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ABSTRACT

Understanding the behavior of molecular excited states is critical to inform the

design of photochemical reactions. Applications ranging from solar energy conversion to

medicinal photochemistry rely on chemical reactions that are initiated by photoexcited

molecules. Complete characterization of excited-state dynamics includes the descrip-

tion of electronic and structural contributions. In this work, the structural dynamics

of several metalloporphyrin systems are investigated after photoexcitation. Metallo-

porphyrins are widely used in photochemical schemes due to their desirable optical

properties, and their excited-state behavior is relevant for many applications. Tran-

sient absorption, pump-degenerate four-wave mixing, and X-ray transient absorption

spectroscopies were the primary methods used to study the ultrafast processes ac-

companying excitation. Information was provided on electronic-vibrational coupling,

vibrational coherence, structural reorganization, and solvent-chromophore interactions

taking place in the excited-states of metalloporphyrins. Highlights include the identifi-

cation of excited-state metal ligation and the probing of adiabaticity in heterogeneous

electron transfer. An inconspicuous measurement artifact is also identified and charac-

terized. Descriptions are included of experimental methods and instrumental systems

that were developed to facilitate the measurement of ultrafast vibrational dynamics on

increasingly complex systems.
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Chapter 1

INTRODUCTION

1.1 Overview

Photo-activated chemical systems are an important component of many develop-

ing technologies. Scientific topics ranging from artificial photosynthesis, dye-sensitized

solar cells, photocatalysis, photodynamic therapy, vision biology, photolithography,

photodegradation and more all depend on the physical response of molecules to optical

stimulation. [4, 5, 6, 7, 8, 9, 10, 11] These photochemical processes are all driven by

the reactivity of the molecular components in their excited state. Complete charac-

terization of the behavior of the excited states is therefore necessary for fundamental

understanding of the photochemistry. Investigation of the excited-state dynamics of

molecules is crucial for understanding the underlying reaction mechanisms.

Because of the short-lived nature of transient excited states, experimental chal-

lenges exist. Pump-probe laser spectroscopies are by far the most accessible and pop-

ular methods available to access the femtosecond timescales involved. This method-

ology has limitations on the amount of information that can be gained. Ultrashort

laser pulses typically probe electronic transitions and are inherently capable of mea-

suring electronic dynamics. However, chemical reaction pathways are often facilitated

by nuclear dynamics along the reaction coordinate. Probing vibrational dynamics and

structural reorganization is thus important for full characterization of the photochem-

istry of molecules. Advances have been made in spectroscopic methods in recent years

to facilitate the investigation of structural dynamics on ultrafast timescales. Pump-

Degenerate Four-Wave Mixing is utilized in this work and further developed to study

vibrational dynamics in increasingly complex systems. X-ray transient absorption is
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also employed to unambiguously identify local structural dynamics. Metalloporphyrins

studied in this work are an extensively used class of molecules, both in laboratory stud-

ies and real world applications. As such, their dynamics are representative and relevant

to a wide range of photochemical systems.

The remainder of Chapter 1 provides a brief explanation of excited-state re-

laxation processes. A description of the role of electronic and nuclear contributions to

relaxation dynamics is provided to serve as a framework for the results and motivations

of this work.

Chapter 2 explains the experimental methods used throughout this work. A

description of the operating principles and utility of each technique is provided. De-

tailed specifications are included for the experimental parameters used. The optical

components of each home-built instrument are detailed, and data analysis procedures

are explained. The chemical systems used are motivated and described as well. Sample

preparation conditions and procedures are also discussed.

Chapter 3 presents experimental results from a relatively simple metallopor-

phyrin system: Zn-TPP in solution. The excited-state dynamics of molecular Zn-TPP

are fully characterized. Coupled electronic and vibrational relaxation processes are ob-

served and described. Vibrational relaxation is identified in the second singlet excited

state and established as the mechanism for longstanding poorly understood dynamics.

The coupling of specific vibrational modes to the excited state is observed, and the evo-

lution of the vibrational energy is tracked over the initial picosecond of excited-state

relaxation.

Chapter 4 describes experimental results from metalloporphyrin bound to a sur-

face. Zn-TPP was modified to bind to TiO2. The resulting Zn-TPP/TiO2 system is

used to explore the role of vibrational effects in heterogeneous electron transfer. Ultra-

fast electron transfer is characterized for the system, and vibrational energy redistri-

bution is observed. Vibrational modes identified in the solution phase from Chapter 3

are compared with those observed on the surface before and immediately after electron

transfer. The evolution of vibrational coherence through interfacial electron transfer
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from the molecule is explored.

Chapter 5 presents an experimental study of metalloporphyrin in solution using

a pulsed X-ray probe. The metal center is switched from Zn to Ni to better satisfy

experimental conditions for the X-ray transient absorption. Structural dynamics that

occur after photoexcitation are characterized. X-ray absorption provides direct struc-

tural information at the atomic scale, complementing vibrational results in the previous

chapters. Interaction of the metal atom with the surrounding solvent environment is

investigated to complement results from Chapter 3. The transient structure of the

metalloporphyrin interior is directly probed through analysis of the extended X-ray

absorption fine structure.

Chapter 6 describes experimental results that expose an artifact in transient

absorption measurements on molecular systems like porphyrins that feature narrow

linewidth absorption bands on the order of the excitation linewidth. The contribution

from the artifact to measured signals could be misconstrued as dynamics from inter-

actions between molecular structures. The artifact is characterized and clarified as a

natural consequence of pulse distortions, which is revealed by concentration-dependent

studies. Guidelines to minimize effects from this easily misattributed signal contribu-

tion are provided.

Chapter 7 concludes this work by summarizing the main results. Important

points are recapitulated and highlighted.

1.2 Molecular Excited States and Dynamics

When a molecule interacts with light, a photon can be absorbed and promote

a valence electron to a higher energy unoccupied orbital from the ground state. This

electronic excitation is favored when the incident photon is resonant to the absorption

transition, which is typically in the range of the energy difference between the high-

est occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital

(LUMO). The transition dipole moment between the HOMO and LUMO then dictates

the strength of the transition. After absorption, the molecule is in an electronic excited
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state. Based on the different electron distribution in the excited state, the bonds of

the molecule can shift and the structure may differ from that of the ground state. The

Franck-Condon principle and Born-Oppenheimer approximation can be taken together

to find that immediately after excitation, the structure is in a vibrationally excited

state and has not yet deviated towards its favored electronic excited-state configura-

tion. [12, 13]

Figure 1.1: The general relaxation processes possible after photoexcitation are sum-
marized with their typical corresponding timescales. Adapted with per-
mission from [1]. Copyright 2005 Springer.

Relaxation towards the energetic minimum of the potential energy surface of

the electronic excited state is known as vibrational relaxation. Vibrational relaxation

typically occurs on the timescale of tens to hundred of femtoseconds in solution phase.

