

 

(a)                                                                     (b) 

Figure 1 (a) Structure of the compounds used in present study (b) ORTEP of compound Po1 
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Average deviation of nitrogen atoms from the mean porphycene plane (excluding the 

isopropyl substituents) is ±0.15 Å. The shortest N-N distance (N1…N2′) in Po2 is 

2.49 Å much shorter compared to that of regular Porphycene, while the long 

(N1…N2) one being 2.95 Å.  The absorption spectra resemble those of porphyrins 

with a Q-band region between 15000cm-1 and 23000 cm-1, and a Soret-band region 

between 25000 cm-1 and 30000 cm-1. 
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Figure 2 UV-visible absorption spectra of the (Po1-Po5) compounds. 

Porphyrin compounds have a weak Q-band around 500-700 nm (1.8-2.5 eV) 

and a strong Soret-band around 350-400 nm (3-3.5 eV).The Q-band region often 

exhibits a well-resolved vibrational structure in most of the porphyrins. Despite 

similarity of the transition energies, this leads to a completely different appearance of 

the visible part of absorption spectra of two classes of compounds. Similar to 

porphyrins, the Q as well as the Soret transition pairs are each nearly degenerate [37]. 

Porphycene, due to its large energy gap between the Soret and Q bands (about 11000 

cm-1) is a suitable candidate for investigating intra-molecular electronic relaxation 

processes. Furthermore, it was well known that for porphycenes and porphyrins the 

relaxation between excited states occurs in sub-picosecond time domain at room 
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temperature.  For example, in the case of the Zn-tetraphenylporphyrin energy 

degradation between the Soret and Q bands took place within a time of 60-90 fs [38].  

The process of transfer of energy can be showed from the excited molecule into the 

matrix can be slowed down in comparison with the liquid phase [39-41]. These 

studies focused on excess energies below 2000 cm-1. The relaxation behavior beyond 

2000 cm-1 is less understood.  Consequently, porphycene which reveals a large energy 

separation between S1,2 and S3,4 singlets (11000 cm-1) was used in most of  the time–

resolved experiments [42]. Absorption spectra of all the molecules (Po1-Po5) are 

shown in the figure 2. The absorption spectra of metal free porphycenes (Po1, Po2, 

Po3) have large red shifted absorption bands, lowest energy Q-band (640-750 nm) 

appear near 715 nm. These porphycenes demonstrate well-defined Soret or B-bands 

(350-430 nm) peaking near 400 nm. The lowest energy Q-band is relatively more 

intense than the Soret-band in comparison to other porphycenes [30]. The presence of 

few UV bands with maxima at 265 nm is attributed to the naphthalene moieties in the 

macrocycle. The absorption spectra of Po4 and Po5 show a general trend of red-

shifted B band and blue-shifted Q-bands. The absorbance at 800 nm was negligible 

for all the above mentioned compounds with more than 85% linear transmittance. 

Porphycene has the most intense Q-band, and it was expected to be a suitable basic 

compound for pigment design. Like dibenzoporphycene, porphycenes Po1-Po3 did 

not show any fluorescence at room temperature (< 10-4)[42]. 

3.3 Ultrafast dynamics of (Po1-Po5) 

It is well established that depending on the excitation wavelength and intensity 

one can observe 2PA, 3PA, excited state absorption, or a combination of more than 

one process in such molecules owing to the configuration of their electronic states 

[9,12,43]. There are various spectroscopic techniques to achieve time-resolved 

information.  However, to understand the decay dynamics of these compounds (Po1-

Po5) we have performed degenerate pump-probe experiments with 1 kHz, ~1.5 ps 

pulses at a wavelength of 800 nm. We have also corroborated our ps data with fs 

degenerate pump probe data obtained near 600 nm.  Furthermore, unfocused pump 

probe data was also obtained with fs pulses.  The complete experimental details of 

both ps and fs pump probe experiments have been explained in sections 2.12 and 2.13 

(figures 17 and 20).  



Chapter 3                                                                                    Dinaphthoporphycene 

88 

 

-5 0 5 10 15 20

0.00

0.25

0.50

0.75

1.00
Po2
(b)

 

 

Po1
(a)

-5 0 5 10 15 20

0.00

0.25

0.50

0.75

1.00
Po3
(c)

 

 

-5 0 5 10 15 20
0.00

0.25

0.50

0.75

1.00

 

 

-10 0 10 20 30 40

0.0

0.2

0.4

0.6

0.8

1.0

Po4
(d)

 

 

∆Τ
/Τ

 
∆Τ

/Τ
 

∆Τ
/Τ

 
∆Τ

/Τ
 

Probe Delay (ps)
-5 0 5 10 15 20

0.0

0.2

0.4

0.6

0.8

1.0

Po5
(e)

 

 

 

Figure 3 (a)-(e) Excited state dynamics data of Po1-Po5 obtained using 1.5 ps pulses at 800 
nm. Black lines represent the experimental data while the red lines are fits to the data. 
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Figure 4 (a)-(e) Excited state dynamics of Po1-Po5 using ~70 fs pulses at 600 nm.  The data 
was obtained using focused pump/probe beams. Black lines 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 experiments was <50 µJ. The 

pump and probe powers were typically maintained at 20:1 ratio.  Depending on the 

excitation mechanisms and energy levels of these molecules one would expect multi-

exponential decays following different excitation mechanisms.  Figures 3(a)-(e) 

illustrates the pump-probe data obtained at 800 nm with ps pulses. The differential 

transmission was positive. At zero-delay a sharp peak or dip is a typical signature of 

pump-probe experiments.  All the porphycenes (Po1-Po5) depicted similar trend with 

respect to excited state dynamics.  The transmitted probe data was fitted using the 

equation given below.  For the case of single decay observed only τ1, for double decay 

τ1 and τ2, and for triple exponential decay τ1, τ2 and τ3 were used. 

  

∆����

�
= y� + A
e

������
τ�
� + A�e

������
τ�
� + A�e

������
τ�
�        (1) 

∆T(t) is the time dependent change in probe transmission, induced by the pump at 

time ‘t’ after the pump excitation and T is the probe transmission in the absence of 

pump. The peak intensities (~150 GW/cm2) used in ps experiments was sufficient to 

access the three-photon states. The values of A1, A2, and A3 (complete details of these 

are provided in appendix) dictate the amplitude of the contribution to respective 

lifetime. The slope of the exponential decay showed different magnitude of lifetimes 

[43]. We observed photo-bleaching for all the porphycenes studied. The data was 

fitted with a double exponential decay and two lifetimes were retrieved from the fits.  

We tried to fit the data for a single exponential but the overall fit was poor.  Fast 

decay retrieved was in the range of 1.8-3.1 ps while the slow component varied from 

7 ps to 8.5 ps for different samples.  The fast component is attributed to the internal 

molecular vibration and internal conversion in these molecules whereas the slower 

one to the non-radiative decay back to the ground state. Similar decay times were 

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

We observed photo-induced absorption (PIA) in the ~70 fs pump-probe data 

collected at 600 nm for all the porphycenes. Details of the experiments can be found 

in section 2.12 (figures 17 and 18).  The negative transmission observed at 600 nm is 

depicted in figures 4(a)-(e) for all the samples Po1-Po5. The data was obtained with 

focused pump and probe pulses with pump peak intensities sufficient to excite the 
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molecules to S2 states.  Probe was absorbed from these states to higher states (Sn) 

thereby reducing the transmission. That they have been excited to high lying states 

has been confirmed from the nonlinear absorption measurements.  Fits obtained using 

single/double exponential were not providing perfect match to the experimental data 

and therefore triple exponential equation was utilized and three different lifetimes 

were retrieved from the fits. The fastest lifetime observed was in the 100-135 fs which 

is attributed to the intramolecular vibrational relaxation (IVR) within S2 states while 

the slower component of 0.8-1.5 ps could be due to the IC and the slowest one in the 

7.3-10.0 ps range again due to non-radiative decay.   
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Figure 5 Excited state dynamics of Po1, Po2, and Po4 using ~70 fs pulses at 600 nm using 
unfocused pump/probe pulses. Black lines represent the experimental data while red lines are 
fits to the data. 

Samples 
ττττ2 

800 nm 
(ps p-p) 

ττττ1 
800 nm 
(ps p-p) 

ττττ3 
600 nm 
(fs p-p) 

ττττ2 
600 nm 
(fs p-p) 

ττττ1 
600 nm 
(fs p-p) 

ττττ1 
600 nm 
(fs p-p 

unfocused) 
 

Po1 

 

2.0 ps 

 

7.2 ps 

 

120 fs 

 

0.8 ps 

 

8.0 ps 

 

7.5 ps 

Po2 3.1 ps 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 135 fs 1.2 ps 8.1 ps - 

Table 1 Lifetimes of porphycenes obtained using ps and fs pump-probe studies. 
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To ensure that we are indeed exciting the molecules in S2 states (followed by 

excitation into Sn states) we performed the fs pump-probe measurements without 

focusing the pump and probe pulses, thereby ensuring there was no nonlinear 

absorption.  When the beams are not focused the excitation is limited to S1 states only 

and therefore induced absorption from S1 states to S2 states suggesting decrease in 

probe transmission. The representative data obtained with unfocused pulses is shown 

in figure 5 for Po1, Po2, and Po4.  The data could be fitted with a single exponential 

and the lifetimes extracted were 7.5 ps, 7.0 ps, and 10.9 ps for Po1, Po2, and Po4, 

respectively.  Relaxation times extracted for all the samples are enlisted in table 1. 

The pump-probe data in the ps (800nm) had better signal to noise ratio than fs (600 

nm) data. The error bars in pump-probe experimental data for ps case was estimated 

to be ±5% and for the fs case ±15%.   

3.4  NLO studies of Po1-Po5 

NLO studies were performed on all the five molecules to assess their nonlinear 

absorption and nonlinear refraction behavior.  Figure 6 shows typical closed aperture 

data along with their corresponding theoretical fits for solvent (chloroform) and 

samples Po1-Po5 performed at peak intensities of ~75 GW/cm2. 
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Figure 6 Closed aperture Z-scans of Po1-Po5 and solvent (chloroform) recorded with peak 
intensities of ~75 GW/cm2.  Open circles represent the experimental data whereas the solid 
lines are fits. 
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Figure 7 (a)-(j) Open aperture Z-scans of Po1-Po5 at different peak intensities. For low peak 
intensities 2PA was best fit [blue solid lines are for 2PA and red dotted lines are for 3PA, (a)-
(e)] while for high peak intensities 3PA was the best fit [red solid lines are for 3PA and blue 
dotted lines are for 2PA (f)-(j). 

The data were fitted using standard equations [45, 46] to extract nonlinear 

refractive index (n2). Details of equations used are discussed in sub-Section 2.15.3 in 

chapter 2.  The samples exhibited large nonlinearities with the formation of annular 
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rings near focus.  This distorted the typical Z-scan curve near the valley reflecting in a 

slightly asymmetric curve, probably, due to large nonlinear phase-shift.  Such 

behaviour was previously reported by Kouhski et al. [47] and Chen et al. [48].  

However, the estimated nonlinear phase shift (∆φ) in our case was less than π for the 

data presented in figure 6. All the samples possessed negative nonlinearity with the 

magnitudes of n2 in the range of 2-3×10-15 cm2/W and are summarized in table 2 

along with their  χ(3) values. The reproduction of the typical closed aperture valley-

peak signature for the solvent (chloroform) ruled out the possibility of any 

misalignment in the setup. Pure solvent exhibited a positive nonlinearity of ~0.55×10-

15 cm2/W. The solvent contribution being positive clearly suggests that the 

nonlinearity of the solute (porphycene) is definitely higher than the values quoted 

here.   

Figures 7 (a)-(j) show the open aperture Z-scan data at different peak 

intensities.  The shape of Z-scan curves obtained at lower peak intensities when 

compared to those obtained at higher intensities were different indicating two 

different NLO processes occurring at those corresponding intensities.  The presence 

of two resonances in the absorption spectra of these molecules, one near 400 nm (due 

to the porphycene core) and other near 270 nm (due to the naphthalene moiety), could 

explain the uncharacteristic nonlinear absorption behaviour of the molecules. 3PA in 

naphthalene has been ascertained through several earlier studies [49, 50].  For the 800 

nm photon these two resonances can act as two-photon (2P) and three-photon (3P) 

states respectively.  Fakis et al. [51] reported similar data in pyrylium chromophores 

with femtosecond pulses at 760 nm, 790 nm, and 840 nm.  In their case higher order 

effects appeared beyond a certain threshold of peak intensity which resulted in 

creating a critical population in the first excited state by 2PA process.  Sutherland et 

al. [52] and Anemain et al. [53] also observed similar results and modelled their data 

using an effective 3PA coefficient.  The difference between the instantaneous 3PA 

and effective 3PA is the process through which three photons are absorbed by the 

molecule. In the former case three photons are simultaneously absorbed (via virtual 

levels of the molecule) whereas in the latter case two photons are absorbed and the 

molecules are then in an excited state (real state).  Depending on the lifetime of the 

excited state and pulse duration there could be absorption to even higher excited states 

using another photon (2+1) provided the excited state cross-section is significant. The 
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effective 3PA can also be termed as two-photon induced excited state absorption.  At 

lower peak intensities (typically <100 GW/cm2), data presented in figures 7(a)-7(e) 

was best fitted to 2PA (eqn. 2) indicating that 2PA was the dominant mechanism.  At 

higher peak intensities (typically >110 GW/cm2), the data presented in figures 3(f)-

3(j) was best fitted to effective 3PA (eqn. 3) indicating its dominance in this regime.  

For Po5, 2PA and 3PA were observed for peak intensities of ~120 GW/cm2 and ~400 

GW/cm2, respectively.  χ(3) (TPA, Kerr effect etc.) and χ(5) effects proceed from the 

combination of the same kind of excited states. There are no different excited schemes 

separately for χ(3) and χ(5). Interference effects related to the phase of the nonlinearity 

(it is a complex number) can make them appear with different thresholds [55]. In the 

present case the S2 state is responsible for both χ(3) process (2PA) and χ(5) process 

(effective 3PA). 
 

��� = � − ������� � /�⁄         (2) 

��� = � − #��
��′���   /�⁄         (3)

 

Above equations were obtained from reference 55 and we plotted ln(Intensity)  vs 

ln(1-T0A),  which gave a straight line. A slope of ~1 indicates the presence of 2PA 

and a slope of ~2 indicates 3PA behavior as shown in figure 8. 

The values of ground state absorption cross-section measured for Po1-Po5 

were 1.8, 2.4, 2.3, 2.4, 2.7 (× 10-17 cm2) whereas the excited state cross-sections (σex) 

obtained from the fits were 3.9, 6.5, 14.4, 7.4, 11.6 (× 10-17 cm2), respectively. These 

values were obtained taking lifetime of S2 state as ~1 ps (see equation 2) and values of 

β used were obtained from the fits to low intensity data.  Table 2 includes 2PA and 

3PA cross-sections at different peak intensities for all the five samples.  Our 

measurements were repeated at very low peak intensities (~50 GW/cm2) for the 

samples Po2, Po3, and Po4 and the data again confirmed the presence of pure 2PA 

contribution and rather than 2PA + ESA.  However, the 2PA coefficients could have 

been over-estimated [56] using this technique and other complementary techniques 

are required to arrive at the exact values.  The random experimental errors (arising 

from estimation of spot size at focus, concentration measurements, input power 

measurements, data fitting etc.,) result in an overall error of ±20% in our calculations. 
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Figure 8 Intensity dependent plots depicting the mechanism to be 2PA (slope 1) or 3PA (slope 2) 
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Sample 
Ioo 

(GW/cm2) 

β 
(cm/W) 
× 10-11 

σσσσ(2)(2)(2)(2) 
(GM) 

αααα3 
(cm3/W2) 

× 10-21 

σσσσ(3)(3)(3)(3) 
(cm6s2/photon2) 

× 10-76 

n2 

(m2/W) 
× 10-19 

Re|χ(3)| 
(m2/V2) 
× 10-21 

α2 

(m/W) 
× 10-13 

Im|χ(3)| 
(m2/V2) 
× 10-22 

|χ(3)| 
(m2/V2) 
× 10-21 

|χ(3)| 
(e.s.u.) 
× 10-13 

W T 

Po1 78 5  8260  - -         

 
118 - - 3.5 14.4 -3.8 4.3 5.0 3.5 4.3 3.1 1.9 1.0 

Po2 98 7  11600 - -         

 
132 - - 9.0 36.9 -2.6 2.9 7.0 4.9 2.9 2.1 1.3 2.1 

Po3 74 8.8  14500 - -         

 
117 - - 25.0 103.0 -2.7 3.0 8.8 6.2 3.0 2.2 1.3 2.6 

Po4 74 13  21500 - -         

 
120 - - 19.5 80.1 -3.7 4.1 13.0 9.2 4.2 3.0 1.8 2.8 

Po5 120 4.8  7930 - -         

 
407 - - 11 45.2 -3.5 3.9 4.8 3.4 3.9 2.8 1.8 1.1 

 

 

Table 2 Summary of the NLO coefficients obtained for Po1-Po5. 
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Compounds Sample σ
2(GM) τp Ref. 

Dye Cytochrome C 100 150 fs [16] 
HeteroaromaticQuadrupolar 
Dyes 

PEPEP 3130 130 fs [28] 

A-pi-A polymethine dyes 

G37 2900 

140 fs [22] 
G38 8800 
G74 15000 
G152 17000 

Congeneric 
Pentapyrrolic Expanded 
Porphyrins: 

Pentaphyrin 3300 

130 fs 
[25-
27] 

Sapphyrin 2900 
Isosmaragdyrin 2700 
Orangarin 1200 

Porphyrin -Squaraine -
Porphyrin 

PoR- SQA-Por 11000 
100-140 
fs 

[23] 

Self-Assemblies of 
Butadiyne-Linked 
Bis(Imidazolylporphyrin) 

Polymer Zn Substituted 
Bis(Imidazolylprophyrin) 

440000 120 fs [24] 

Water Soluble porphyrin 
dimers 

P2C2-NMeI 17000 

300 fs 
[25] P2C2-CO2NH4 14000 

P2-Suc 10000 

Tetra phenyl 
porphycenes(TPPo) 

TPPo 2280 
120 fs [34] PdTPPo 1750 

mesoTPPo 24 

Dinapthoporphycenes 

Po1 8260 

~1.5 ps 
This 
work 

Po2 11600  
Po3 14500  
Po4 21500  
Po5 7930  

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

The magnitudes of Im [χ(3)] and χ(3) were estimated from the nonlinear coefficients 

and can be found in reference [57, 58].  The figures of merit (FOMs) T and W were 

evaluated and the data is again shown in table 2. T>1 suggests large nonlinear 

refraction values suggestive of the potential application of dinapthoporphycenes in 

photonic-devices. However, the corresponding FOM for nonlinear absorption, W, is 

>1. W<1 is generally desirable for photonic devices.  The 2PA absorption cross-

sections are also compared with some of the previously reported molecules and 

summary of the data is presented in table 3. Cytochrome C [19], PEPEP [33] dyes 

exhibited low σ(2)  values of 100 and 3130, respectively.  Recently, A-π-A 

polymethine dyes have demonstrated large cross-sections of the order of 104 GM [20].

Porphyrins with expanded rings [26-27] exhibited σ
(2) values of 1200-3300 GM 

whereas Porphyrin-Squaraine–Porphyrin assembly has been reported to have σ(2) of 

11000 GM [21]. For water soluble porphyrins [30], the maximum values reported are 

of the magnitude ~104 GM. However, in comparison to previous molecules, 

dinapthoporphycenes have large σ
(2) values with Ni substituted Po4 having σ(2)= 

21500 GM.  But self assembled porphyrins reported by Ogawa et al. [24], have larger 
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σ
(2) magnitude (~440000 GM) than present work. The nonlinear coefficients presented 

in this work are obtained with ~1.5 ps pulses and assuming the magnitudes could be 

larger (due to longer pulses) by one order of magnitude when compared to ~100 fs 

pulses data, the order of magnitudes for our samples (single monomer molecules) are 

still comparable to many of the recently investigated molecules (either oligomers or 

polymers).  The fs Z-scan results of Po1-Po5 shows saturable absorption as in the 

figure 9 (open aperture) and n2(negative) as observed in figure 10 (closed aperture). 

The NLO values are extracted and presented in table 4.  
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Figure 9 Saturable absorption demonstrated by fs Z-scan in Porphycenes (Po1-Po5) and 
chloroform (solvent) recorded with ~50 fs pulses (typical peak intensities of 0.6-0.8 TW/cm2).  
 
 

Table 4 NLO coefficients of porphycenes at 800 nm obtained using ~50 fs pulses.   

Sample 
β (fs) 

(cm/W) × 10-13 
n2 (fs) 

(cm2/W) ×10-17 
Chloroform 0.50 0.5 

Po1 6.00 3.0 
Po2 3.10 3.0 
Po3 0.95 2.0 
Po4 6.00 5.0 
Po5 1.15 0.9 
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Figure 10 Closed aperture studies of fs Z-scan in Porphycenes (Po1, Po2, Po3, Po4, Po5) 
recorded with ~50 fs pulses (typical peak intensities of 0.1-0.2 TW/cm2). Response of solvent 
(chloroform) can be seen in figure 6. 
 

-40 -20 0 20 40
0.98

1.00

1.02

Po5Po4

Po1

 

 

N
or

m
al

iz
ed

 T
ra

ns
m

itt
an

ce

Po3
560nm

580nm

600nm

-40 -20 0 20 40

0.98

1.00

1.02
600nm

580nm

560nm

 

 

Po2

-40 -20 0 20 40

0.99

1.00

1.01

1.02

560nm

580nm

600nm

 

 

-40 -20 0 20 40
0.97

0.98

0.99

1.00

1.01

1.02

560nm

580nm

600nm

 

 

Z (mm)
-40 -20 0 20 40

0.99

1.00

1.01

1.02

560nm

580nm

600nm

 

 

 

Figure 11 Open aperture Z-scans of Po1-Po5 at different wavelengths at 560 nm, 580 nm, 
and 600 nm indicating 2PA behavior at peak intensities <100 GW/cm2 with ~1.5 ps pulses. 
Some of the plots have been shifted vertically for clarity. 
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Sample 

β (ps) 
560 nm 
(cm/W) 
×10-12 

β (ps) 
580 nm 
(cm/W) 
×10-12 

β (ps) 
600 nm 
(cm/W) 
×10-12 

n2 (ps) 
560 nm 
(cm2/W) 
×10-17 

n2 (ps) 
580 nm 
(cm2/W) 
×10-17 

n2 (ps) 
600 nm 
(cm2/W) 
×10-17 

CHCl3 - - - - - - 

Po1 2.30 3.50 3.00 8.88 6.58 16.3 

Po2 1.10 1.05 8.70 35.3 70.7 78.2 

Po3 3.00 4.40 3.75 14.8 7.24 22.7 

Po4 7.50 5.00 4.50 7.28 22.4 21.8 

Po5 3.50 3.40 3.20 5.12 9.76 10.8 

Table 5 NLO coefficients of different porphycenes obtained at wavelengths of 560 nm, 580 
nm, and 600 nm. 

Reverse saturable absorption (RSA) behavior was observed at 560 nm, 580 nm 

and 600 nm.  The values of two photon absorption coefficients (β) are tabulated above 

for each case for all the five porphycenes. The absorption spectra illustrate red shifted 

Soret bands and Q-bands compared to β-alkylated porphycenes, owing to the 

rigidification and extended-π system resulted by fusion of two naphthalene groups 

onto the porphycene macrocycle. The absorption spectra (see data presented in figure 

2) of free-base porphycene (Po1, Po2, Po3) display relatively intense low energy Q-

band (15625 cm-1 -12000 cm-1) peaking near 14000 cm-1 and well defined Soret or B-

bands peaking near 25000 cm-1. Figure 11 shows the open aperture Z-scan data 

obtained for Po1-Po5 at 560 nm, 580 nm, and 600 nm.  We have observed 2PA as the 

dominant mechanism but one cannot rule out the presence of ESA from S1 to S2states.  

The fits to the data provided the values of an effective 2PA coefficient (β) in the range 

of 1.05×10-12 cm/W to 8.70×10-12 cm/W. Evidently, these values are an order of 

magnitude lower than the values reported at 800 nm, which was a resonant two-

photon wavelength for these molecules.  The values of n2 in the ps regime recorded 

for Po1-Po5 were in the range of 5-35×10-17 cm2/W at 560 nm, 6.5-71×10-17 cm2/W at 

580 nm, 10.8-78×10-17 cm2/W at 600 nm. Some of this data is presented in Appendix.  

Interestingly, the n2 values increased as excitation wavelength changed from 560 nm 

to 600 nm.  This could be attributed to the excited state population near to 600 nm 

with slight increase in absorption.  The values at 560 nm, possibly, represent the true 

electronic nonlinearity to a great extent since there is minimal absorption at this 
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wavelength.  Po2 had the largest n2 values for all the wavelengths investigated in this 

study.  Po4 had the largest 2PA values for both fs and ps excitation (except at 600 nm 

ps excitation).  The values of nonlinear coefficients obtained from closed and open 

aperture data for all the molecules are enlisted in table 5. 

3.5 Energy level diagram of Dinaphthoporphycenes 

Figure 12 illustrates the possible excitation mechanism in porphycenes with 

singular nonlinear absorption behaviour.  At lower peak intensities 2PA could be from 

the S2 states (23250-28500 cm-1 with single photon corresponds to 12500 cm-1) of 

these porphycene molecules while the effective 3PA is a cascaded  2PA and excited 

state absorption from S2 state to the Sn states (33300-40000 cm-1).  Typical lifetimes of 

S2 states in such molecules are reported to be <1 ps [44].  Our pump-probe data was 

obtained for these molecules after modelling the nonlinear absorption data.  A 

qualitative explanation for relaxation mechanisms in both ps and fs regime (focused 

and unfocused data) using detailed energy level structure is depicted in figure 13.  

Some recent studies of the porphycene molecules can be found [57-63]. 

 

Figure 12 Energy level structures in porphycenes explaining the two resonances for 2PA, 
3PA. 
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An unfocused 600 nm photon (16,667 cm-1) only excites the molecules to S1 

states and consequently single decay time (assigned to S1-S0 decay) was observed.  

Though the scattering is evident from the data we could fit a single exponential decay 

time and a significant difference in shape of the probe transmission at high peak 

intensities was seen. At higher peak intensities at 600 nm we could expect the higher 

lying S2states (33,333 cm-1) to be populate through two photon absorption (to just 

below the Sn states) followed by excited state absorption from S2 to Sn states and one 

could distinguish three relaxation pathways (IVR, IC, and S1-S0).   

 

Figure 13 Typical energy level diagram of Po1-Po5 depicting the various relaxation times 
from different excited states (a) fs pulses, focused pump and probe data, 600 nm (b) ps pulses, 
focused pump and probe data, 800 nm (c) fs pulses, unfocused pump and probe data, 600 nm. 
 

When excited with ps pulses at 800 nm we observed two distinct lifetimes 

which are attributed to the S2-S1 transition (IC) and S1-S0 transition (slowest 

component).  The values presented in table 1 confirm that the fs data and ps data are 

corroborating each other, within experimental errors, and support our arguments about 
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different excitation schemes. Since these are non-fluorescent molecules we feel that 

the lifetimes observed are due to non-radiative transitions (thermalization processes).   

The errors (from experiments and fitting procedures) in these measurements were 

estimated to be ~15% for the focused data and ~20% for unfocused data. 

3.6   Conclusions 

In summary, we have studied excited state dynamics degenerate pump-probe 

using ~70 fs at 600 nm and ~1.5 ps laser pulses centred at 800 nm of five different 

dinaphthoporphycenes. Our NLO ps Z-scan results clearly demonstrate 2PA at all the 

above wavelengths. Two component carrier relaxation dynamics with the fast time 

constant in the range of 1.8-3.1 ps and the slower one in 7.0-10.0 ps range were 

observed with ps excitation. We could observe three decay time constants of 100-120 

fs, 0.8-1.5 ps, and 7.3-10.0 ps in the fs pump-probe data.  The lifetimes observed were 

similar in both the ps and fs cases.  The fastest lifetime is attributed to IVR in the S2 

states while the intermediate lifetime to the S2 to S1 states de-excitation (IC). The 

longest life time is characteristic of the S1 to S0 non-radiative decay.  The present 

results demonstrate the strong nonlinear absorption properties of 

dinaphthoporphycenes combined with ultrafast response times may find possible 

applications in photonics.  Even though general structural and spectral patterns are 

qualitatively similar in the two isomers, quantitative differences may sometimes be 

immense. For instance, the lowest electronic transition (Q-band) in porphycene is 

more than an order of magnitude stronger than that in porphyrin and also significantly 

red-shifted. Such a pattern, combined with other photophysical characteristics, makes 

porphycene a potentially much better agent for photodynamic therapy than parent 

porphyrin and its derivatives. This prediction has been firmly corroborated, using 

various substituted porphycenes in the treatment of tumors and in photo-inactivation 

of bacterial strains.  Their photo-physics have been widely studied and proposed as 

attractive second-generation agents for photodynamic therapy (PDT).  This is due to 

their ability to absorb red light and photosensitize singlet oxygen.  In order to control 

their photophysical and other properties, insertion of functionalities into the periphery 

of the porphycene macro-cycle is essential. 
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4.1  Introduction   

The 1930 Nobel prize winner in chemistry (Hans Fischer) elucidated the 

chemical structure of various porphyrins, the pigment responsible for oxygen binding 

in erythrocytes. Scientific hunt for numerous porphyrin and porphyrin-like bio-

molecules attracted attention of several researchers over the last few decades. Another 

motivation for work in the area of porphyrin research that may allow a more detailed 

understanding of photosynthesis, cell respiration and oxygen transport processes is 

effectiveness and ingenuity with which these processes operate in nature. 