Vibrational cooling can also occur if vibrational energy is distributed to surrounding

solvent molecules. If lower lying electronic excited states are available, crossing can

occur towards the lower energy states. Transitions between states with the same spin

multiplicity is known as internal conversion. This process generally occurs on a pi-

cosecond timescale. Transitions between states of different spin multiplicity is known

as intersystem crossing. Because spin flip must occur, this is a selection-rule forbid-

den transition. Spin-orbit coupling eases the transition. The timescale is accordingly
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slower, typically taking nanoseconds. A transition to the ground state can be mediated

by the release of a photon. A radiative transition between states is referred to as flu-

orescence when the states have the same spin multiplicity, and phosphorescence when

a spin flip occurs in the transition. The timescale of both emissive properties is based

on the lifetime of the contributing excited state, indicated above. All of these relax-

ation processes can play a role in the relaxation of molecular excited states. Figure 1.1

summarizes the possible relaxation steps and timescales. The lifetimes and relaxation

paths can dictate the reactivity of a photoexcited molecule. Short lifetimes can limit

reactions kinetically, the energetic position of an excited state can thermodynamically

favor a reaction, and the spin state can facilitate interactions with others of the same

spin. For metalloporphyrins, all of the processes discussed contribute to the relaxation

path and must be considered when interpreting the measured dynamics.

1.3 Nuclear Effects in Dynamics

As mentioned in section 1.2, nuclear motion has an effect on excited-state dy-

namics. Relaxation away from an initially prepared Franck-Condon state introduces

structural motion and vibrational dynamics. Intramolecular vibrational energy redis-

tribution and structural reorganization affect the behavior of the excited state. Inter-

molecular vibrational energy transfer to solvent molecules in the bath environment can

also have an effect.

Ahmed Zewail famously experimentally demonstrated the importance of ultra-

fast nuclear dynamics in chemical reactivity, and was consequently awarded the 1999

Nobel prize in chemistry “for his studies of the transition states of chemical reactions

using femtosecond spectroscopy”. [14, 15] Since then, much progress has been made,

and the coherence of vibrational states has been identified to play an important role in

many excited-state reaction paths. [16, 17, 18, 19, 20, 21, 22, 23] Vibrational coherence

is manifest as a superposition of vibrational states that evolve synchronously, produc-

ing a wavepacket. The dynamics of the wavepacket are apparent through quantum

beats. A description of vibronic wavepacket dynamics can be found in reference [24].
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The preparation of coherent vibrational states is discussed in section 2.5 and illustrated

in Figure 2.7.

Figure 1.2: Nonadiabtic (left) and adiabatic (right) heterogeneous electron transfer
is shown through energy diagrams along the reaction coordinate. The
coupling strength between the donor and acceptor states dictates the
degree of adiabaticity. Franck-Condon factors can modulate vibrational
coherence in the nonadiabatic case, but not for adiabatic reactions. Vi-
brationally hot products may be produced in either case. This process is
investigated in Chapter 4.

The behavior of vibrational coherence in a photochemical system can provide in-

formation on the reaction path. In particular, adiabatic and nonadiabatic reactions can

be distinguished. The energy diagrams for nonadiabatic and adiabatic heterogeneous

electron transfer (HET) are depicted in Figure 1.2 for reference. For general adiabatic

reaction pathways, where crossing of the potential energy surfaces for reactant and

product states is avoided, coherence would be expected to be preserved through the

reaction. The oscillating wavepacket would be modulated by the reaction barrier, and

create a product population with retained coherence. Adiabatic reactions facilitated

by an avoided surface crossing can be very efficient by allowing a direct path to product

state. The preservation of a coherent vibrational wavepacket can be an indicator of the

conical intersection involved. Vibrational coherence in nonadiabatic reactions is a less

common case. Quantum beats from the wavepacket in the reactant state must induce

6



a coherence in the product state through the crossed energy surfaces. This is a more

rare event, and requires specific overlap of the surfaces. The vibrational energy levels

must align properly to allow modulation through the crossing. Franck-Condon factors

thus control the coherence and the reaction path. In the case of HET reactions, the

Franck-Condon overlap is much greater than in intermolecular reactions and the degree

of adiabaticity is less clear, as discussed and investigated in Chapter 4. The band struc-

ture of a semiconducting electron acceptor surface allows a multitude of closely spaced

acceptor states to exist. These can more easily couple to the reactant surface through

its Franck-Condon progression and allow vibrational coherence to be generated in the

product. Probing of the vibrational dynamics and coherent states involved throughout

the course of the HET process can provide fundamental mechanistic understanding.

Probing of transient structural states through XTA offers direct information on the

molecular distortions that occur in excited state reactions. This knowledge can inform

the design of more efficient systems.
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1.4 Objectives

This work is primarily focused on exploring the role of structural dynamics

on the excited-state behavior of metalloporphyrins. It also seeks to establish pump-

DFWM as an effective tool for measuring excited-state vibrational spectra. This is

approached systematically in several steps and from several experimental directions.

First, pump-DFWM is chosen as a particularly suitable technique to probe

the vibrational dynamics. Specific excited states can be targeted and the vibrational

spectra can be monitored on an ultrafast timescale. Pump-DFWM instrumentation is

built to produce tunable sub 10 fs pulses at 10 kHz for efficient data collection. It was

used to measure the dynamics of a simple metalloporphyrin in solution. The solution-

phase dynamics can then be used as a baseline for more complex variations. Specific

vibrational modes that couple to excited states can be identified to inform about the

nuclear relaxation coordinate. Vibrational interaction with solvent molecules is also

identifiable. Transient absorption measurements can explain electronic effects and

define the general relaxation path and kinetics.

The molecule is then bound to a semiconductor surface to investigate the struc-

tural dynamics over the course of HET. Experimental methods are developed further

to allow the measurement of vibrational dynamics in dye-sensitized films for the first

time. Vibrational coherence and reaction-induced vibrational excitation can be identi-

fied and distinguished. Differences from the solution measurements can be attributed

to HET and surface effects.

Next, the structural dynamics of metalloporphyrins are directly probed by X-

ray pulses. Transient structures in the excited-state relaxation are identifiable and can

be combined with vibrational information from pump-DFWM measurements to form

a more complete picture of the structural dynamics. Solvent interactions can also be

directly probed and understood, especially since the X-ray absorbing metal acts as the

coordination center.

Finally, errant signal contributions must be excluded. Identification and charac-

terization of misleading measurement artifacts is performed. Molecular aggregation or
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excimer formation is ruled out as a source of apparent concentration-dependent dynam-

ics that would otherwise indicate intermolecular interactions. The deceptive dynamics

are corrected for, and the meaningful structural information is preserved.
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Chapter 2

EXPERIMENTAL METHODS

2.1 Abstract

This chapter describes the methods used to probe the systems studied in this

work. Instrumentation capable of measuring short-lived molecular excited states, as

well as sensitivity to structural changes on the ultrafast timescale were required and

developed. Raman spectroscopy can probe molecular vibrations in the ground state.

Transient absorption is an effective technique for characterizing the general dynamics of

excited states, with femtosecond resolution. Pump-degenerate four-wave-mixing pro-

vides information on the the vibrational dynamics involved in the ultrafast evolution

of excited states. X-ray transient absorption can investigate nuclear reorganization

around specific atomic sites of photoexcited molecules. These spectroscopic techniques

offer complementary information that provide a detailed picture of the structural dy-

namics involved in electronic excitation and photochemical reaction paths. A summary

of the chemical systems is also provided. The suitability of metalloporphyrins and TiO2

for photo dynamic studies is explained.