Considerable efforts are in progress to the design of artificial solar cells, water 

splitting catalysts, etc. that are based on porphyrins and porphyrin analogues. One of 

the primary goals in synthesizing expanded porphyrin was to get absorption spectra 

that are bathochromically shifted compared to porphyrin due to its extended π-

conjugation. However, larger expanded porphyrin containing 6 or more pyrrole rings 

often adopts non-planar or figure eight structure there by disrupting the effective 

conjugation pathway, which proved to be non-aromatic or weakly aromatic in nature. 

As research in natural porphyrin chemistry has advanced, increased attention has been 

devoted to expanded porphyrins and their analogs. For example, progress in the 

synthetic methodology of porphyrins and a greater basic understanding of their 

properties resulted in the design of sophisticated fully conjugated oligoporphyrin 

ribbons with large two-photon absorption coefficients and negative first oxidation 

potentials, properties that rendered this group of molecules promising as materials for 

use in photo-electronic applications. Similarly, the discovery of relatively easy 

procedures for the synthesis of annulated pyrroles inspired the porphyrin community 

to create new pyrrolic chromophores that differ from porphyrins and contain these 

particular building blocks.  

 

The attractive features of π-extended porphyrins and expanded porphyrins 

have provided an incentive to create new porphyrin analogues that combine key 

attributes from both approaches within a single chemical entity. This convergence has 

led recently to the synthesis of new chromophores that are both expanded and π-

extended relative to normal porphyrins. A large variety of expanded porphyrins can 

be prepared by adding more number of pyrrole or other hetero-aromatic molecules 

apart from tuning their number of bridging meso-carbons. Several novel organic 



Chapter4                                                                                                       Naphthobipyrroles 

110  

  

moieties with strong two-photon absorption (2PA) and three-photon absorption (3PA) 

coefficients/cross-sections have been investigated over the last decade due to their 

impending applications in the fields of photonics, biomedical applications, 

lithography etc. [1-14].  However, most of those investigations were confined to a 

single wavelength in the visible spectral region (800 nm or 532 nm) while using 

single pulse duration [femtosecond (fs) or nanosecond (ns)].  Multi-photon absorption 

in organic materials typically occurs at longer wavelengths (≥ 800 nm) providing 

noteworthy advantages such as (a) minimal light losses due to scattering and (b) 

decrease in superfluous linear absorption. Our group has been working extensively 

over the last decade investigating several new molecules (e.g. Phthalocyanines, 

Porphycenes, Corroles etc.) for quantifying their nonlinear optical (NLO) 

coefficients/cross-sections over a range of wavelengths in the visible spectral region 

and using cw/ns/ps/fs pulses [15-26].  In the last two decades expanded porphyrins 

have emerged as a new class of attractive molecules because of their potential 

applications in near infrared (NIR) dyes, anion sensors, 2PA materials, 

photosensitizers, and in photodynamic therapy (PDT) [14,17,27]. They are having 

active role in optical data processing, telecommunications, aerospace, military 

camouflage.  A large array of expanded porphyrins can be prepared by increasing the 

number of pyrrole or other hetero-aromatic molecules apart from tuning their number 

of bridging meso-carbons. Furthermore, it is observed that aromatic expanded 

porphyrins display large third order nonlinear optical response while normal 

porphyrin monomers exhibit small σ2 values of <100 GM [12-14]. Similarly, 

porphycenes (isomers of porphyrins) possess slightly higher σ2 values compared to 

the parent isomers i.e. porphyrins [14].  However, upon β-fusion of naphthalene at its 

periphery, through its constituent bipyrrolic units, we observed a large enhancement 

of NLO response in dinaphthoporphycenes [15-17]. Therefore, in order to assess the 

effect of this naphthalene fusion (by both rigidification and π-extension), we chose to 

explore the NLO response of our recently reported cyclo[4]naphthobipyrroles, a 

unique class of cyclo[8]pyrroles, which are expanded porphyrins displaying the 

classic disk like structure of simple porphyrins with 30π electrons [28-29].  The 

cyclo[8]pyrrole molecule can be derived by replacing all four meso-carbon bridges of 

porphyrin with four additional pyrrolic rings.  Consequently, these molecules contain 

direct linkage between the α-pyrrolic positions, which imparts rigidity to the molecule 
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thereby making a near planar arrangement despite having expanded core compared to 

porphyrins.  The significance of these molecules is encompassed in their novel 

photophysical and NLO properties. The fusion of alternate pyrrole units with 

naphthalene moieties adds rigidity to cyclo[8]pyrroles along with extended π-

conjugation resulting in the formation of cyclo[4]naphthobipyrroles.  Sarma et al. [28] 

reported that the cyclo[4]-naphthobipyrrole moiety is very sensitive to the nature of 

the substituents at its periphery owing to the involvement of large number of non-

bonding interactions.  Due to their near planar structure, possessing a large aromatic 

core (30π-electrons) with extended π-conjugation, they are expected to possess strong 

third-order optical nonlinearity. The number of π electrons and/or the molecular 

geometry associated with the static and dynamic polarizability of these molecules can 

be considered as determining parameters in controlling the NLO susceptibility.  

Herein, we present results from (a) dispersion studies of nonlinear optical properties 

(studied using Z-scan technique) at wavelengths of 600 nm, 640 nm, 680 nm, and 800 

nm and (b) excited state dynamics (studied near 600 nm using fs pump-probe 

technique) of three novel cyclo[4]naphthobipyrroles namely, 

octaisopropylcyclo[4]naphthobipyrrole (5a), octa-n-propylcyclo[4]naphthobipyrrole 

(5b) and octa-n-pentylcyclo[4]naphthobipyrrole  (5c).    

 

4.2   Synthesis, Structure and Absorption Data 

 A 1-L round bottom flask was charged with a stirring bar and 

dichloromethane (500 mL).  A solution of FeCl3 (2.7 g, 17 mmol) in aq. 1M H2SO4 

(100 mL) was then added. The resulting biphasic mixture was stirred at around 300 

rpm, while a solution of alkylated naphthobipyrrole (0.3 g, 1 mmol) in 

dichloromethane (60 mL) was added via a syringe pump over a period of 9 h with the 

needle submerged into the organic phase. After complete addition the reaction 

mixture was stirred for 15 h at room temperature. Organic layer was separated and 

dried over anhyd. sodium sulfate, solvent was evaporated to obtain the crude 

molecule. The crude product was purified by column chromatography on silica gel 

using dichloromethane as the eluent. The greenish-yellow band was collected. The 

solid residue obtained after removal of the solvent was re-crystallized from 

CHCl3/methanol to yield 5a as a dark green powder 5a and 5c.  For 5b and 5c the 
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amount of FeCl3used was 6.6 equiv. compared to naphthobipyrrole, whereas, the 

remaining procedure is same as described above for 5a. 

 
 

Figure 1 Structures of Cyclo[4]naphthobipyrroles  and ORTEP of 5a under study. 

The structure of the cyclo[4]naphthobipyrroles 5a, 5b and 5c are shown in 

figure 1. The synthesis and NLO properties of 5a were studied by Sessler group [29].  

They obtained significantly large and practically useful σ2 values in the range of 

1000-2400 GM in the spectral regions of 1800-2400 nm when excited with fs pulses.  

They also observed fast lifetimes for singlet excited state in their pump-

probe/transient absorption measurements.  Our group has recently synthesized three 

molecules with different peripheral substituents and attempted studying their NLO 

properties.  Interestingly, unlike other porphyrinoids, these molecules have strong 

absorption in the near infrared (1100 nm) wavelengths and comparatively weaker 

absorption in the UV spectral band (430 nm), which entitles them for niche 

applications such as optical storage, processing and signaling devices [30].  The 

understanding of excited states lifetimes in such molecules is essential for various 

applications such as PDT, optical switching etc. Initial NLO data of sample 5a have 

been presented in one of our earlier works [31]. Another interesting attribute of 

cyclo[8]pyrrole derivatives is their formation of supramolecular liquid crystalline 

adduct with nitro-aromatic molecule. Exposure of dihydrogen sulfate salts of 

appropriately substituted cyclo[8]pyrrole to electron-deficient acceptor molecules 

gives discotic liquid crystals stabilized via electron-donor/electron acceptor 

interaction. TNB (trinitrobenzene) molecules intercalate into stacks of cyclo[8]pyrrole 

cores coordinated to the sulfate ions making them promising for explosive sensing 

[32].  The most striking feature about this macrocycle is that it possesses a very strong 
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near infrared (NIR) [33] absorption band at ~1100 nm (also designated as L band) 

compared to a weaker Soret type near UV-band at ~430 nm (B band), unlike the other 

porphyrinoids where the lower energy bands are of feeble intensity. 

  

400 600 800 1000 1200 1400 1600
0.0

50.0k

100.0k

150.0k

200.0k

εε εε 
/ M

-1
cm

-1

Wavelength     ((((nm)

 5a
 5b
 5c

 

Figure 2 UV-visible-NIR absorption spectra of 5a-5c. 

In literature, there are very few cited examples of dyes possessing intense 

absorption band beyond 1000 nm [34].  This attribute, makes the cyclo[8]pyrrole a 

promising material for optical data storage and signalling devices [35]. UV-Vis-NIR 

absorption spectra, depicted in figure 2, consisted of B bands near 433 nm [5] and 

strong L bands near 1339 nm, which is a characteristic of these molecules. The L-

bands are very sensitive to the nature of the substituent in comparison to the B-bands. 

Fusion of four naphthalene moieties onto the cyclo[8]pyrrole periphery led to 

marginal red shift (3 – 11 nm).  Absorption spectra consisted of L bands at 244 nm, 

and B bands at 433 nm. Moreover, it has a strong Q bands at 1339 nm which is a 

characteristic of these molecules. The L-bands are very 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 nm (b) 600 nm (c) 640 nm (d) 680 nm.  
Open circles are the experimental data while the solid lines are theoretical fits [31]. 

Figures 3(a)-3(d) shows typical open, closed aperture Z-scan data at (a) 800 

nm (b) 600 nm (c) 640 nm (d) 680 nm.  All the data showed reverse saturable 

absorption (RSA). The data was fitted by conventional Z-scan analysis in which the 

propagation equation was solved [9]. The analysis showed that two-photon absorption 

(TPA) is the cause of nonlinear absorption.  The closed aperture Z-scan data showed 

that these molecules exhibited negative nonlinearity. The value of n2 was estimated 

from the fits. The peak intensity used for closed aperture data avoided higher order 

contributions. The solvent contribution was minimal at these peak intensities.  

Nonlinear absorption coefficients were determined from open aperture Z-scan data.  

Figures 4 and 5 shows typical open aperture Z-scan data obtained at (a) 600 nm (b) 

640 nm (c) 680 nm and (d) 800 nm of 5b, 5c, respectively. All the data show reverse 

saturable absorption kind of behavior with a valley near zero. The analysis shows that 

two-photon absorption (TPA) is the cause of decrease in the transmittance. The two 

photon resonance corresponding to 600 nm excitation is 33,333 cm-1. Summary of 

NLO coefficients obtained from the fits are provided in table 1. 
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Figure 4 Open aperture Z-scan data of 5b at different wavelengths.  Open circles are the 
experimental data while the solid lines are theoretical fits. 
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Figure 5 Open aperture Z-scan data of 5c at different wavelengths.  Open circles are the 
experimental data while the solid lines are theoretical fits. 
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As observed the dip in RSA curve of 5b is more at 600 nm and 640 nm but at 

680 nm and 800 nm it is lesser. Similar pattern was observed in 5a also. There is an 

increase in the linear absorption as we moved from 600 nm to 800 nm. Interestingly 

RSA dip in 5c was higher at 600 nm than other wavelengths such as 640 nm, 680 nm 

and 800 nm with replacement in heavier n-pentyl group in 5c.  The values of 

β evaluated for 5b were in the range of 0.11-5.80×10-11 cm/W and the corresponding 

σ2 values were in the range of 0.22-9.70×104 GM.  Figure 5 shows the open aperture 

data of 5c in the 600-800 nm spectral range and the values were in the range of 2.65-

5.60 cm/GW and the corresponding σ2 values were in the range of 3.30-5.20×104 

GM.   The values of β for 5a were in the range of 0.62-3.20 cm/GW and the 

corresponding σ2 values were in the range of 0.50-2.9×104 GM.  

The values of NLO coefficients are at least one order of magnitude higher than 

those reported by other groups [29].  This could possibly be due to experiments being 

performed (by us) in the visible spectral region with residual absorption compared to 

the NIR region (by others). The largest value of σ2 was observed for 5b at a 

wavelength of 680 nm. The closed aperture Z-scan data of all the molecules 

demonstrated that these molecules exhibited negative nonlinearity as demonstrated in 

figure 6.   The peak intensities used were low and avoided higher order contributions. 

The solvent contribution was minimal (<2%) in the open aperture case at the 

respective peak intensities.  The magnitudes of n2 were in the range of  1.9-11× 10-16 

cm2/W with 5c exhibiting the highest n2 of 11×10-16 cm2/W at a wavelength of 680 

nm.  Closed aperture data of the solvent (data presented in figure 7) provided a value 

of 2.8×10-16 cm2/W but, most importantly, the sign was opposite to that of the solution 

suggesting that the actual value of solutes could be higher than values estimated and 

presented here. The closed aperture data of 5a, 5b, and 5c obtained at different 

wavelengths and the n2 values retrieved from closed aperture data are summarized in 

table 1.   From n2 and β we could estimate the real, imaginary, and total magnitude of 

χ(3), second hyperpolarizabilities (γ) and the corresponding figures of merit.  The 

values of NLO coefficients presented in this work are within an error of ±15%, which 

basically arises from (a) estimation of input beam diameter, beam waist, peak 

intensities (b) calibration of neutral density filters (c) fitting procedures etc.   
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Figure 6 Closed aperture Z-scan data of 5a, 5b, and 5c at 600 nm, 640 nm, 680 nm, and 800 
nm.  The peak intensities used were ~20-50 GW/cm2. 

The two photon resonance corresponding to 600 nm excitation is ~33,333 cm-1 

whereas for an 800 nm photon it is 25,000 cm-1.  Except for the molecule 5b, variation 

in β with wavelength was minimal.  While 5b exhibited strongest β at 680 nm, 5c 

exhibited strongest n2 at 680 nm compared to others.  However, 5c exhibited highest 

β at 600, 640 and 800 nm as compared to 5a and 5b.  The difference in the structures 

is the presence of  isopropyl in 5a, n-propyl in 5b, and n-pentyl groups in 5c at the β-

pyrrolic positions. The increase in strength of nonlinearity could be attributed to the 

increased conjugation from 5a to 5c, owing to increased planarity, as the neighbouring 

isopropyl substituents exert more non-bonding interaction compared to n-alkyl 
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analogues [28]. The closed aperture behavior of solutions (5a-5c) showed negative 

nonlinearity and the coefficients calculated are presented in table 2.  Figure 8 depicts 

the spectral dependence of σ2 in 5a-c.  Except for 5b the variation in σ2 with 

wavelength was minimal. 

Intensity dependent β for 5c at 800 nm at a concentration of ~0.2 mM was 

found to be constant and is evident from the data presented in figure 9.  This suggests 

that the process involved is purely two-photon and minimal exicted state absorption.  