2.2 Raman Spectroscopy

DFWM functions as a time-domain variant of Raman spectroscopy, and there-

fore a brief discussion of standard Raman methods is necessitated. Raman spectroscopy

is a steady-state technique sensitive to vibrational modes of the analyte. Since the iden-

tification of the underlying effect in the early 20th century, Raman spectroscopy has

grown to become a standard laboratory tool for vibrational analysis. [25, 26, 27, 28]

Raman spectroscopy is based on energetic changes of scattered light from the sample.

When incident light is scattered of a sample, the vast majority of the scattered light
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has the same energy. However, a small portion is energetically downshifted. Another

small percentage is scattered off at a higher energy. The energy shifts occur discretely,

and can produce a spectrum composed of peaks when the shift is plotted against in-

tensity. Furthermore, the energetic shifts directly correspond to the frequencies of the

vibrational modes in the scattering sample.

Figure 2.1: Raman Stokes, anti-Stokes, and Rayleigh scattering are the result of
vibrational energy level transitions.

The mechanism of this shift can be understood based on the model displayed

in Figure 2.1. The scattering process can be described quantum mechanically as a two

step process. First, an incident photon promotes the scattering molecule to a virtual

energy state from a vibrational ground state. This state is is not an eigenfunction of

the system and only serves as an intermediate. Second, radiative relaxation occurs.

Relaxation typically occurs to the ground state and the emitted photon is at the same

frequency as the incident one. This case is called Rayleigh scattering. Alternatively,

relaxation can occur to a higher vibrational energy level, with the scattered photon

at a lower frequency. This is refereed to as a Stokes shift. Because the difference in

energy is equal to the difference in quantized vibrational states, the frequency shift

of the scattered photon corresponds to a vibrational frequency mode in the molecule.

Light can scatter at a higher energy in the anti-Stokes case when the initial excitation
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occurs from a vibrationally excited state and relaxation proceeds to the ground state.

This produces the same vibrational spectrum, but occurs less frequently under normal

conditions and is correspondingly less intense. The lower occurrence is due to the low

fraction of molecules in excited vibrational states at standard temperatures. The ratio

of the intensities of the Stokes and anti-Stokes spectra directly follows the Boltzmann

distribution. [29] Laser excitation sources are generally used due to their high intensity

and narrow linewidth, which allows easy filtering of the Rayleigh contribution to isolate

the Stokes and anti-Stokes Raman scattered light.

The light-matter interaction can also be understood classically, with the inci-

dent light acting as a perturbation on the electric field of the molecule. An induced

dipole moment can then oscillate and radiate. For Raman scattering to occur, the

induced dipole must oscillate at a new frequency. The ease of distortion of the dipole

is the polarizability. Therefore the magnitude of the Raman effect is dependent on the

change in polarizability of the molecular dipole. The selection rule for Raman active

transitions is fundamentally that there must be a change in polarizability in the vibra-

tional mode. This can be viewed as a distortion of the electron density in the bonds.

Strong Raman active samples are thus usually systems with weakly bound, widely dis-

tributed electrons, such as halogenated and conjugated molecules. Highly polar bonds

on the other hand are often weak Raman scatterers. Water, for instance, is not Raman

active, which makes Raman spectroscopy attractive for biological studies. Because

Raman spectroscopy relies on scattering, it is applicable to solid and liquid samples,

be they homogeneous or heterogeneous. This in contrast to transmissive methods like

IR absorption, where too much absorption or scattering eliminates the signal.

The Raman instrument used for measurements discussed in this work was a

HoloLab 5000R spectrometer manufactured by Kaiser Optical Systems. A 785 nm

continuous-wave laser was used for sample excitation. Liquid samples were measured

in a homemade aluminum well plate, with a 0.5 mL well volume. The depth of the

well was verified as sufficient to not produce any signal from the aluminum. The focal

length of the excitation beam was 7 mm, resulting in a numerical aperture of ∼0.8.
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An adjustable jack was used for alignment to position the sample plate to a depth that

produced maximum signal. A notch filter and transmission grating were in place before

detection. The resulting frequency resolution was 0.3 cm−1. A charge-coupled device

(CCD) camera with thermoelectric cooling was used as a detector for full spectral

acquisition without aperture scanning. The varying sensitivity of the CCD to different

wavelengths was corrected for by using a broadband lamp between measurements.

The spectral response to the broadband lamp was used as a normalization factor for

samples. This correction also addressed nonuniform spatial response from the CCD

across its pixel array. Measurements were performed in an enclosed container, so that

the optical collection fiber was protected from stray ambient light.

2.3 Ultashort Pulse Generation and Characterization

Laser pulses with durations in the ten to forty femtosecond range were used in

the majority of this work. Optical pulses on this timescale are limited in duration by

their spectral bandwidth. The relation between duration, ∆t, and bandwidth, ∆ω, of

a pulse is referred to as the time-bandwidth product, and is expressed as

∆t ·∆ω ≥ Cs (2.1)

The value of the constant Cs depends on the shape of the pulse envelope. Com-

monly encountered values for Cs are 0.441 for the case of a Gaussian pulse profile and

0.315 for the case of a sech2 profile. [30] The values of ∆t and ∆ω are taken from the

full-width at half-maximum (FWHM) of the pulse in the time and frequency domains

respectively. This relation can be understood from a Fourier analysis perspective. The

temporal and spectral characteristics of the electric field are directly related through

Fourier transforms, and they cannot be independently modified. This restriction of

the minimum achievable pulse length by the available bandwidth is often referred to

as a “transform limit” in reference to their Fourier relation. The phase across the

pulse must be constant in order to reach the transform limit. An uneven temporal

distribution of frequency components in the pulse is caused by travel through media,
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including air. [31] The frequency dependence of refractive index leads to a dispersion

of the spectral components in time. For standard materials, pulses in the visible regime

take on a characteristic distribution where the higher frequency components lag after

the lower frequencies. This is referred to as a chirped pulse. A pulse with the op-

posite distribution is referred to as negatively chirped. Pulse compression is usually

accomplished by negatively chirping a pulse before it passes through materials in order

to perfectly compensate the induced positive chirp. However, compression becomes

challenging when the frequency distribution deviates far from linear.

The commercial laser system used in this work to generate femtosecond pulses

consists of a Ti:sapphire oscillator (Coherent Mantis) coupled to a regenerative chirped

pulse amplifier (Coherent Legend). The amplifier outputs a 6.1 W pulse train of 35 fs

pulses centered at 800 nm at a 10 kHz repetition rate. The pulses in the train are

split by a series of beamsplitters to accommodate multiple pump-probe experiments

across the optical table. Notable allocations include two 110 µJ portions that drive two

independent noncollinear optical parametric amplifiers (NOPAs), as well as a 200 nJ

portion that generates a white light supercontinuum.

2.3.1 Noncollinear Optical Parametric Amplification

NOPAs are tools to generate ultrashort pulses over a wide tunable range from

the near UV to near IR. [32] The optical parametric amplification is accomplished in

a nonlinear crystal medium, which mediates transfer of energy from a pump beam to

a signal beam. The pump beam effectively amplifies an input lower frequency signal

beam, and a third idler beam is produced as a result of momentum and energy con-

servation. Alignment of the proper momentum conservation conditions is critical to

produce a maximally amplified signal. This is tuned by adjusting the angle of the

nonlinear crystal, typically β-Barium Borate (BBO), so that the anisotropic polariza-

tion of the crystal is along the ideal conditions for the desired amplification frequency.

Control of the angle that the signal and pump beams meet inside the crystal can com-

pensate for frequency dispersion. When both conditions are met, broadband pulses
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can be produced over the visible regime. The broad bandwidth output is necessary to

reach a transform limit below 30 fs. [33]

Figure 2.2: The NOPA contains a beamsplitter (BS), concave spherical mirrors (SM),
and a lens pair that acts as a telescope. A variable delay stage allows
for matching the timing of the pump and supercontinuum pulses in the
amplification BBO. The amplification of the green portion of the white
light is depicted.

The design of the home-built NOPAs used in this work is schematically depicted

in Figure 2.2. Construction and optimization was done to produce suitably broadband

and short pulses for use in pump-DFWM. The fundamental input beam is split 98:2

by a beamsplitter, and the lower intensity portion generates a seed pulse while the

higher intensity portion goes towards the pump pulse. The seed is generated as a

white light supercontinuum by focusing in a 3 mm sapphire. The other path serves as

the pump, where a lens pair telescopes the fundamental to a smaller diameter to fit

through a 0.5 mm BBO cross-section, creating a frequency-doubled 400 nm pulse. Both

pulses are crossed in a 1 mm BBO where parametric amplification occurs. The delay

15



stage facilities matching the arrival times of the two pulses at the BBO. An important

parameter in the design is the all-reflective path of the white light. Using curved

mirrors rather than lenses reduces chirp, and aids in generating more bandwidth in the

output. The sapphire is also carefully positioned such that the point of supercontinuum

generation is near the exit side in order to minimize the path length of material that

the white light travels through. Additionally, the seed and pump beams are not focused

together directly in the amplification BBO. Instead, they are focused ∼1 inch in front

of the crystal to preserve the BBO from damage. However, the divergence cones of

the pump and seed must be matched to produce a spatially symmetric amplified beam

spot. Alignment is typically focused on adjusting the beam crossing angle, BBO tilt

angle, and the pump delay. When all three parameters are properly set, broadband

amplification is achieved. The NOPA output is sent through a BK7 prism pair for

temporal compression. [34] Figure 2.3 shows an example output spectrum and the

pulse measurement in the time domain. The depicted pulse had an energy of 6.5 µJ.

Figure 2.3: At the correct alignment conditions, the NOPA outputs a very broadband
amplified spectrum. The measured auto-correlation produces a pulse
duration below 10 fs.
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2.3.2 Cross-Correlation

Measurement of the temporal width of the optical pulses used cannot be done by

simply recording the response of a photodiode on an oscilloscope, because the response

times of electronics are not fast enough; instead, the optical pulse can be used to

measure itself or other pulses. [35] The characterization of the pulse durations used

in measurements is important, as it dictates the time resolution of the experiment.

Several styles of cross-correlation and auto-correlation were thus used in this work.

Cross-correlation involves the mixing of two different beams in a nonlinear medium

to produce a signal. Auto-correlation uses the same beam, split and recombined with

itself. In either case, one pulse is swept across the other in time and the intensity of

the nonlinear signal is recorded as a function of the relative timing. Most often, second

harmonic generation (SHG) between the two pulses is performed in a BBO crystal to

produce this correlation trace. The intensity of the SHG signal is a convolution of

the two pulse envelopes. The tilt angle of the BBO must be set correctly to produce

a SHG signal, and the weak signal may be difficult to work with since it is typically

in the UV. Alternatively, a silicon carbide photodiode can be used to perform two-

photon absorption based correlation. In this case, the beams are spatially overlapped

on the detector. The bandgap of the detector is too large to register wavelengths in

the optical range, but a photocurrent is generated when two-photon absorption occurs

at double the photon energy. This method is not feasible when using pulses in the

UV, which span the bandgap on their own, or for near-IR pulses when the sum of the

pulse energies is lower than the silicon carbide bandgap. For autocorrelation traces, the

FWHM of the trace can be used to calculate the width of the pulse profile required to

produce the recorded convolution with itself. The auto-correlation trace of a 9 fs sech2

pulse is shown in Figure 2.3. This output is close to the shortest pulse achievable with

conventional NOPA and compression techniques. Three pulse auto-correlations were

also be performed, with a different factor used to calculate the input pulse durations.

Self-diffraction in thin glass produced a convolution signal for three pulse experiments.

The width of the cross-correlation between pump and probe pulses was used to define
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the instrument response function for experiments in this work.

2.4 Transient Absorption Spectroscopy

Transient absorption spectroscopy is used to measure the absorption spectrum

of photoexcited species. An overview of the technique can be found in [36]. In brief, a

pump pulse promotes the analyte to an excited state, and a probe pulse immediately

follows. The spectrum of the probe pulse is recorded after the sample has been photoex-

cited, and when the sample has not been perturbed by a pump pulse. The difference

in absorption of the two spectra is a transient absorption spectrum. This difference

spectrum isolates absorption features in the probe pulse induced by the pump pulse.

What is produced is a spectrum of the change in absorption, reported throughout this

work as: ∆A. Unlike absorption from the ground state, the change in absorption can be

negative. The delay between the pump and probe pulses can be systematically varied,

and the time-dependence of ∆A can be followed on an ultrafast timescale, limited by

the pulse durations. Snapshots of ∆A captured by the probe pulse at multiple delay

points are presented throughout this work as two-dimensional maps as functions of

wavelength and time.

There are four general contributions to ∆A. Perhaps the most intuitive is

excited-state absorption. This appears as a positive signal where absorption from the

initially prepared excited state can proceed to even higher-lying states. Excited-state

absorption can generally appear at spectral locations that differ from ground-state

absorption, and is not directly related to the ground-state absorption features. The

dynamics in excited-state absorption are related to the relaxation pathway through

available electronic states and their vibrational levels. Another prominent signal con-

tribution comes from ground-state bleach. This appears as a negative contribution

to ∆A. The ground-state absorption becomes weaker after some sample fraction has

been promoted to an excited state. Accordingly, peaks in the ground-state spectrum

will appear as negative peaks in the ∆A spectrum since less absorbers are present for

that transition. A third signal contribution is from stimulated emission. Based on
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first order selection rules, transitions from the excited state down to the ground state

are also allowed if the reverse transition is allowed. [37] Therefore the probe pulse

can stimulate a downward transition when it interacts with the excited state. This

appears as a negative signal, since it manifests as an increase light (the opposite of

absorption) after excitation. Stimulated emission is often spectrally overlapped with

ground-state bleach or is located where the fluorescence emission band is located. The

fourth signal contribution is from photoinduced product absorption. If excitation led

to the generation of new chemical species, such as excimers, charge-separated states,

or any photochemical product, the absorption of the new chromophore will be present

as a positive signal contribution. The time delay when the pump and probe pulse

overlap is referred to as time-zero. At time-zero, additional signal contributions can

be present from undesired nonlinear effects of the coherent pulse interactions beyond

the transient absorption. [38] These effects are called a coherent artifact, and do not

affect the longer term dynamics. Measurement of the ∆A from a blank solvent can be

used to confirm the presence of this artifact, though it cannot be reliably subtracted

out from sample measurements.