The magnitudes of two-photon cross-sections obtained from these studies are 

comparable to some of the recently reported dinaphtoporphycene molecules (see 

chapter 3 of this thesis).  De Boni et al. [5] investigated perylene derivatives with two-

photon cross-sections of typically 200-1200 GM obtained using ~190 fs pulses. 

Andrade et al. [7] studied cytochrome solutions possessing two-photon cross-sections 

with a maximum value of 1000 GM using fs pulses. Sarma et al. [15] reported two-

photon cross-sections in dinaphthoporphycenes in the range of 104-105 GM obtained 

with ps pulses. 

 

 

 

 

 

 

 

 

Table 1 Summary of NLO coefficients of 5a, 5b, and 5c 

  

 5a 5555b 5c 

λ 
(nm) 

    

β 
(cm/W) 
×10-11 

σ2  
(×104 GM) 

ββββ 
(cm/W) 
×10-11 

σ2  
(×104 GM) 

β 
(cm/W) 
×10-11 

σ2  
(×104 GM) 

600  
3.20 
(122) 

2.90 
0.15 
(133) 

0.40 
3.35 
(133) 

4.50 

640  
1.50 
(129) 

1.30 0.11 
(117) 

0.22 2.65 
(117) 

3.30 

680  
0.62 
(114) 

5.00 5.80 
(103) 

9.70 3.65 
(103) 

4.40 

800  
1.50   
(58) 

1.00 2.15                                                                                                                             
(62) 

5.00 5.60    
(62) 

5.20 
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Figure 7 Closed aperture data of solvent chloroform, n2= 2.8×10-16 cm2/W, I00 = 28 GW/cm2
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Figure 8 Spectral dependence of σ2 in 5a-c. Squares represent 5a data, circles represent 5b 
data and triangles represent 5c data.  The solid line is only a guide to the eye. 
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Figure 9 Intensity dependent β for 5c at 800 nm at a concentration of ~0.2 mM. 
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Even though our present studies were also carried out with ~1.5 ps pulses the 

values obtained (~103-104 GM) are superior to many of the recently reported ones.  

This is corroborated by the fact that values obtained with shorter pulses and at longer 

wavelengths were in the 103 GM range [29].  The variation in total third order NLO 

susceptibility values (χ3) with wavelength at for 5a, 5b and 5c did not demonstarte any 

significant pattern which is evident from data presented in figure 10(a). The values of 

χ
3 are at the higher side for sample 5c at all the wavelengths. Sample 5c had the 

highest value of χ3 at all the available wavelengths confirmed from the data presented 

in figure 10(a).  Figure of merit data for all molecules at different wavelengths is 

presented in figuer 10(b).  Figure of merit T <1 is desirable for any molecule to be 

used in photonic applications. T value was <1 for (a) 5b at 600 nm (b)  5b 640 nm (c) 

5a at 680 nm indicating that these molecules can be used in photonic applications.  

But 5a and 5c does not have such values at 600 nm, 640 nm and 800 nm.  Table 2 

summarizes the spectral dependence of n2 for all the three molecules. Tables 3-6 

summarizes the various NLO coefficients retreived for these molecules at 

wavelengths of 600 nm, 640 nm, 680 nm, and 800 nm.  We had confined our studies 

to these wavelengths only since (a) the absorption spectra have interesting peaks in 

these spectral regions (b) our ps OPA output was not stable at other wavelengths. 

 

Molecule 
n2 @ 

600 nm 
cm2/W 

n2 @ 
640 nm 
cm2/W 

n2 @ 
680 nm 
cm2/W 

n2 @ 
800 nm 
cm2/W 

5a 2.7×10-16 3.6×10-16 4.9×10-16 6.0×10-16 

5b 2.6×10-16 1.9×10-16 3.6×10-16 1.5×10-16 

5c 4.4×10-16 4.5×10-16 11×10-16 6.0×10-16 

Table 2 n2 values for 5a, 5b, and 5c at different wavelengths. 

Molecule 
Re(χ3) 

@ 600 nm 
(m2/W2) 

Im(χ3) 
@ 600 nm 
(m2/W2) 

Total (χ3) @ 
600nm 

(m2/W2) 

Figure of 
Merit (T)  
@ 600 nm 

 

5a 1.4×10-14 7.6×10-15 1.5×10-14 7.1 

5b 1.3×10-14 3.6×10-16 1.3×10-14 0.34 

5c 2.2×10-14 8.0×10-15 2.3×10-14 4.5 

Table 3 Real, imaginary, and total χ(3) values of 5a, 5b, 5c recorded at 600 nm.  
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Molecule 
Re(χ3) 

@ 640 nm 
(m2/W2) 

Im(χ3) 
@ 640 nm 
(m2/W2) 

Total (χ3)  
@ 640nm 
(m2/W2) 

Figure of 
Merit (T)  
@ 640 nm 

5a 1.8×10-14 3.8×10-15 1.8×10-14 2.60 

5b 9.5×10-15 2.8×10-16 9.5×10-15 0.37 

5c 2.2×10-14 6.7×10-15 2.3×10-14 3.76 

Table 4 Real, imaginary, and total χ(3) values of 5a, 5b, 5c recorded at 640 nm. 

Molecule 
Re(χ3) 

@ 680 nm 
(m2/W2) 

Im(χ3) 
@ 680 nm 
(m2/W2) 

Total (χ3)  

@ 680 nm 
(m2/W2) 

Figure of 
Merit (T)  
@ 680 nm 

5a 2.4×10-14 1.7×10-15 2.4×10-14 0.86 

5b 1.8×10-15 1.6×10-15 2.4×10-14 10.9 

5c 5.5×10-14 9.8×10-15 5.6×10-14 2.25 

Table 5 Real, imaginary, and total χ(3) values of 5a, 5b, 5c recorded at 680 nm. 

Molecule 
Re(χ3) 

@ 800 nm 
(m2/W2) 

Im(χ3) 
@ 800 nm 
(m2/W2) 

Total (χ3)   

@ 800nm 
(m2/W2) 

Figure of 
Merit (T)  
@ 800 nm 

5a 3.0×10-14 4.7×10-15 3.0×10-14  2.25 

5b 7.5×10-15 6.8×10-15 1.0×10-14 5.60 

5c 3.0×10-14 18×10-15 3.5×10-14 8.40 

Table 6 Real, imaginary, and total χ(3) values of 5a, 5b, 5c recorded at 800 nm. 
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Figure 10 (a) Variation of χ(3) with wavelength for 5a, 5b, 5c (b) Variation of figure of merit 
(T) with wavelength for 5a, 5b, 5c. 
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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-c recorded at 600 nm indicating 
two lifetimes.  Open circles are the experimental data while the solid (red) lines are double 
exponential fits.  
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The complete experimental details of fs pump probe experiments have been 

explained in sections 2.12 (figure 17).  Figure 11 shows the fs degenerate pump-probe 

data of 5a-5c obtained at 600 nm using ~70 fs pulses with typical pump energies of 

~10 µJ.  The data was fitted for a double exponential [17, 20] and two lifetimes (τ1 

and τ2) were retrieved from each of the fits.  The values of τ1 and τ2 were ~5 ps and 

~37 ps for 5a; ~3 ps and ~20 ps for 5b; and ~2 ps and ~33 ps for 5c, respectively.   

4. 5  Energy level diagram of 5a-5c 

 

Figure 12 Schematic of energy level diagram of 5a-c explaining the double exponential 
behavior (τ1 and τ2) observed in pump-probe data. 

 

Figure 12 shows a simplified energy level diagram indicating the excitations 

and decay times for these molecules.  Excitation with focused 600 nm photons 

enables 2PA resulting in populating the S2 states.  The de-excitation mechanism, then, 

could be from (a) lowest vibrational state of S2 manifold to highest vibrational states 

of S1 manifold (Internal Conversion, IC) followed by intra-molecular vibrational 

relaxation (IVR) from highest states of S1 to lowest states of S1).  However, we could 

not resolve these two lifetimes in our present data while we could in the case of 
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porphycenes [17].  These are typically fast processes (<1 ps for IC, ~1-3 ps for IVR) 

and, therefore, the shorter lifetimes observed in pump-probe data (3-5 ps) could be 

attributed to this relaxation and (b) from the lowest vibrational states of S1 manifold 

the molecules relax to ground state via non-radiative mechanism by releasing the 

energy to solvent (also called as vibrational cooling).  This process typically occurs in 

few tens of ps in such molecules.  The longer lifetime can be associated with such a 

process in   5a-5c.  Radiative lifetimes in similar molecules were observed to be 

typically few ns [20].  The pump-probe studies of 5a were carried out at 0.062 mM 

while that of 5b and 5c were carried out at 10-4 M and at these concentrations we did 

not observe any aggregation effects (confirmed from absorption spectral studies) and, 

therefore, we can neglect the inter-molecular contributions to the lifetimes observed.  

Our initial ESR studies carried out recently suggest that the triplet ground state could 

be much closer to the singlet ground state and there could be a possible contribution 

of this to the longer decay times observed.  However, further detailed studies (such as 

non-degenerate pump-probe and transient absorption) are essential to exactly identify 

the complicated decay dynamics in these molecules. 

4.6  Conclusions 

 

There are several studies which identify processes in similar molecules   [36-

38].  Fita et al. [39, 40] studied few zinc phthalocyanines and observed 10-50 ps time 

scale dynamics which were characteristic of the vibrational cooling (relaxation to 

ground state by transfer of heat to the solvent) from the S1 state.  Kullmann et al. [41] 

working with a bisporphyrin recorded four different lifetimes.  The fastest lifetime 

(~100 fs) was assigned to intramolecular vibrational relaxation within the S2 states, 

second fastest lifetime (few ps) to the decay of S2 states, slower lifetime (few tens of 

ps) to the cooling dynamics (non-radiative). All NLO and pump-probe data of 5a-5c 

can be found in reference [42].  These cyclo[4]naphthobipyrroles, particularly 5a 

(owing to its good solubility), are of great importance for realistic applications as NIR 

dyes [43-45], apart from their potential utility in light harvesting, dye-sensitized solar 

cells, bio-imaging, and optical limiting and switching applications.  Our future studies 

will focus on incorporating these molecules in a suitable, transparent polymer and 

extend the studies of NLO coefficients evaluation and excited state dynamics over the 

entire visible spectral range. 
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5.1  Introduction 

Phthalocyanine [derived from Greek words, naphtha (rock oil) and cyanine 

(blue)] nomenclature was first used by Linstead in 1933 to describe a new class of 

organic compounds. Phthalocyanine (Pc) molecules are macro-cyclic compounds 

extensively studied now due to their potential applications as pigments and dyes and 

also model systems for important biological system/processes due to their similar 

functions as porphyrins, hemoglobin and chlorophyll. Pc molecules have also been 

found to be potential candidates for application in organic solar cells or organic light 

emitting devices (OLED) and also used as the active elements in chemical sensors (gas 

sensors) [1]. These molecules have been successfully used in homogeneous and 

heterogeneous catalysis during a long period for oxidation reactions. Pc’s are also used 

in many different applications such as dye pigments in textiles, p-type organic 

semiconductors, gas sensors, cancer therapy, organic, light-emitting devices and 

magnetic switches [2].  The chemical and electronic properties of Pc’s may be tuned 

through variation in the metal center, or through organic functionalization of the 

macrocycle.  Pc’s are versatile because they offer enormous structural flexibility with 

the capacity of hosting 70 different elements in the central cavity.  The structure of Pc 

has been significantly scrutinized for improved chemical and physical properties and it 

is the elegant modification of Pc structure that has been demonstrated to effectively 

improve its photochemical and photo-physical properties. Because of diverse redox 

chemistry, and high thermal/chemical stability, various applications such as 

semiconductors, electro-chromic displays, chemical sensors, sensitizers in solar cells, 

photodynamic therapy, and optical properties have motivated the researchers to 

synthesize various types of Pc’s. Due to their planar π-conjugated system they are well 

suited for third-order nonlinear optical (NLO) response and possess exceptional 

stability against photo-irradiation. The NLO properties of Pc’s and MPc’s can be 

improved by changing the central metal atom, peripheral/axial substitution, and/or its 

aggregation state.  The large optical nonlinearities of Pc’s due to delocalized π 

electrons are envisaged in applications such as optical processing devices, practical 

optical limiters and all optical switches [3-10].  Various research groups, including our 

group, have studied in detail the NLO response of a number of Pc’s with different 

central metals and peripheral substitutions [11-26]. The luminescence properties of 

Pc’s are of interest because of their structural similarities to the porphyrins as will be 
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demonstrated in the data presented in chapter 6.  The UV–visible absorption spectra of 

Pc’s demonstrate a Soret band of 360 nm and a Q band at 684 nm without substitution 

at peripheral positions [27]. Pc’s are excellent singlet oxygen generators with a high 

value of quantum yield of singlet oxygen production of 0.59–0.80 [28] as well as a 

fluorescence quantum yield production higher than that of porphyrins [29]. Therefore, 

one has to come up the design of Pc’s which render enhanced solubility and 

anticipated superior properties. The solubility of Pc’s in non-polar solvents can be 

improved by introducing different kinds of bulky groups like alkyl, alkoxy, alkylthio 

and crown ether groups on the Pc framework [30-32].  To fully explore the 

photosensitizing qualities of ZnPc, a detailed description of the intramolecular 

processes, occurring on time scales ranging from femtoseconds to microseconds, is 

required. Several experimental studies on the photo-physics of ZnPc and similar 

compounds (derivatives or different MPc’s) in solution have been reported [33,34] but 

so far the results fail to depict a coherent picture of the overall photo-physics. 

Furthermore, new molecules with high two-photon absorption (2PA) and three-photon 

absorption (3PA) coefficients and cross-sections are interesting for their potential 

applications in photonics, biomedical, and lithorgraphic applications [35].  Thiol 

substituted MPc’s show rich spectroscopic and photochemical properties as they 

absorb at longer wavelengths (>700 nm) than other MPc’s [36-39].  