Transient absorption measurements in this work were carried out using a NOPA

as a tunable pump. A broadband supercontinuum was generated in a 3 mm sapphire

and compressed using a pair of dispersion compensation mirrors (Laser Quantum,

DCM12) to function as the probe. The optical layout is depicted in Figure 2.4. The

spectrum of the probe pulse is displayed in Figure 2.5. The pump beam duration was

minimized by a prism compressor in the beam path. An off-axis parabolic mirror was

used to collimate the white light rather than a lens to avoid dispersion. The chirp of the

supercontinuum was reduced through six bounces off of the dispersion compensation

mirrors. Each reflection imparts negative chirp on the pulse by effectively providing a

longer path length for longer wavelengths using multilayered high reflective dielectric

material. These mirrors also compensate for the frequency dependent shift of time-

zero. In this way, the instrument response function was kept under 35 fs. The pump

beam passed through a chopper wheel before incidence on the sample. Pump and probe
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Figure 2.4: Transient absorption spectroscopy is performed using a chopped pump
beam on a variable delay path, and a supercontinuum probe beam on
an all-reflective path. The probe pulse is compressed with a dispersion
compensation mirror (DCM) before its focus on the sample by an off-axis
parabolic mirror (OAPM).
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beams were kept at magic-angle polarization difference of 54.7◦ to avoid measurement of

orientation-dependent dynamics in the samples. Both pulses were focused by the same

200 mm focal-length off-axis parabolic mirror onto the sample. The pulse properties

for individual measurements are described in each chapter. For solution measurements,

1 mm path length cuvettes (Starna) were used. The cuvette was mounted on an x-y

translation stage to optimize the position of beam overlap and minimize excess sample

penetration. Solid-state samples were mounted in a sealed vacuum chamber, built from

a modified microscopy cryostat (CIA, RC102-CFM) connected to a turbomolecular

pump (Pfieiffer, HiPace80). Pressures of 10−7 Pa were typical. The vacuum chamber

was mounted on an x-y-z translation stage and equipped with two 0.5 mm fused silica

windows spaced 25 mm apart to facilitate alignment and transmission of the optical

pulses. The vacuum environment reduces oxidation, sample damage, and any solvent

effects.

Figure 2.5: The detected spectrum of the supercontinuum probe pulse is spread across
the visible region from 450 nm to 750 nm.

Two different detection schemes were implemented over the course of this work.

Originally, the signal was collected through a monochromator (Oriel, CS260) as single
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wavelength kinetics. Lock-in amplification (Signal Recovery, 7230) was used with a sil-

icon photodiode (Thorlabs, DET10A). The chopper frequency was set to 337 Hz, and

the phase of the lock-in signal was adjusted using a known reference sample’s signal

(Zn-TPP). Transient absorption spectra were produced by scanning the monochroma-

tor at fixed pump delays. The monochromator grating was blazed at 475 nm with

300 lines/mm. This detection method was used for measurements discussed in Chap-

ter 3 and Chapter 6. Later, a multichannel detection scheme was implemented for

simultaneous acquisition of spectra at various time points. This method allowed for

more rapid data collection, and was used for measurements featured in Chapter 4 and

Chapter 5. A 1024 pixel CCD array (e2V, EV71YEM1GE1014) was used for shot-to-

shot detection. The line scan rate of the camera provided acquisition of spectra from

single laser shots at a 10 kHz rate. The chopper was then set at 5 kHz to block every

other pump pulse, and difference spectra were calculated from subtraction of subse-

quent probe pulse spectra from each other. The phase of the chopper was adjusted

using the signal from a known reference sample (Zn-TPP). A detailed discussion of

both detection methods and alignment procedures for each is provided in [39].

Regardless of detection method, transient absorption signals at individual wave-

lengths, σλ, are fit with the expression

σλ =
n∑
i=0

AλiNi (2.2)

The independent amplitude at each wavelength and the population of each state

are represented by Aλi and Ni respectively. The number of states involved in the dynam-

ics are represented by the n terms of the summation in equation (2.2). This parameter

is held to the minimum value that allows for fitting the signals at all wavelengths

without a systematic deviation of the residuals. Initial fits are performed at spectral

peaks in the spectrum and suspected representative wavelengths. The total signal at

a given wavelength therefore composed of weighted contributions from the population

of each state. The time-dependent population of each state is obtained by solving a
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set of linear rate equations allowing for parallel and sequential decays which represent

the species-associated difference spectra relaxation model, i.e.

dN0

dt
= −A · g(t) +

∑
j

1

τn
Nn (2.3)

dN1

dt
= A · g(t)−

∑
k

1

τ1
N1 (2.4)

dNi

dt
=

∑
l

1

τi−1
Ni−1 −

∑
m

1

τi
Ni (2.5)

Here τi denotes the time constant associated with a state’s Ni → Ni+1 popula-

tion transitions. The A · g(t) term acts as a population source representing the pump

pulse, and is composed of amplitude A and the Gaussian envelope:

g(t) = e

[
−4 ln(2)( t−t0

W )
2
]

(2.6)

The pulse function considers W as the full width at half maximum of the pump-

probe cross-correlation. The fitting procedure attempts to find a set of global param-

eters [Aλi , τi] that produce the best fit across all measured wavelengths.

2.5 Pump-Degenerate Four-Wave-Mixing Spectroscopy

Pump-degenerate four-wave-mixing (pump-DFWM) is a vibrationally sensitive

ultrafast spectroscopy technique. The physical principles of the method are fully de-

scribed in reference [40]. Similarly to transient absorption, an initial actinic pump pulse

promotes the sample to an excited state as the first step. Instead of a single probe

pulse though, a sequence of three degenerate pulses with identical spectra is used to

probe the excited state. The three pulse sequence accomplishes degenerate four-wave

mixing (DFWM) on the photoexcited sample. The time ordering of the series of pulses

is depicted in Figure 2.6.

DFWM can be understood as a form of transient grating spectroscopy, or a

broadband stimulated Raman scattering (SRS) method. From the SRS perspective,
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Figure 2.6: The time ordering of the pump-DFWM sequence consists of an initial
actinic pulse to promote the system, to an electronically excited state,
followed by a set of pulses that generate a DFWM signal on the ex-
cited state. Evolution of the excited state is tracked by varying ‘T’, and
wavepacket dynamics are followed by scanning ‘t’. The DFWM pump
and Stokes pulses are kept coincident in time.

the initial two pulses in the DFWM sequence act as a Raman pump and Stokes pulse.

The bandwidth of the degenerate pulses exceeds the vibrational energy level spacing

of the molecular analyte. Therefore, when the Raman pump excites the molecule, the

Stokes pulse can immediately stimulate a transition through a resonant vibrational

spacing. The energy difference that satisfies the Raman scattering transition is con-

tained in the pulses and thus resonantly enhanced. The third pulse acts as a probe

of the scattering transition and takes advantage of momentum conservation when a

proper beam geometry is exploited. The directionality of the stimulated signal can be

directed along a background-free path. From a transient grating perspective, DFWM

operates by inducing a polarization grating in the sample through the pump and Stokes

pulses. These two pulses are incident on the sample at an angle to each other, and pro-

duce a modulated excitation in the molecular medium. The third probe pulse may then

interact with the grating and send a diffracted beam in a new direction. Phase stability

of the pulses on the nanometer scale is important to preserve the effective line spacing

of the induced grating. Similarly to Raman spectroscopy, the perturbed polarizability

leads to a coupling of electronic and vibrational effects, and the modulation of the
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Figure 2.7: A vibrational wavepacket is prepared by impulsive excitation in an ar-
bitrary excited state (ESα). DFWM pulses serve to probe the time-
dependent evolution of the packet through resonant absorption to a
higher-lying excited state (ESβ).

signal carries information on the vibrational modes. Pump-DFWM can also be viewed

from a wavepacket perspective. The initial actinic pump is spectrally broad and acts

impulsively on the sample. The pulse impulsively prepares several vibrational eigen-

states of the electronic excited state, which coherently form a vibrational wavepacket

in the excited state potential energy surface. This is illustrated in Figure 2.7. The

DFWM sequence then serves to probe the status of the wavepacket through stimu-

lated Raman transitions. If the DFWM pulses are resonant to an electronic transition

to a higher-lying state, the signal is amplified through resonance enhancement. As the

wavepacket evolves in its potential, over actinic pump delays, the DFWM probe se-

quence can follow the Raman active vibrational modes and their coherence. Through

resonant enhancement, spectral tuning of the actinic pump can thus prepare a tar-

geted excited state, and spectral tuning of the DFWM sequence can probe vibrational

dynamics of targeted excited-states.

Two iterations of DFWM instruments were built and commissioned over the
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course of this work. The initial optical setup is depicted in Figure 2.8. Measurements

were carried out using two NOPAs. The output of one NOPA was split into three

pulses forming a DFWM probe sequence in a BOXCARS phase matching geometry,

generating a spatially separated signal through momentum conservation. The probe

delay was varied by a fast scanning piezo stage (Piezosystem Jena, PX-400-SG). The

actinic pump pulse travels through an independent delay stage. All beams were aligned

to be parallel and then focused by a shared off-axis parabolic mirror onto the sample.

The generated DFWM signal beam was directed to the monochromator described

in section 2.4 and detected by a photomultiplier tube (Hamamatsu, H7827-012). A

chopper wheel blocked every other pump pulse, allowing for shot-to-shot subtraction

and removal of signal contributions not induced by the pump pulse. This setup was

used to collect the data discussed in Chapter 3.

The second iteration of pump-DFWM instrument is depicted in Figure 2.9. The

same vacuum chamber described in section 2.4 was used to measure solid-state samples.

This setup featured the same piezo delay controller and independent delay of the actinic

pump that was chopped at 5 kHz. The main advantage gained from the newer design

is its inherent phase-stability. The design was based on two-dimensional spectroscopy

instruments. [41, 42] The beam paths are distributed such that any induced phase

disturbances at each reflection are canceled out by the other beams. The passively

phase-stable setup eliminates low-frequency noise caused by mechanical vibrations and

increases the beam pointing stability of the probe sequence. This stability leads to a

reduction in optical scattering from the sample. This setup was used to collect the

results discussed in Chapter 4. The improved setup was critical for measurement of

colloidal, highly scattering, thin film samples. After the sample, a 200 µm pinhole was

mounted on a xy translation stage and placed in the path of the signal beam in order to

spatially filter out scattered contributions. Careful vertical and horizontal alignment of

the pinhole was performed to optimize the spatial filtering and retain maximum signal.

The beam was then recollimated and traveled 1 m before entering the monochromator.

An attempt was made to directly place an optical fiber with the same diameter in lieu
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Figure 2.8: In the initial setup, two beamsplitters (BS) separated an input pulse into
three spots for the DFWM sequence. The beams were arranged into the
corners of a square (BOXCAR geometry) and focused onto the sample
solution by a shared off-axis parabolic mirror (OAPM). The actinic pump
pulse was independently delayed, and focused by the same mirror.
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of the pinhole; however, this did not lead to an increase in signal-to-noise. The 1 m

beam path instead effectively served to eliminate nearly collinear scattered light and

allow it to diverge away from the signal before entering the monochromator.

Figure 2.9: The second pump-DFWM instrument utilized three beamsplitters (BS)
to create the three pulse DFWM sequence. A fourth pulse is also created,
but was blocked and not used. The shared reflective surfaces provide a
passively phase stable setup. The actinic pump is focused along with the
DFWM beams by a spherical mirror, redirected towards the sample. A
vacuum chamber was used for solid-state samples, and a pinhole spatially
selected the signal beam.

The DFWM signal is produced as an oscillating time-domain plot. The am-

plitude of the modulations is related to the induced polarizability grating, and the

frequency of the modulations directly corresponds to the Raman-active vibrational

modes of the sample. The time-domain signal can be put through a Fourier transform

to reproduce Raman spectra. The general data treatment process is summarized in

Figure 2.10 for an arbitrary signal. Population dynamics can be superimposed on the
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signal and are removed by exponential fitting and subtraction. During data acquisi-

tion, the piezo stage is left free-running to follow a 10 Hz sinusoidal voltage. Due to

the 10 kHz repetition rate of the laser system, 1000 data points are thus collected for

every time trace sweep. The rapid free-running nature of the DFWM delay allows

for real-time alignment of the instrument on the frequency spectrum. A constantly

updated fast-Fourier transform is displayed on acquisition software, and the visible

vibrational modes can be used as a target to maximize. This process is more straight-

forward than optimizing on the time-domain signal, which can offer deceptive results

and has a more difficult to identify signal maximum. Furthermore, the accessible fre-

quencies can indicate the lower bound of the pulse duration; if known high frequency

peaks are not detected, the probing pulses may not be short enough to sample their

vibrational periods. The specific resolutions, pulse properties, and time-windows used

varies for each experiment, and these parameters are discussed in their respective chap-

ters. For collection of excited-state vibrational dynamics, shot-to-shot subtraction was

used. Alternating pump pulse shots were blocked by the chopper wheel, and the data

acquisition software organized each measurement as ‘pump-on’ or ‘pump-off’. The or-

ganized time-domain signals were then subtracted. The difference signal was verified

as flat for all measurements before time-zero. An additional photodiode was placed in

the path of the pump beam prior to the sample to verify that the pump pulse main-

tained a consistent 5 kHz repetition. If the diode received an errant pulse, or missed a

pulse, the data collection software recorded an error message. In this way, vibrational

dynamics induced by the pump pulse can be isolated.
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Figure 2.10: The raw oscillatory data of the DFWM pulse intensity is collected in
the time domain over a time window scanned up to 2 ps (a). The first
100 fs are removed to avoid coherent artifact contributions. The signal
is fit with a single exponential decay (b). The fit is subtracted from the
signal in order to remove the non-oscillatory component (c). The data
is then zero-padded and put through a discrete Fourier transform using
a Hanning window to produce a frequency spectrum (d).
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2.6 X-Ray Transient Absorption Spectroscopy