The wide range of Pc applications are primarily because of their high molar 

absorption coefficient (ε >105) in the far end of the visible spectrum, high triplet state 

quantum yields, long lifetimes, exceptionally high thermal and chemical stability, and 

rational synthetic routes towards preparation of these compounds [40]. The optical 

properties of Pc’s, of great scientific interest, depend on the solubility as well as 

aggregation of the macrocycle [41,42].  Owing to the extended π-systems, these 

complexes show high aggregation tendency in both solution and solid state, less 

solubility in common organic solvents thus influencing their spectroscopic and photo-

physical properties and thereby limiting the application potential [43]. Therefore, 

many efforts have been directed into designing non-aggregated Pc’s in order to control 

their properties.  Essentially, aggregation is due to the co-facial association of the 

highly planar Pc units even at µM concentration which leads to the low efficiency for 

device applications [44].  Consequently, if one could get rid of the planarity either by 

axial ligation of the Pc molecule or use of bulky substituents and π-substitution of the 
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Pc-molecule, aggregation can be reduced.  The most effective way to reduce 

aggregation is by creating steric crowding over the Pc’s macrocycle by use of bulky 

substituent [45-48].  Based on thermal, photochemical stability, and electrochemical 

properties Pc’s were found to be alternative sensitizers for dye-sensitized solar cell 

applications [49]. However, because of planarity of the Pc, macrocycle tends to 

aggregate at µM concentration and results in low efficiency of the device.  Recently, 

we have successfully introduced bulky substituents at peripheral positions of Pc 

macrocycle and designed several efficient sensitizers for dye-sensitized solar cell 

applications [50-52]. This approach gave highly soluble and non-aggregated Pc 

derivatives in dilute solution as well as in the solid state. Pc’s are proper choice for 

effectively harvesting red light due to their strong Q band light absorption properties 

near 700 nm. Thus, Pc-sensitized solar cells for use as photovoltaic window transmit 

part of the visible light and harvest in the red/near-IR part of the spectrum [53]. MPc’s 

are characterized by intense B and Q-bands centered near 350 and 670 nm, 

respectively. Strong absorbance in the far red region of the UV/visible spectrum was 

thus retained upon introduction of the fluorous peripheral substituent [54].  Recently, 

we have successfully introduced bulky substituents at peripheral positions of 

phthalocyanine macrocycle by adopting ‘push-pull’ concept and designed several 

efficient sensitizers for dye-sensitized solar cell applications. These phthalocyanines 

are having bulky either alkyl or alkoxy groups, which acts as electron releasing 

(‘push’), and it also having carboxyl groups which acts as electron withdrawing 

(‘pull’). This approach gave highly soluble and non-aggregated Pc derivatives in dilute 

solution as well as in the solid state. Phthalocyanines are proper choice for effectively 

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

 

In order to achieve aforementioned properties, one has to design Pc’s such that the 

macrocycle is soluble in all common organic solvents, display minimum aggregation 

(at µM concentration) and also further shift the absorption of Q bands towards the red 

region of the absorption spectrum.  Herein, we have designed and prepared two 

sterically hindered Zn-Pc’s by introducing 3,4-dimethoxy (Pc-1) and 2,6-dimethoxy 

(Pc-2) phenyl groups at the peripheral positions of Pc-molecule. By introducing these 

bulky substituents at peripheral positions of Pc macrocycle, one can expect to improve 

the solublity but also minimizes its aggregation. Thiol substituted 
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metallophthalocyanines show rich spectroscopic and photochemical properties as they 

absorb at longer wavelengths (>700 nm) than other metallophthalocyanines.The 

further red-shift in Q band absorption Pc can be achieved by introducing thiol 

substituted groups at non-peripheral positions of macrocycle. In the present chapter, 

we have also designed Pc molecule having eight tert-butylphenyl thio substituents at 

the non-peripheral positions. The detailed photophysical and photochemical studies 

along with their ultrafast NLO responses have been studied for both arylalkoxy and 

tert-butylphenyl thio substituted zinc phthalocyanines (Pc-3).  

5.2  Structures of Pc-1, Pc-2 and Pc-3 
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Figure 1 Structure of Sterically hindered Zn-Pc (Pc-1, Pc-2) and Thio-ZnPc (Pc-3) used for 
the study. 
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The structures of sterically hindered Zn-Pc’s (Pc-1, Pc-2) and Thio-Zn-Pc (Pc-3) 

are illustrated in figure 1.  Pc’s are 18 electron hetrocyclic aromatic systems derived 

from porphyrins. The more systematic name is therefore, tetra-aza-tetra-benzo-

porphyrins. These comprise of four isoindole unit at four identical corners, linked 

together through their 1,3-position by aza bridges. The IUPAC names of Pc-1 and Pc-2 

are 2,3,9,10,16,17,23,24-octakis (3,4-dimethoxyphenyl) Zn(II)Pc and 

2,3,9,10,16,17,23,24-octakis (2,6-dimethoxyphenyl) Zn(II)Pc, respectively. The 

IUPAC name of Thio-Zn-Pc is 1,4,8,11,15,18,22,25-octakis (4-tert-butylthiophenyl) 

Zn(II)Pc and is termed as Pc-3 throughout this chapter. The molecule is able to 

coordinate hydrogen and metal cations in its center by coordinate bonds with the four 

iso indole nitrogen atoms. The central atoms can carry additional ligands. 3,4 

dimethooxy (Pc-1) and 2,6 dimethoxy (Pc-2) phenyl groups at the peripheral position 

of Pc-molecule. Most of the elements have been found to be able to coordinate to the 

Pc’s macrocycles. Therefore, a variety of Pc’s complexes exist. A disadvantage of Pc’s 

is the extreme insolubility of the parent compound. In order to increase the solubility 

in common organic solvents, a number of functional groups have been added to the 

Pc’s core at the benzene rings on the periphery of these micro cycles. The physical, 

chemical and electronic properties of Pc’s may also be improved by the addition of 

appropriate substituent’s  and functional group to the molecule such as alkyl chains, 

higher order aromatics, ethers, amines, thiols or halides.  

 

5.3   UV-Vis Absorption spectra of Pc-1, Pc-2, Pc-3 

  

 The electronic absorption spectra of Pc-1 and Pc-2 revealed characteristic 

features of the Pc. They show a low intense Soret band (B band) in the range of 300–

400 nm and a relatively intense Q band in the range of 600–800 nm (figures 2a and 

2b). Considerable intensity of this band has been a result of π-π* transitions from the 

macrocyclic system. UV-visible absorption spectroscopy is a very valuable technique 

which can be used to study the aggregation phenomena of Pc’s in both solution and 

solid state. The extent and the nature of the molecular packing can also be deduced 

from the interpretation of UV-visible absorption spectrum (Q band). The insolubility 

of Pc’s in most organic solvents is due to the planarity structure and leads to aggregate 

by forming π-π stacking. As frequently encountered in most of Pc’s, the shoulder on 

the high energy side of the Q band indicates the presence of aggregated species. 



Chapter 5                                                                                                              Phthalocyanines 

134 
 

300 450 600 750 900
0.0

0.4

0.8

1.2

(a)

0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

A
bs

or
ba

nc
e 

Concentration / x 10 -5 M  

A
bs

or
ba

nc
e

Wavelength (nm)

 0.5×10-6 M
 0.6×10-5 M
 0.8×10-5 M
 1.4×10-5 M
 0.8×10-4 M

300 450 600 750 900
0.0

0.3

0.6

0.9

1.2

(b)
0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

 

A
bs

or
ba

nc
e

Concentration / x 10 -5 M

 

A
bs

or
ba

nc
e

Wavelength (nm)

 0.5×10-7 M
 1.0×10-6 M
 0.8×10-5 M
 1.0×10-5 M
 1.4×10-5 M
 2.8×10-5 M

 

Figure 2 Absorption spectra of (a) Pc-1 (b) Pc-2 in CH2Cl2 at different concentrations. 
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Figure 3 Absorption spectra of (a) Pc-1 and (b) Pc-2 in various solvents (DCM, DMF, 
DMSO, THF, and Toluene). 

 The solubility and aggregation problem can be overwhelmed by introducing 

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

have shown no evidence of aggregation in solution as demonstrated by the sharp 

unperturbed single Q band, typical of metallated Pc complexes with D4h symmetry. 

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

sharp Q band at 686 nm in dichloromethane solvent, which is a typical non-aggregated 

species as evaluated from its position and shape.  The concentration dependence of 

absorption spectra of these derivatives was further assessed in order to prove the 

absence of aggregation. It has been found that both the complexes exhibited a 

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

the recorded absorption spectra in different concentrations. Its apparent molar 

extinction coefficient remains almost constant indicating a pure monomeric form, 
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which obeys the Beer–Lambert Law in the outlined range of concentration. Similar 

non-aggregated properties were also observed in the case of Pc-1 (figure 3a). The 

introduction of bulky aryloxy groups at the peripheral positions of Pc cannot cause any 

significant shift of the Q band absorption maxima. Figures 3a and 3b illustrate the 

absorption studies of both Pc-1and Pc-2 in various solvents (DCM, DMF, DMSO, 

THF, and Toluene).  From the data presented in figure 3 it is evident that as the solvent 

polarity increased, the shape and absorption maxima of both B band and Q band did 

not change. Similar absorption behavior was also observed in Pc-2, except in THF and 

DMSO solvents. In both THF and DMF solvents, Q band was split into two bands at 

684 nm and 775 nm, respectively. The split in Q band is probably due to the axial 

coordination of the Zn(II) ion by solvent molecules [55].  Typical Pc complex is 

known to exhibit two strong absorption bands arising from their orbital interactions 

and symmetry, one of them in the UV region at around 300-400 nm arising from 

deeper π-levels to LUMO transition and the other in the visible part around 700 nm 

attributed to HOMO to LUMO transition (π-π*) of the Pc-2 ring.  These intense band 

systems can be shifted or broadened depending on peripheral 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 or electron withdrawing groups 

potentially provides a method of tuning the Q-band absorption. The UV-Vis spectrum 

of the Pc-3 complex in various solvents, including DCM, is shown in figure 4.  Pc-3 

exhibited a Q band near 796 nm and a B band near 354 nm in DCM. A new absorption 

peak was observed at 510 nm, a similar band appeared in thio substituted Pc’s reported 

in literature [56].  The spectra depicted monomeric behavior evidenced by a single 

narrow Q band, typical of metallated Pc’s [57]. The Q band was considerably shifted 

to near IR region attributed mainly to the substitution of Pc ring at eight α-positions 

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

The presence of sulphur atoms further helps to red shift the absorption. The 

observed red spectral shift is typical of Pc’s with substituents at the non-peripheral 

positions [58,59] and has been explained to be due to linear combinations of atomic 

orbitals (LCAO) coefficients at the non-peripheral positions of the HOMO being 

greater than those at the peripheral positions. As a result, the HOMO level is 
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destabilized more at the non-peripheral position than it is at the peripheral position. 

Resultantly, the energy gap between the HOMO and the LUMO becomes smaller, 

consequently in a bathochromic shift.  Aggregates are undesirable not only for 

analytical purposes, for their absorbance spectra overlaps with that of the monomer, 

but also for practical device applications. The aggregation depends on concentration, 

solvent, substituents, complexed metal ions and temperature [60]. For many non-bulky 

or electron rich benzo substituted complexes, aggregation occurs readily, even at low 

concentrations, typically, used to record absorption spectra, making the spectral data 

more difficult to interpret. In dilute solutions Pcs exist as single molecule and are 

surrounded by solvent molecules but with increasing concentration Pc molecules 

aggregate. In the aggregated state electronic structure of complex Pc rings are 

perturbed thereby altering the ground and excited state electronic structures [61].  

Keeping this in mind, we have carried out the aggregation studies of Pc-3 at different 

concentrations in DCM and the data is shown in figure 5. The complex clearly 

followed Beer-Lambert’s law (figure 5 inset) for the monomeric species present in the 

solution since no aggregation tendency was observed evident 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 probe experiments have been 

explained in sections 2.12 (figure 17).  Figure 6 shows the degenerate pump-probe 

data of Pc-1 and Pc-2 (in DCM) obtained near a wavelength of 600 nm using ~70 fs 

pulses with typical pump energies of 10 µJ.  Positive ∆T/T in the pump-probe data 

indicted photo-bleaching prevailed.  The experimental data was fitted with a double 

exponential function and two lifetimes (τ1 and τ2) were retrieved from each of the fits. 

The values of τ1 and τ2 were ~3 ps and ~40 ps for Pc-1 whereas the values were ~2 ps 

and ~500 ps for Pc-2.   Qualitative evaluation of emission, including quantitative 

analysis of the fluorescence spectra and determination of the quantum yields (φ) was 

performed for Pc-1 and Pc-2. The emission spectra of both phthalocyanines were 

collected by exciting both phthalocyanines at 680 nm as observed in figure 7. The 

steady state fluorescence spectra of both the complexes are almost similar except the 

different emission maxima.   
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Figure 6 Degenerate pump-probe data of (a) Pc-1 and (b) Pc-2 obtained with ~70 fs pulses 
near 600 nm.  Red solid lines are theoretical fits using the equations as explained in Chapter 2. 

650 700 750 800 850

0

1M

2M

3M

4M

5M

6M

7M

 

 

E
m

is
si

on
 in

te
ns

ity
 (

a.
u.

)

Wavelength (nm)
 

Figure 7 Emission spectrum of Pc-1 (__) & Pc-2 (----) in DCM at λexc = 680 nm. 
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Figure 8 presents the fluorescence decay data of Pc-1 and Pc-2 in DCM. 

Figures 9 and 10 present the fluorescence decay data of Pc-1 and Pc-2 in various 

solvents.  It is evident from the data presented in figures 8-10 that the emission spectra 

of Pc-1 and Pc-2 were consistent with both the Stokes rule and the rule of mirror 

symmetry between the absorption and fluorescence bands. The emission properties of 

Pc-1 and Pc-2 in DMSO were evaluated by comparison with those of ZnPc possessing 

no peripheral substituents.  For ZnPc the Stokes shift was small (∆λ = 7 nm) which 

confirmed that the geometry of molecule in the singlet excited state S1 does not differ 

much from that in the ground state. The Stokes shift in the emission spectra of 

phthalocyanines possessing peripheral substituents was somewhat greater.  

Fluorescence quantum yields (φf) were determined by the comparative method 

according to  

 

∅������ =
	
����� × ��.
�������
	
�������� × ��.
�����

× ∅�,
������� 

 

where ∅������  is the fluorescence quantum yield of sample; ∅�,
������� 	 is 

fluorescence quantum yield of the standard; Fsample is fluorescence intensity of the 

sample; FStandard is fluorescence intensity of the standard; Abs.sample is absorbance of the 

sample at the excitation wavelength; and Abs.standard is the absorbance of the standard 

at the excitation wavelength.  The emission spectra of both Pc-1 and Pc-2 were 

measured in different solvents and corresponding quantum yield data is presented in 

table 1.  From table 1 data it is apparent that as the polarity of the solvent increased, 

the emission maxima slightly blue shifted by 3-5 nm and quantum yield was reduced 

in both the phthalocyanines. This might be due to increase of aggregation in polar 

solvents, which reduces the possibility of radiative deactivation i.e., fluorescence 

through dissipation of energy by the aggregates.  The quantum yields were greatly 

reduced in un-substituted phthalocyanines. This in turn effect on the singlet excited 

life time.  As in steady state emission, lifetimes were also affected with polarity of the 

solvents used. 
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Figure 8 Fluorescence decay signals of Pc-1 &  Pc-2 in DCM. The detection wavelength was 
at 690 nm. Solid lines are fits to the experimental data 
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Figure 9 Lifetime spectra of Pc1 in different solvents 
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Sample Solvent 
λλλλmax, nm (log εεεε) 

M -1cm-1 

λλλλem. max. 
nm 

φφφφf ττττf (ns) 

 
Pc-1 

 
Toluene 

 
688 (4.85) 

 
696 

 
0.32 

 
2.73 

 
 

DCM 
 

690 (4.76)
a 

 
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)
b
 

 
691 

 
0.26 

 
2.70 

 
 

THF 
 

680 (4.37) 
 

689 

 
 

0.25 
 

 
3.18 

 DMF 682 (4.19) 691 
 

0.24 
 

2.60 

 DMSO 685 (4.14) 693 0.22 
 

2.91 
 

Table 1 Summary of absorption, emission data of Pc-1 and Pc-2 in different solvents. 
 
a log ε value is recorded for DCM only 
b log ε value is recorded for DCM only 
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Figure 10 Lifetime spectra of Pc-2 in different solvents. 