X-ray transient absorption (XTA) is a pump-probe pulse technique, analogous

to optical transient absorption described in section 2.4. An optical laser pulse is used

to pump the sample, and the induced dynamics are probed by an X-ray pulse. Using

an X-ray probe allows transient structures associated with reaction dynamics to be ac-

cessed by X-ray absorption spectroscopy (XAS). [43, 2, 44] Unlike optical absorption,

which is sensitive to electronic transitions, the XAS spectrum is sensitive to atomic

transitions from inner-shell orbitals to unoccupied orbitals and to the continuum. [45]

The spectrum is divided into two main regions: the X-ray absorption near edge struc-

ture (XANES) and extended X-ray absorption fine structure (EXAFS). The XANES

energy region includes the region of onset of the absorption edge, as the name indicates.

This includes the pre-edge and edge shapes. The EXAFS portion on the other hand

is at energies above the transition edge. XANES spectra can report on the transitions

from core levels to vacant states. This can provide information on the local coordina-

tion environment near the absorbing atom. With XTA, changes in coordination can be

directly investigated in photoexcited species. [46] The transition edge of the XANES

region is often composed of multiple entangled scattering signals and becomes difficult

to interpret, although some metals have structural signatures that can be identified for

specific transitions. [47] The EXAFS region is sensitive to scattering of the photoelec-

tron wave originating from the absorbing atom. Interference from neighboring atoms

produces characteristic wavy EXAFS spectra. The complex EXAFS scattering signal

can be modeled by the following equation:

χ(k) =
∑
j

NjFj(k)e−2k
2σ2

j

kR2
j

sin(2kRj + δj(k)) (2.7)

Here j is the index of the local atomic shells around the scattering atom, N is

the coordination number, f(k) is the amplitude of the backscatter, σ2 is the thermal

disorder in the distances, k is the wave-vector, R is the average distance, and δ is the

phase shift. Using this model along with an estimated input structure, the EXAFS

31



signal can experimentally identify the measured molecular structure within hundredths

of Ångströms. A transient EXAFS signal can thus provide detailed information on

non-equilibrium structural states.

XTA experiments discussed in Chapter 5 were performed at beamline 11-ID-D

at the Advanced Photon Source of Argonne National Laboratory. The X-ray pulses

were generated from synchrotron radiation. A detailed description of the beamline

parameters and capabilities can be found in reference [3]. The pulse scheme is depicted

in Figure 2.11. Measurements were carried out in 24 electron bunch mode, where

24 evenly distributed electron bunches are circulated in the storage ring and produce

radiation at the sample at a rate of 6.5 MHz. The laser pump pulse was 1 ps in

duration, and the X-ray probe pulse was 80 ps. The excitation energy was 50 µJ. The

excited-state lifetime of the samples measured was verified to be on the nanosecond

timescale so that they could be probed by the relatively long X-ray pulses. Time-zero

is defined at a delay of 120 ps after photoexcitation, because that is the time point

when the maximum excited-state fraction can initially be probed. Experiments were

carried out at 1 kHZ based on the laser repetition rate. Multiple X-ray pulses probe the

sample before the next excitation pulse arrives, and any long-lived dynamics could be

investigated. The time between X-ray probes was 154 ns. The laser was electronically

gated to record ground-state spectra throughout the experiment from the same electron

bunch.

The sample chamber and beam paths are displayed in Figure 2.12. Pump and

probe beams meet at 20◦ in the sample. Concentrations of 20 mM in ethanol were used.

The sample was recirculated through a flowing liquid jet using a peristaltic pump. A

heart chamber reservoir was continuously bubbled with nitrogen and the system was

largely sealed from atmosphere to minimize oxidation. The emitted fluorescence is

proportional to the amount of absorbed X-ray radiation. Soller slits with glued-on

Z-1 filters were in place in front of the photodiodes. Two avalanche photodiodes on

either side of the chamber collect X-ray fluorescence from the chamber. Two detectors

are used in order to double the collected signal. Additionally, if the signal from one
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Figure 2.11: The laser pump generates an excited state probed by X-ray pulses.
Pulse timing is described in the text. Adapted with permission from
[2]. Copyright 2013 American Chemical Society.
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photodiode begins to differ from the other, it can indicate that an issue has arisen

with that detector. A separate avalanche photodiode is upstream of the sample. This

detector serves as a reference to adjust for pulse-to-pulse intensity fluctuations. The

intensities of the two diodes collecting sample fluorescence were normalized to the

intensity of the reference detector for each pulse. The recirculating sample jet was

carefully adjusted to maintain laminar flow in the chamber in order to avoid noise

from density fluctuations in the beam path. The flow was constantly monitored over

video camera to ensure no deviations occurred.

Figure 2.12: The sample chamber utilized a recirculating flowing jet. Two detectors
on the sides of the sample chamber collect emitted X-ray fluorescence.
A normalization detector collects X-ray emission from air before the
sample. Reprinted with permission from [3]. Copyright 2013 American
Chemical Society.
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2.7 Materials

The materials chosen for investigation satisfy two fundamental conditions. First,

they must be scientifically relevant. Their properties may not be fully understood or

they may provide new information towards a meaningful topic. Secondly, they need

to be experimentally accessible. The properties of the materials must be suitable for

investigation by the methods available. Metalloporphyrins and substrates studied in

this work meet both of these critical criteria.

2.7.1 Metalloporphyrins

To study the dynamics of nuclear motion in molecular excited states, different

metalloporphyrins were used. This class of molecules exhibits strong absorption in

the visible region, making them relevant for practical light-driven photochemical ap-

plications. This also makes them accessible for investigation by standard light sources.

The basic metalloporphyrin structure is a set of four pyrrrole groups linked together at

their α carbons by methine connections to form a single ring, with a single metal atom

bound at the center by the inward-facing nitrogens. The conjugated ring contains 18 π

electrons, and the planar structure has D4h symmetry. These molecules are commonly

modified by adding substituents and changing the central metal ion. Functionalization

can alter the electronic structure and available transitions, to effectively enhance the

light absorption properties, reactivity, or physical behavior of the system. [48] Some

naturally occurring metalloporphyrins are famously found in chlorophyll, hemoglobin,

and the mitochondrial electron transport chain. Synthetic porphyrins are used in a

wide range of applications, from medicinal chemistry to materials science.