Figure 11 depicts the fs degenerate pump-probe data of Pc-3 recorded near the 

wavelength of 600 nm.  It is evident from the data presented that ∆T/T was negative 

suggesting the presence of photo-induced absorption with a single exponential decay.  

The lifetime recovered from the fit to experimental data was a long one of ~309 ps.  

Pc-3 is a radiative molecule with lifetimes of ~few ns as seen from the data presented 

in figure 12 and rediative lifetimes are summarized in table 2.  Therefore, the ~309 ps 

lifetime observed cannot be from the radiative transitions.  Excitation with 600 nm 

pump photon could have excited the molecule to first excited singlet state due to small 

linear absorption at that wavelength.  With strong pump inentisites (>100 GW/cm2) 

two-photon absorption (2PA) is possible where as the data is presented depicting 2PA 

in this molecule at 600 nm with stronger pumping and SA at weaker pumping). In the 

present case of pump-probe measurements the peak intensity of pump was much lower 

than 100 GW/cm2.  Once excited into high lying states the molecules can come down 

to ground state via radiative and/or non-radiative mechanisms.  The ~309 ps lifetime 

could be attributed to the non-radiaitve lifetime of S1 states with possible contribution 

from inter-system crossing and/or radiative part.  However, further detailed transient 

absorption studies are necessary to identify the exact contributions to this lifetime.   
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Figure 11 Degenerate pump-probe data of Pc-3 recorded with ~70 fs pulses at 600 nm. The fit 
(solid, red line) depcits a single exponential decay of ~309 ps. 

  

Jarota et al. [62] have also investigated tetrasulfonated Pc’s (again similar 

molecules to ours) and observed lifetimes in the 150-500 ps range. They have assigned 

it to the S1 to S0 non-radiative decay mechanism.  Howe et al. [63] investigated Pc and 

zinc Pc tetrasulfonate using ultrafast pump-probe spectroscopy slow life time of ~370 

ps for the free base (PcS4)  and ~460 ps for the Zn substituted compound (ZnPcS4). 

We had observed S1 state lifetimes of <200 ps in similar organic molecules in some 

our earlier studies on porphycenes, corroles [64] and naphthobipyrroles. Furthermore, 

in a few of our earlier works on Pc’s [65] and porphyrins [66,67] we did observe sub-

100 ps lifetimes (assigned to the S1 state non-radiative decay) achived using 

incoherent laser spectroscopy.  Fita et al. [68] observed <50 ps lifetimes for ester-

alkyloxy substituted zinc Pcs.  They also osberved ~ns lifetimes and assigned them 

due to the combination of inter-system crossing, radiative and non-radiative 

mechanisms.  In our case the radiative lifetimes were >2 ns as seen in figure 12 and, 

therefore, can safely assume miminal conrtibution from this. 
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Figure 12 Fluorescence decay signals of Pc-3 in different solvents.  
 
Sample Solvent λmax, nm (log ε) 

M-1cm-1 
λem, max, 
nm 

φf τf (ns) 

Zn-Thio-Pc 
   (Pc-3) 

DCM 
DMF 
DMSO 
THF 
Toluene 

803 (5.04) 
782 (5.13) 
793 (4.84) 
787 (5.45) 
792 (4.99) 

823 
813 
822 
809 
812 

0.020 
0.022 
0.020 
0.022 
0.024 

1.23 
1.25 
1.22 
1.26 
1.25 

 
Table 2 Summary of absorption, emission data of Pc-3 
 

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

 There have been reported several novel Pc-based sensitizers, including efforts from 

our group, and explored their interesting nonlinear optical (NLO) properties [69-76].  

Several modifications such as substituents on the central metal core, peripheral 

attachments, incorporation into graphene, doping with polymer, preparing 

nanoparticles etc. [77-87] were embarked upon with the intention of understanding the 

structure-property relationship towards tailoring their NLO properties.  However, the 

significant aspects missing amongst these studies are (a) spectral dependence 

(dispersion studies) of the optical nonlinearity (b) time resolution of the optical 

nonlinearity (c) pulse width dependent studies.  Nonlinear optical absorption (NLA) 

studies with nanosecond (ns) pulses (in solution and doped in polymers/glasses) will 
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assist identification materials for optical limiting applications. For such applications 

time-response of the nonlinearity is not important.  NLA studies with ps/fs pulses will 

help finding suitable saturable absorbers for mode-locking applications in ultrafast 

lasers.   Nonlinear refractive index studies with ps/fs pulses will provide information 

of material properties useful for signal processing, all-optical switching applications.  

Desired characteristics for applications include small linear absorption, low nonlinear 

absorption, and strong nonlinear refractive index with sufficiently fast response (ps/fs 

time scales).   
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Figure 13 Ps open aperture Z-scan data of Pc-1 showing SA at (a) 640 nm (b) 680 nm and (c) 
700 nm and RSA at (d) 800 nm. Pc-1 shows RSA for 800 nm.  The peak intensities used were 
~60 GW/cm2.  Solid lines are theoretical fits to the experimental data. 

We have performed detailed studies on the optical, electrochemical, and emission 

properties in different solvents.  Figures 13 (a-d) illustrate the open aperture data of 

Pc-1 obtained using ~1.5 ps pulses at wavelengths of 640 nm, 680 nm, 700 nm, and 

800 nm, respectively.   Typical peak intensities used were ~60 GW/cm2. In all the 

figures open, blue circles represent the experimental data while the solid, red lines 

represent the theoretical fits.  Below 700 nm we did observe strong linear absorption 

for Pc-1 and, therefore, nonlinear absorption mechanism was more of saturable 

absorption (SA) type.  However, at 800 nm we do see RSA and this is due to the 

absence of any linear absorption and associated large peak intensities leading to an 
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effective 2PA (either 1+1 or instantaneous two-photon absorption).  Solvent (DCM) 

contribution was neglected since no transmittance change was observed when the Z-

scan was performed with solvent alone. Independent intensity dependent 

measurements confirmed the dominance of instantaneous 2PA.  However, there could 

be minor contribution from 1+1 type of 2PA. Figures 14(a-d) depicts the closed 

aperture data for Pc-1 at 640 nm, 680 nm, 700 nm, and 800 nm, respectively.  The 

solvent contribution again was minimal.  The peak intensities used for closed aperture 

data were typically ~25 GW/cm2. The asymmetry in figures 14a and 14c could be due 

to the poor spatial beam profile.  Figures 15(a-d) illustrates the open aperture data of 

Pc-2 recorded at wavelengths of 640 nm, 680 nm, 700 nm, and 800 nm, respectively.  

It is evident that except at 700 nm we observed RSA for the 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 which indicated a strong absorption peak 

near 700 nm.  However, harder pumping could lead to 2PA/ESA as was observed in 

our earlier studies [88-93]. 
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Figure 14 Ps closed aperture Z-scan data of Pc-1 showing negative nonlinearity at (a) 640 nm 
(b) 680 nm (c) 700 nm and (d) 800 nm.  The peak intensities used were ~25 GW/cm2.  Solid 
lines are theoretical fits to the experimental data. 
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Figure 15 Ps open aperture Z-scan data of Pc-2 (a) 640 nm (b) 680 nm (c) 700 nm (d) 800 
nm. At 700 nm PC-2 shows maximum linear absorption and SA.  The peak intensities used 
were ~60 GW/cm2. Solid lines are theoretical fits to the experimental data. 
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Figure 16 Ps closed aperture Z-scan data of Pc-2 (a) 640 nm (negative n2) (b) 680 nm 
(positive n2) (c) 700 nm (positive n2) (d) 800 nm (negative n2).  The peak intensities used were 
~25 GW/cm2. Solid lines are theoretical fits to the experimental data. 
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Figures 16(a–d) demonstrate the closed aperture Z-scan data of Pc-2 obtained at all the 

four wavelengths where open aperture data was recorded. Interestingly, the sign of 

nonlinearity was positive at 680 and 700 nm whereas the sign was negative at 640 and 

800 nm.  Tables 3 and 4 summarize the NLO coefficients extracted from various fits to 

the data for both Pc-1 and Pc-2.  Figures of merit were also evaluated for these 

molecules and they were found to be comparable with some of the recently, 

successfully reported molecules [88-93].   
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Figure 17 Fs open aperture Z-scan data shows 2PA for Pc-1 (a) 800 nm, 80 MHz, 35 mW (b) 
760 nm, 1 kHz, 30 mW.  SA observed for fs open aperture data of Pc-2 (c) 800 nm, 32 mW, 
80 MHz (d) 800 nm, 12 mW and 1 kHz.  Typical peak intensities used were 108-109 W/cm2.  
Solid lines are theoretical fits to the experimental data. 

λ (nm)       n2 
(cm2/W) 

β  
(cm/W) 

σ2 

(GM) 
Re[χ(3)]  

e.s.u. 
Im[( χ(3))]

e.s.u. 
Total(χ(3)) 

e.s.u. 
FOM 
(W) 

640 2.1×10-16 -0.2×10-11 464 1.1×10-14 4.7×10-16 1.1×10-14 0.39 

680 1.5×10-16 -0.4×10-11 873 7.7×10-15 10.0×10-16 7.7×10-15 0.23 

700 3.3×10-16 -0.2×10-11 518 1.7×10-14 6.3×10-16 1.7×10-14 0.47 

800 7.1×10-16 1.6 ×10-11 3297 1.2×10-14 5.2×10-15 1.3×10-16 0.70 

Negative sign of β indicates saturable absorption (SA) 

Table 3 Summary of NLO coefficients of Pc-1 recorded with ~1.5 ps pulses 
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λ (nm) n2 
(cm2/W) 

β  
(cm/W) 

σ2  

(GM) 
Re[χ(3)]  

e.s.u. 
Im[( χ(3))] 

e.s.u. 

Total 
   χ(3 
e.s.u. 

FOM 
(W) 

640 5.4×10-16 2.3×10-11 5925 2.8×10-14 6.0×10-15 2.8×10-14 1.03 

680 2.4×10-16 2.2 ×10-11 5325 1.2×10-14 6.0×10-14 1.4×10-14 0.38 

700 6.0×10-17 -0.05×10-11 118 3.1×10-15 1.4×10-16 3.1×10-15 0.08 

800 2.4×10-16 6.5 ×10-11 13395 1.2×10-14 2.1×10-14 2.5×10-14 0.23 

Negative sign of β indicates saturable absorption (SA) 

Table 4 Summary of NLO coefficients of Pc-2 recorded with ~1.5 ps pulses. 

Figure 17a depicts the nonlinear absorption behavior (data fitted again with 2PA) for 

fs pulse excitation with ~35 mW average input power.   The behavior was similar 

when excited with 1 kHz chopped pulses and at 760 nm, the data of which is presented 

in figure 17b for Pc-1.  However, the behavior of Pc-2 was found to different with SA 

obtained at similar average powers for both 80 MHz and 1 kHz excitation and the data 

is presented in figure 17c and 17d, respectively.  Typical peak intensities used in this 

case were in the range of ~108 W/cm2. The observed behavior, again, can be attributed 

to the linear absorption.  Closed aperture fs Z-scan of Pc-1 shows negative 

nonlinearity at 800 nm with an input power = 10 mW, 80 MHz repetition rate and n2 = 

2.05×10-12 cm2/W. CA fs Z-scan of Pc-2 shows positive nonlinearity at 800 nm with 

an input power = 3.3 mW, 80 MHz repetition rate and n2 = 0.51×10-12 cm2/W as 

shown in figure 18(a-b). The n2 value of Pc-1 is higher than Pc-2 at 800 nm.  The 

power and concentrations were different in Pc-1 and Pc-2. 
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Figure 18 (a) CA Z-scan of Pc-1 (shows negative nonlinearity) at 800 nm with an input power 
= 10 mW, 80 MHz repetition rate. n2 = 2.05×10-12 cm2/W (b) CA Z-scan of Pc-2 (shows 
positive nonlinearity) at 800 nm with an input power = 3.3 mW, 80 MHz repetition rate. n2 = 
0.51×10-12 cm2/W. 
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The different between fs and ps excitation is the spectral bandwidths associated with 

them.  In fs case the bandwidth was ~ 11 nm (FWHM) whereas with ps excitation the 

bandwidth was ~1 nm. Therefore, with fs excitation we observed SA even at 800 nm, 

probably, due to the residual absorption resulting from the weak absorption peak near 

800 nm (see figure 4b, for DCM).  However, in the ps case due to large peak 

intensities (an order of magnitude higher than that used in the fs case) 2PA dominated 

over linear absorption.  

 We do expect a switchover from SA to RSA kind of behavior with stronger 

pumping (higher peak intensities) in the fs case.  The only difference between the 

chemical structures of Pc-1 and Pc-2 is the peripheral groups attached [3,4-dimethoxy 

phenyl (Pc-1) and 2,6-dimethoxy phenyl (Pc-2) groups].  The NLO coefficients 

obtained were significantly different even with this slight difference.  The 2PA cross-

sections presented in Tables 3 and 4 clearly suggest the highest σ2 values were 

obtained at 800 nm for both these molecules.  Pc-2 σ2 value was ~4 times higher than 

that of Pc-1 σ2 value and this could possibly be attributed to strong linear absorption of 

Pc-2 at 800 nm compared to Pc-1.  Furthermore, at 640 nm and 680 nm of (Pc-2) σ2 

values were at least 5-10 times stronger than those of (Pc-1) σ2 values.  We had earlier 

performed detailed studies on a variety of phthalocyanines using cw, ns, ps, and fs 

pulses.  The values of n2 obtained in Pc-1 and Pc-2 were slightly lower in magnitude to 

that of unsymmetrical alkoxy and alkyl substituted Zinc phthalocyanines [70]. We had 

investigated (a) alkoxy and alkyl phthalocyanines [12-19, 39] using cw, ns, ps, and fs 

pulses (b) phthalocyanine thin films [76] using ps pulses (c) phthalocyanine 

nanoparticles [15] using ns and fs pulses (d) symmetrical and unsymmetrical 

phthalocyanines [13] using ps pulses for evaluating their NLO properties.  The 

summary of our meticulous NLO studies performed earlier on different 

phthalocyanines is as follows: (a) Unsymmetrical phthalocyanines had superior NLO 

properties compared to symmetrical counterparts. It has been established that the 

optical nonlinearity of a molecule increases with asymmetry if the excited states 

transition moments dominate (b) Alkoxy phthalocyanines had improved NLO 

properties compared to alkyl counterparts (c) Thin films possessed superior NLO 

properties compared to solutions (d) Nanoparticles demonstrated enhanced NLO 

properties compared to bulk solutions (e) Metal phthalocyanines NLO performance 

was superior to free-base phthalocyanines.  These studies suggest that (i) doping these 
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molecules in thin polymer films (ii) creating nanoparticles out of these 

phthalocyanines and (c) an unsymmetrical substitution could enhance the NLO 

properties further. 
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Figure 19 Fs open aperture Z-scan data of Pc-2 at 680 nm with (a) power = 9.0 mW and (b) 
power = 46 mW with 80 MHz. Nonlinear absorption of Pc-2 680 nm with (c) power =10.7 
mW (d) power =16.6 mW.  The data (c) and (d) was acquired with a chopper at 1 kHz. 
 
 The 2PA cross-sections presented in tables 3 and 4 clearly suggest the highest 

value was obtained at 800 nm for both these molecules.  The above data clearly 

suggests that using the same molecule one could achieve SA, RSA, or RSA in SA 

using (a) same wavelength excitation but different pulse widths (b) same pulse width 

excitation but at different wavelengths.  Therefore, one could easily tune the nonlinear 

absorption mechanism by slightly changing the peripheral substitutions of a Pc 

molecule. That these molecules do not aggregate even at higher concentrations 

combined with the strong NLO coefficients make them potential candidates for 

photonic applications. In the case of aggregation the energy level structure is generally 

modified thereby altering the optical and NLO properties and furthermore aggregation 

effects are not desirable for most of the device applications.  Complete details of the 

experimental setup, equations used for fitting the experimental data (SA/2PA) for both 

fs 80 MHz and 1 kHz excitations can be found in chapter 2. 
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 The higher peak intensity response of Pc-1 showed negative nonlinearity 

(figure 19a) same as that of solvent but with low peak intensity response of Pc-2 

showed positive nonlinearity (figure 19b) opposite to that of solvent (DCM).  The data 

was obtained using ~140 fs, 80 MHz pulses with 10 cm lens focusing. At lower peak 

intensities open aperture data behavior was pure SA type [figures 20(a) for 80 MHz 

and 20(c) for 1 kHz] but as the intensity increased it switched to RSA in SA as shown 

in figures 20(b) and 20(d).  The peak intensities were 0.2-0.4 GW/cm2 for both 80 

MHz and 1 kHz excitation.  These are NOT truly 1 kHz pulses as obtained in a typical 

ultrafast amplifier.  A chopper was used (1 kHz; original repetition rate 80 MHz) 

indicating that we obtained bunches of pulses at repetition rate of 1 kHz.  From OA, 

CA graphs, nonlinear absorption coefficient β   and �χ(�)�  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 with (a) power = 26.70 mW with chopper 1 
kHz (b) Closed aperture behavior of Pc-1 at 850 nm with power = 5 mW at 80 MHz. Solid 
lines are fits while scattered data (open circles) are experimental data. 
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Figure 21 Closed aperture behavior of solvent DCM at 800 nm (a) fs pulses, 80 MHz (b) ps 
pulses, 1 kHz (1000 pulses/sec). Solid lines are fits while scattered data (open circles) are 
experimental data. 
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For calculating �χ(�)� values the equations explained in chapter 2 were used.  The 

fitting was performed using MATLAB and Sheik-Bahae et al. model. At 700 nm 

wavelength with power 14.5 mW we found that  �
 > ��� , this shows this is a 3rd order 

nonlinear process [97].  The nonlinear absorption coefficient was calculated using, 

β = �� 
!"

 where	#$  is the linear absorption coefficient and �
  is the saturation 

intensity. 

 
Wavelength 
(%&) 

 

%' 
(&'/)) 
× *+�*, 

ββββ(& )- ) 
× *+�** 

./�χχχχ(0)� 
(/12) 
× *+�*+ 

3&�χχχχ(0)� 
(/12) 
× *+�*0 

�χχχχ(0)� 
(/12) 
× *+�*+ 

�χχχχ(0)� 
(&'/4') 
× *+�*5 

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 ββββ values indicates the presence of saturable absorption (SA) 

Table 5 NLO coefficients (fs regime) of Pc-2 at different wavelength retrieved from 80 MHz 
repetition rate data. 

 
Wavelength 
(%&) 

 

%' 
(&'/)) 
× *+�*, 

ββββ(& )- ) 
× *+�** 

./�χχχχ(0)� 
(/12) 
× *+�*+ 

3&�χχχχ(0)� 
(/12) 
× *+�*' 

�χχχχ(0)� 
(/12) 
× *+�*+ 

�χχχχ(0)� 
(&'/4') 
× *+�*5 

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 ββββ values indicates the presence of saturable absorption (SA) 

Table 6 NLO susceptibility (fs regime) of Pc-2 at different wavelength with 1 kHz repetition 
rate (using chopper). 

We observed RSA in SA for Pc-2 at 850 nm [data is presented in figure 20(a)] 

recorded with 1 kHz pulses. As the input intensity increased the excited state 

absorption could have dominated compared to the ground state absorption leading to 

RSA in SA.  This type of switching behavior can be utilized for optical signal 

processing applications provided one can achieve such a behavior with low peak 
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powers.  Closed aperture data [presented in figure 20(b)] demonstrated negative 

nonlinearity at low peak intensity when the data was recorded at the same wavelength. 

The solvent contribution was minimal in this case and was confirmed by recording the 

closed aperture data of solvent separately.  Figure 21(a) depicts the solvent 

contribution with fs, MHz pulses while figure 21(b) depicts the contribution with ps, 1 

kHz pulses. The magnitude of n2 was much lower (at least an order of magnitude) than 

that of the solutions studied.  With the intention of justifying the potential of these 

molecules we calculated the figures of merit (FOM). The merit factor W is defined as  

6 =	 �7!"89
�:λ

 where λ is wavelength, and �
�� is the light intensity at which ;< saturates. 

The pre-requisite for superior FOM is	6 > 1. The corresponding FOM for nonlinear 

absorption is  >�? = �7
λ�7

.			For photonics device applications > < 1 is desirable. 
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Figure 22 OA behavior of Pc-3 (in THF) at 800 nm depicting (a) SA with ~2 ps, 1 kHz 
excitation and (b) ~150 fs, 80 MHz excitaiton (I s<< I00).  Closed aperure data depicting 
negative nonlinearity in (c) ~2 ps, 1 kHz excitation (d)  ~150 fs, 80 MHz excitation. 
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Table 7 NLO coefficients (fs regime) of Pc-1. 

Figures 22(a) and 22(b) illustrate the open aperture Z-scan data of Pc-3 (~0.1 

mM concetration) recorded at 800 with ~2 ps pulses nm (1 kHz repetition rate) and 

~150 fs pulses (80 MHz repetition rate), respectively.  Both the data depicted saturable 

absorption (SA), which is due to the presence of strong linear absorption at that 

particular wavelength.   
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Figure 23 Closed aperture data of Pc-3 demonstrating negative nonlinearity at (a) 700 nm (b) 
720 nm (c) 740 nm (d) 760 nm and (e) 780 nm and (f) 820 nm with 80 MHz, fs pulse 
excitaiotn.  n2 values extracted from the fits were ~1.66×10-12 cm2/W, ~2.10×10-12 cm2/W, 
~2.30×10-12 cm2/W, ~6.95×10-12 cm2/W, 4.36×10-12 cm2/W and ~2.11×10-12 cm2/W at 
respective wavelengths. The sign of n2 was negative (self-defocusing). 
 

Closed aperture Z-scan data is presented in figures 22(c), 22(d) for ps and fs 

excitaitons, respectively.  It is evident that in both the case the nonlinearity was 

negative. The magnitudes of n2 were ~10-12 cm2/W in fs (MHz repetition) case and 
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~10-16 cm2/W in the ps (1 kHz repetition rate) case.  The magnitudes of χ(3) were large 

(~10-11 e.s.u.) in the fs case and moderate (~10-14 e.s.u.) in the ps case.  Figures 23(a)-

23(f) depicts the fs closed aperture data of Pc-3 recorded at different wavelengths in 

the 700 nm–820 nm spectral range and the data clearly suggests negative nonlinearity 

with magnitudes of ~10-12 cm2/W with a largest value of ~6.95×10-12 cm2/W recorded 

at 760 nm. Figures 24(a) and 24(b) illustrate the typical open aperture data of Pc-3 at 

600 nm recored with ~2 ps pulses at lower (~60 GW/cm2) and higher (~120 GW/cm2) 

peak intensities, respectively. 
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Figure 24 (a) Open aperture Z-scan data of Pc-3 at 600 nm with ~2 ps, 1 kHz excitation 
depicting (a) SA at 60 GW/cm2with Is> I00. Is=170 GW/cm2and (b) RSA at 120 GW/cm2 with 
β ~1×10-11 cm/W. Solvent (THF) contribution was negligible in both cases.  
 

 

Figure 25 Spatial rings observed on a screen placed in far field for Pc-3 at high input powers 
(fs, MHz excitation) due to self phase modulation/thermal lensing effect. 
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In such type of molecules depending on the excitation wavelength and the input peak 

intensity SA or RSA or switching behavior (SA to RSA and vice-versa) prevails [14-

20, 36-39].  For Z-scans performed away from resonance (strong linear absorption) we 

have observed switching mechanism from SA to RSA (see supporting information) 

with both MHz, fs and kHz, ps excitation.  The NLO coefficients extracted from the Z-

scan studies are presented in table 2 for both ps and fs excitation. 
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Figure 26 Open aperture Z-Scan of Pc-3 at (a) 640 nm using ~2 ps, 1 kHz pulses showing 
RSA in SA with Is< I00 (62 GW/cm2). Is = 5 GW/cm2. β ~4.8×10-12 cm/W. (b) 680nm SA with 
Is< I00. (c) RSA in SA with Is< I00 (62 GW/cm2) β = 7.5×10-12 cm/W (d) at 600 nm (positive 
n2of ~1.43×10-16 cm2/W). 

Sample Solvent λλλλmax, nm  
(log εεεε) 

M -1cm-1 

λλλλem, max, nm φφφφf ττττf (ns) 

Pc-3 DCM 

DMF 

DMSO 

THF 

Toluene 

803 (5.04) 

782 (5.13) 

793 (4.84) 

787 (5.45) 

792 (4.99) 

823 

813 

822 

809 

812 

0.020 

0.022 

0.020 

0.022 

0.024 

1.23 

1.25 

1.22 

1.26 

1.25 

Table 6 Absorption, emission data of Pc-3 from [98]. 
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λ(nm) n2 (cm2/W) I s(W/cm2) Re[χχχχ(3)]  
e.s.u. 

Total[ χχχχ(3)] 
e.s.u. 

800 nm 
(~2 ps, 1 kHz) 

 
-2.6×10-16 

 
5×1011 1.3×10-14 1.3×10-14 

800 nm 
(~150 fs, 80 

MHz) 
-9.3×10-13 1×107 4.7×10-11 4.7×10-11 

Table 7 Summary of NLO coefficients of Pc-3 (Is<I00)  

5.6  Excited State Dynamics  

 Based on the nonlinear absorption data obtained at various wavelengths in the 

visible region we tried to analyze the fs pump-probe data.  Figure 23 shows a 

simplified energy level diagram indicating the excitations and decay times for these 

molecules.  Excitation with focused 600 nm photons (16600   cm-1) and the peak 

intensities used enables 2PA resulting in population reaching the S2 states.  

 

 

Figure 27 Typical energy level diagram of Pc-1, Pc-2  

 Once excited into the high lying states of S2 the de-excitation mechanism could 

be from (a) lowest vibrational state of S2 manifold to highest vibrational states of S1 

manifold (Internal Conversion, IC) followed by intra-molecular vibrational relaxation 

(IVR) from highest states of S1 to lowest states of S1).  These are typically fast 
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processes (<1 ps for IC, 1–2 ps for IVR) and, therefore, the shorter lifetimes (2–3 ps) 

could be attributed to this relaxation and (b) from the lowest vibrational states of S1 

states the molecules relax to ground state via non-radiative mechanism by releasing 

the energy to solvent. This process typically occurs in few tens to hundreds of ps in 

such molecules. The longer lifetime can be associated with such a process as depicted 

in figure 23. The longer lifetime cannot be due to radiative processes since the 

radiative lifetimes measured in different solvents were typically few ns. 

 The lifetimes observed in Pc-1 and Pc-2 were comparable to those obtained in 

similar molecules such as Porphycenes and Corroles which were recently investigated 

by our group.  But in Pc-3, relaxation is from S1 state to S0 showing only single non -

radiative exponential recovery of magnitude 309 ps.  Radiative decay times are 

expected to be few ns.  Pc-1 has a short-lived non-radiative lifetime from S1 states 

whereas Pc-2 has a long-lived lifetime.   However, the radiative lifetimes of both Pc-1 

and Pc-2 were similar in magnitude (2-3 ns).  The long-lived lifetime could, possibly, 

have played a role in the observation of stronger NLO coefficients for Pc-2.  

5.7   Conclusions 

In summary two novel sterically hindered Pc’s (Pc-1, Pc-2) and Thio-Zinc Pc 

(Pc-3) were synthesized and characterized.  Their optical and electrochemical 

properties have been investigated in detail.  Nonlinear optical (NLO) properties were 

also evaluated at different in the visible spectra region using picosecond (~1.5 ps) 

pulses and further studies with femtosecond (~140 fs) pulses at 800 nm have been 

performed. Excited state dynamics in Pc-3  molecule investigated using fs degenerate 

pump-probe spectroscopy revealed a single exponential of ~309 ps, which has been 

assigned to the S1 state non-radiative lifetime and the radiative lifetime are few ~ns.  

2PA and saturable absorption were the dominant nonlinear absorption mechanisms 

observed with ps excitation while 3PA was observed with fs excitation.   NLO 

coefficients were extracted from ps/fs closed and open aperture Z-scan measurements.  

Large two-photon absorption cross sections in the range of 400-14000 GM and n2 

values in the range of 1-7×10-16 cm2/W were recorded for these samples. The excited 

state decay dynamics were investigated using degenerate pump-probe experiments 

with femtosecond pulses near 600 nm.  Double exponential fits of the pump-probe 

data suggested two decay times.  The shorter lifetime was 2-3 ps while the longer 
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lifetime was ~40 ps in Pc-1 and ~500 ps in Pc-2.  Our studies suggest that these 

molecules can be tailored for potential applications in photonics.  

By appropriate tuning of the input wavelength, pulse duration, peak intensities 

with a fixed concentration of the molecules in solution one could obtain all the 

nonlinear absorption behavior with these molecules.  For example, with ns pulse 

excitation at 532 nm we could envisage RSA/ESA kind of behavior while with 800 nm 

ps/fs excitation we observed SA.   For ps/fs excitation in the 600 nm-900 nm one can 

observe the switching mechanism of SA to RSA and with stronger and selective 

pumping one could achieve pure RSA (due to 2PA as was observed in the case at 600 

nm).  Though there are a number of reports on NLO studies of various Pc’s it is 

imperative that (a) a database of NLO properties of all novel Pc’s is created to 

facilitate establishing a structure-property relationship [94-96] useful for synthesis of 

novel molecules and devices (b) nonlinearities are measured with short pulses (ps and 

fs) excitation in an attempt to identify the true electronic nonlinearities and their time 

response (c) congregate information on the spectral dependence of nonlinearities 

indispensable for identifying the spectral region of interest for various applications of 

n2 and nonlinear absorption. Some of our recent efforts [97, 98] have focused on 

understanding the nonlinearities and ultrafast dynamics in novel Pc’s. Some recent 

results [99] have investigated the complete photophysical and photochemical 

phenomena in a Zinc-Pc.  Furthermore, NLO measurements with MHz pulses is also 

required since the repetition rates of lasers to be used in optical signal processing will 

be of similar magnitude to achieve high-speed data transmission rates (for example 

Gigabits/s to Terabits/s).  It is well understood and established that MHz repetition rate 

pulses induce thermal nonlinearities in open aperture Z-scan measurements.  However, 

one needs to discover mechanisms to identify the magnitudes of both electronic and 

thermal nonlinearities and separate them.  One of the certain ways of reducing the 

thermal nonlinearities is to incorporate these molecules in media (e.g. polymers or 

glasses) possessing higher thermal diffusion coefficients. Detailed investigations of 

dispersion studies (in the NIR spectral region) of NLO properties with both ps and fs 

pulses will be a subject of our future investigations. 
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6.1 Introduction 
 

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 18p-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 β-

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. β-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 β-positions of porphyrin[38-

43].In particular, pyrroles with simultaneous single electron donating and single 

electron withdrawing substituents at their adjacent β-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 (H2TCTMP) 

[63].This molecule is unique, in the sense it contains an electron donating methoxy 

and electron withdrawing chloro group on the adjacent β- positions of each pyrrole 

moiety. Therefore, we studied its nonlinear optical behavior along with its Zn(II) and 

Ni(II) 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 β-octa-methoxy porphyrin (H2OMP) 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]. 

 

Figure1 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 
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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 
 

 

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

Five porphyrins [H2OMP (2,3,7,8,12,13,17,18-octamethoxyporphyrin), 

H2TCTMP (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 H2TCTMP. 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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Figure 4 Absorption spectra of H2OMP, ZnOMP, H2TCTMP, 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(II)-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 H2OMP, Zn-OMP, 

H2TCTMP, Zn-TCTMP and Ni-TCTMP are presented in figure 4. Freebase porphyrin 

H2OMP and H2TCTMP 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 H2OMP,H2TCTMP 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 H2OMP, Zn-OMP, H2TCTMP 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.  

H2OMP and H2TCTMP 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. 
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Figure 5  Emission spectra of H2OMP, ZnOMP, H2TCTMP, ZnTCTMP and NiTCTMP. 
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Table 1 UV-Vis and Emission studies of the porphyrins in chloroform at 25 °C. [63, 88] 
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Figure 6 Fluorescence decay profile of H2OMP, H2TCTMP and their Zn(II) derivatives in 

chloroform. 

Decay curves were analyzed by nonlinear least-squares iteration procedure 

using IBH DAS6 (version 2.2) decay analysis software. The quality of the fit was 

Porphyrins UV-Vis (nm, logε)  Fluorescence in 

nm(Φ)  

H2OMP 

 

 

ZnOMP 

 

 

H2TCTMP 

377 (5.19), 494 (3.98), 530 

(4.09), 564 (3.76), 618 (3.78) 

 

398 (5.34), 533 (4.24), 565 

(4.29), 573 (4.33)  

 

383(4.85), 502(3.80), 

539(3.81), 571(3.60), 

626(3.64) 

622, 647, 688 

(0.061) 

 

 

578, 632 (0.031) 

 

 

629, 659,696(0.045) 

   

ZnTCTMP 409(5.02), 540(3.99), 

579(4.03) 

584, 638 (0.032) 

   

NiTCTMP 391(5.06), 519(3.88), 

558(4.34) 
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assessed by inspection of the χ
2
 values and the distribution of the residuals.  The 

fluorescence lifetime data of H2OMP, TCTMP, and their Zn(II) derivatives are 

tabulated in table 1, whereas their life time decay profiles are depicted in figure 6.  

Freebase porphyrins H2OMP and H2TCTMP both demonstrated shorter lifetimes of 

3.77 and 4.54 ns respectively as compared to its octa ethyl analogue [50]. Whereas, 

Zn(II) complexes of H2OMP and H2TCTMP 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 

H2TCTMP, H2OMP 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 (t1, t2, and t3) are summarized in table 1.The first 

lifetime (t1) which is in the ultrafast time scale (300-600 fs) could be attributed to the 

intra-molecular vibrational relaxation from S2 states to the highest lying S1 states.  

The shorter lifetime (t2) could be the vibrational relaxation within the S1 vibrational 

manifold.  The longest lifetime could be assigned to the non-radiative relaxation from 

S1 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 

(H2TPP)in the gas phase.  The first two molecules exhibit a sequential four-step decay 

ending on a slow evolution in the nanosecond range 2S2→
2
CT →

2
T →

2
Ground state. 

For the free-base case, the first ultrafast time scale of ~110 fs was attributed to an 

extremely rapid S2−S1 internal conversion. 
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Figure 7 Pump-probe data of H2TCTMP,H2OMP and ZnOMP near 600nm 

  Okhrimenko et al. [71] measured a slow component with lifetime of ~690 

psin a Ni(II)-porphyrin derivative, which was independent of probe wavelength.This 

process was established to be an electronic deactivation from the metal dx
2
-y

2 excited 

state to its dz
2ground state.Three lifetimes were observed in the measurements of 

another set of porphyrins viz. Ni(II)TPPF, Ni(II)TNPP, and Ni(II)TPrF7P [72-74]. 

The first lifetime (<1.2 ps) was assigned to (ππ*)→(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
2+

, Ni
2+

, Co
2+

, Fe
3+

) 

using 532 nm excitation and observed three components in the data.  They attributed 

the observed three lifetimes to (S2→S1), (S1→ISC), (T1→S0) transitions for filled ‘d’ 

shell metal and free base porphyrins, on the other hand those were attributed to 

(S2→S1), (S1→d), (d→S0) 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 (S2).  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 S2 states to the highest vibrational state of S1 
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manifold.  The slower component of 6-22 ps could be attributed to the vibrational 

relaxation within the S1 states and the longest component to the S1 to S0 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 (t1), ps Lifetime 2 (t2), ps Lifetime 3 (t3) ps 

TCTMP 0.6 8.0 430  

ZnOMP 0.3 22.0 480 

H2OMP 0.6 6.0 250 

Table 2Summary of various lifetimes of TCTMP, ZnOMP, H2OMP retrieved from the pump-

probe data. 

 

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 (s2) were extracted from the open 

aperture data presented in figure 9 while n2 was calculated from the closed aperture 

data presented in figure 10 using the Sheik-Bahae formulation [51].  Table 2 depicts 

the n2 values of the molecules investigated indicating a positive nonlinearity (~10
-16

 

cm
2
/W).  Two photon absorption (2PA) coefficients were obtained from experimental 
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data and the magnitudes were ~10
-11

 cm/W.2PA cross-sections (s2) were also 

estimated from 2PA coefficients and the magnitudes were in the range of 10
3
-10

4
 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 s2 values in case of H2TCTMP and its 

metallo-derivatives (containing four electron donating methoxy and four electron 

withdrawing chloro- groups), as compared to H2OMP and its metallo-derivatives 

(containing only eight electron donating methoxy groups). 
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Figure 9 Open aperture Z-scan data of (a)H2OMP (b)Zn-OMP(c)H2TCTMP(d)ZnTCTMP (e) 

NiTCTMP inchloroformnm. Peak intensity used was ~100 GW/cm
2
. 

The largest s2 value was obtained for NiTCTMP (~5×10
4
 GM).  Interestingly, 

Zn-TCTMP and NiTCTMP molecules show strong 2PA coefficients and cross-

sections compared to H2TCTMP which, probably, could be attributed to the effect of 

central metal ion [37].  H2OMP and ZnOMP molecules exhibited two times larger 

values of the nonlinear absorption when compared to H2TCTMP and ZnTCTMP 

molecules.  However, the n2 value of H2OMP was stronger compared to TCTMP and 
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ZnOMP. The closed aperture scans were performed with peak intensities <50 

GW/cm
2
 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.  
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Figure 10 Closed aperture Z-scan data of H2OMP, ZnOMP, H2TCTMP, ZnTCTMP,      

NiTCTMP at 800nm.The solvent used was chloroform and peak intensity of <50 GW/cm
2
 

was used. 

Drouet et al. [76] recently reported new Zn(II) tetraphenylporphyrin 

derivatives functionalized with electron-rich d
6
-transition metal alkynyl complexes at 

periphery. They retrieved strong 2PA cross-sections (s2) of 10
3
-10

4
 GM for their 

molecules.  Wang et al. [77] using nanosecond (ns) and picosecond (ps) pulses 

investigated a novel porphyrin derivative bearing one D–π–A–π–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
3
-10

4 
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–p–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
2+

, Ni
2+

, 

Co
2+

, and Fe
3+

)using open aperture Z-scan technique with 65 ps/ 4 ns excitation.  

Table 3 summarizes the NLO coefficients, cross-sections and c
(3)

 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.  

Sample 

 

 

 

b 

 

 

s2PA 

(GM) 

 

c  

 

 

c  

 

 

c  

 

 

c  

 

 

H2OMP 2.90 2.85 1960 1.52 0.95 1.80 2.50 

Zn-OMP 1.20 4.20 4000 0.63 1.40 1.52 2.10 

H2TCTMP 1.10 1.85 6440 0.57 0.61 0.85 1.20 

Zn-

TCTMP 
1.25 2.50 14740 0.65 0.83 1.06 1.50 

Ni-

TCTMP 
0.80 5.20 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, β-octa substituted porphyrins which 

could be synthesized quite conveniently could emerge as attractive target systems.  

Towards this, symmetrical type, H2TCTMP 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 β-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 H2TCTMP, NiTCTMP 

and ZnTCTMP in chloroform.  Open circles are experimental data and solid lines are 

theoretical fits. Peak intensities were ~0.65 TW/cm
2
 for closed aperture scans. 

 

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 H2TCTMP, 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 β (cm/W)×10
-13

 n2 (cm
2
/W)×10

-17
 

CHCl3 0.50 0.50 

H2TCTMP 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
-17

 cm
2
/W. Open aperture scans revealed 

saturable absorption type of behaviour and the magnitude of nonlinear coefficients 

extracted were ~10
-13

 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 μJ 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 ≤0.5×10
-17

 cm
2
/W and nonlinear absorption 

coefficient of ≤0.5×10
-13

 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
2
) indicating a complicated 

behavior of nonlinear absorption in ZnTCTMP and TCTMP. 

Figure 13 shows the open aperture scans of ZnTCTMP and H2TCTMP 

recorded at a peak intensity of 2 TW/cm
2
. 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 (CH3NO2) 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 the equation given below.  For the case of 

single decay observed only τ1, for double decay τ1 and τ2, and for triple exponential 

decay τ1, τ2 and τ3 were used. 

∆����

�
= y� + A
e

������
τ�
� + A�e

������
τ�
� + A�e

������
τ�
�                     

(1) 

∆T(t) is the time dependent change in probe transmission, induced by the pump at 

time ‘t’ after the pump excitation and T is the probe transmission in the absence of 

pump. 

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

Ps-pump probe data of porphycenes (chapter 3) 

Sample Y0 X0 A1 τ1 (ps) A2 τ2 (ps) 
Po1 1×10-5 0 1.81×10-4 2.0 2.1×10-4 7.2 
Po2 1×10-5 0 3.85×10-4 3.1 3.76×10-5 7.6 
Po3 1×10-5 0 2.73×10-4 2.0 8.07×10-5 7.2 
Po4 1×10-5 0 -2.19×10-4 1.8 5.89×10-4 8.5 
Po5 3×10-5 0 5.53×10-4 1.8 3.54×10-4 7.0 

 

Sample (Ps-PP) τ1 (%) τ2 (%)  
Po1 46 54 
Po2 91 9 
Po3 77 23 
Po4 27 73 
Po5 60 40 

 

Fs-pump probe data of porphycenes (chapter 3) 

Sample Y0 X0 A1 τ1 (fs) A2 
τ2 

(ps) A3 τ3 (ps) 

Po1 1×10-

6 
0 -8.4×10-5 120 -8.86×10-6 7.2 -4.54×10-5 8 

Po2 1×10-

6 
0 -8.47×10-5 105 -4.67×10-5 7.6 -4.84×10-5 7.3 

Po3 0 -0.5 -2.5×10-6 102 -2.2×10-5 7.2 -2.99×10-5 8.2 
Po4 0 0 -1.52×10-6 100 -3.37×10-5 8.5 -2.86×10-5 10 
Po5 0 -0.5 2.94×10-5 135 -3.48×10-5 7.0 -1.16×10-5 8.1 
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Sample (Fs-PP) τ1 (%) τ2 (%) τ3 (%) 
Po1 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 Y0 X0 A1 τ1 (ps) A2 τ2 (ps) 
5a 1×10-7 0.1 7.1×10-5 5 7.0×10-5 37 
5b 2×10-7 0.1 7.6×10-5 2.5 4.5×10-5 20 
5c 1×10-7 0 7.5×10-5 2 1.9×10-4 33 

 

Sample (Fs-PP) τ1 (%) τ2 (%) 
5a 50 50 
5b 62 38 
5c 28 72 

 

Fs-pump probe data of phthalocyanines (chapter 5) 

 

Sample Y0 X0 A1 τ1 (ps) A2 τ2 (ps) 
Pc1 1×10-7 0 1.08×10-4 40 -5.58×10-5 3 
Pc2 1×10-7 0 4.23×10-5 500 3.58×10-5 2 
Pc3 1×10-7 0 -1×10-4 309 --- --- 

 

Sample (Fs-PP) τ1 (%) τ2 (%) 
Pc1 65 35 
Pc2 54 46 
Pc3 100 0 

 

Fs-pump probe data of porphyrins (chapter 6) 

Sample Y0 X0 A1 
τ1 

(ps) A2 
τ2 

(ps) A3 τ3 (ps) 

H2OMP 1×10-5 0 1.45×10-4 250 4.53×10-5 6 1×10-5 0.6 
TCTMP 1×10-6 0 6.72×10-5 430 2.69×10-5 8 1.01×10-4 0.6 

ZnOMP 1.5×10-

6 
0 1.42×10-4 480 1.29×10-4 22 2.78×10-4 0.3 
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Sample (Fs-PP) τ1 (%) τ2 (%) τ3 (%) 
H2OMP 72 22 6 
TCTMP 34 13 53 

ZnTCTMP 25 23 52 
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Figure 1 Typical spectra of the ps optical parametric amplifier (TOPAS) at different 
wavelengths. 
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Figure 2 Typical spectra of the ps optical parametric amplifier (TOPAS) at different 
wavelengths. 



xxii  
 

500 550 600 650 700

0

10000

20000

30000

40000
In

te
ns

ity
(a

.u
.)

Wavelength(nm)

 

 

 

580nm

500 550 600 650 700

0

10000

20000

30000

40000

50000

 

 

 

 

600nm

500 550 600 650 700

0

10000

20000

30000

40000

50000

 

 

 

 

620nm

500 550 600 650 700 750

0

10000

20000

30000

40000

50000

60000

70000

 

 

 

 

640nm

 

Figure 3 Typical spectra of the fs optical parametric amplifier (TOPAS) at different 
wavelengths. 
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Figure 4 Typical spectra of the fs optical parametric amplifier (TOPAS) at different 
wavelengths. 
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Figure 5 Typical ps closed aperture Z-scan data of porphycenes 
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