The majority of this work used zinc-tetraphenylporphyrin (Zn-TPP) and varia-

tions. The Zn-TPP skeletal structure is shown in Figure 2.13. Zn-TPP was purchased

from Sigma-Aldrich. A common modification, present in Chapters 4 and 5, was the

addition of a carboxylic acid group on the exterior by synthetic collaborators in the

Galoppini group. [49] The carboxylic acid facilitates chemisorption to TiO2 surfaces

and allows efficient electron transfer through the linker. [50] This metalloporphyrin
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variation serves as a prototypical system, and its behavior is often taken as representa-

tive of a wide range of similar systems. [51] Because it as among the most well-studied

porphyrins, new information on vibrational and structural effects in the behavior of

photoexcited Zn-TPP is informative to a broad community. Solution phase studies

in this work used tetrahdrofuran (THF) as a solvent. Zn-TPP is highly soluble and

weakly coordinating in this solvent. THF also has minimal overlapping vibrational

modes with Zn-TPP, which simplifies pump-DFWM spectra. The molar absorptivity

(ε) of Zn-TPP in THF was found to be 5.71× 106 M−1 cm−1.

Figure 2.13: The structure of Zn-tetraphenylporphyrin consists of a porphyrin ring
with phenyl groups at the meso positions.

The characteristic UV-Vis absorption spectrum of metalloporphyrins consists

of two major bands. The complex electronic structure of the aromatic system allows

multiple transitions between various molecular orbitals. The first absorption band,

called the Q band, corresponds to excitation to the first excited singlet state, S1. This

band is typically in the visible region, and can be quite broad. The high degree of

symmetry in metalloporphyrins leads to splitting of the Q band, which widens the ab-

sorption features. Modifications to the molecular symmetry by additional substituents

accordingly alters the shape and position of the Q band. The second absorption band

is from the transition to a second excited singlet state, S2, and is called the Soret band.
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This band is typically more intense and more narrow than the Q band. Typically the

Soret band absorbs in the near UV region.

The optical absorption transitions are often explained by the “Gouterman four

orbital model”. [52] This model describes the degeneracy of several molecular orbitals

as the origin of the Soret and Q bands. Two degenerate HOMOs can transition to two

degenerate LUMOs. These degeneracies are a natural consequence of the D4h symmetry

and aromaticity of the porphyrin system, and are altered by structural modifications.

This simple model is sufficient to approximate basic metalloporphyrin transitions, but

more accurate models have been developed through density functional theory (DFT)

methods. [53] The extensive overlap of HOMOs and LUMOs complicates interpretation

of electronic spectroscopy results, as discussed in Chapter 3.

2.7.2 TiO2

For experiments on heterogeneous electron transfer, TiO2 was used as the elec-

tron acceptor substrate. TiO2 is an extensively studied, well-understood, and com-

monly used material for photoinduced HET. [54, 55, 56, 57, 58, 59, 60, 61, 62] TiO2 is

a cheap and nontoxic material. Films of TiO2 on thin glass were prepared for molecular

sensitization. The films were composed of colloidal nanoparticles of anatase TiO2. The

anatase phase unit cell is octahedral, with a central titanium atom surrounded by six

oxygens. [63] The band gap of 3.2 eV for anatase TiO2 films makes it suitable for dye-

sensitized solar applications. The UV band gap will not be spanned by visible energy

photons. However, an attached dye can absorb visible light and transfer electrons into

the TiO2 conduction band. Nanoporous films offer a high surface area for dye coverage.

Thin films used in this work were prepared by spreading a solution of colloidal

TiO2 nanoparticles onto 50 µm thin AF45 Schott glass. The solution was spread onto

the glass by sliding a filled reservoir with an angled razor blade opening on its edge

across the surface, in the so called “doctor blade” method. [64] The colloidal sol-gel

solution was synthesized through hydrolosis of Ti(IV)-isopropylate with aqueous nitric

acid and autoclaving, as described in reference [65]. The alkali-free glass eliminates
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the possibility of diffusion of alkali atoms into the TiO2 lattice, which can degrade the

material and alter measured dynamics. [66] The thickness of the glass is small in order

to reduce coherent artifact contributions in ultrafast measurements. The resulting

films had a TiO2 layer of ∼10 µm thickness. The effective surface area of the film

was 140 m2/g. [67] The nanoparticles had an average diameter of 15 nm, as shown by

scanning electron microscopy in Figure 2.14. Prepared films were stored in a desiccator

under vacuum at 10−3 Pa prior to dye-sensitization.

Figure 2.14: A scanning electron microscope image of the colloidal TiO2 shows the
size of the individual nanoparticles.

Sensitization of the films with metalloporphyrin dyes was performed in several

steps. First, the film was heated in a tube furnace for 45 minutes at 450◦ C. This

removes any residual oxidized species from the preparation process. The film was then

immediately transferred to soak in a solution of dye molecules. Solution concentrations

were on the order of 100 µM, and the film was left to soak for 30 minutes. Next, the

film was blown dry with argon gas and rinsed several times with solvent to remove any

unbound molecules. The solvent rinse was taken in aliquots, which were later measured

for fluorescence. A loss of fluorescence in the later aliquots validated complete rinsing

of the film. The dye adsorption occurs from the carboxylic acid linker on the molecules

to the TiO2. Binding is accomplished from chemical attachment of the oxygen atoms in
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the linker group to titanium atoms on the surface. Monodentate and bidentate ligation

are possible. [68, 69]
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Chapter 3

ZINC PORPHYRIN VIBRATIONAL DYNAMICS IN SOLUTION

3.1 Abstract

In this chapter, results from pump-DFWM on Zn-TPP in solution are presented

that clarify information gained from transient experiments. The vibrational modes of

the Zn-TPP molecule are observed from DFWM measurements on varying prepared

states and compared. The electronic ground state, a vibrationally hot electronic ex-

cited state, and a vibrationally cold electronic excited state are independently prepared

by varying the excitation energy of the pump laser pulse. The vibrational spectra pro-

duced and their dynamics are analyzed and discussed. Taken alongside complementary

transient absorption measurements, the DFWM results establish vibrational relaxation

as physical mechanism responsible for often-observed ultrafast relaxation kinetics that

immediately follow photoexcitation of the Soret band of Zn-TPP, which has been a

source of debate in previous literature. This chapter is largely adapted with permis-

sion from reference [70]. Copyright 2016 American Chemical Society.

3.2 Background and Motivation

While many aspects of Zn-TPP excited-state dynamics are well understood, one

remaining question concerns the initial relaxation in the S2 state. Although Zn-TPP is

one of the most extensively studied metalloporphyrins, and its excited-state dynamics

frequently serve as a reference for other more complex systems such as aggregated and

substituted porphyrins, [71, 72, 73, 74, 75] a remaining question exists concerning the

initial relaxation in the S2 state. A characteristic rate constant on the order of 100 fs

has been consistently observed for early dynamics in this representative porphyrin by

multiple research groups, and some controversy exists whether this process can be
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attributed to vibrational relaxation in the S2 state or if a second excited state, S
′
2,

is responsible. [76, 77, 72] The rapidity and antecedence of the dynamics has led

to a general assumption that some type of vibrational relaxation is involved. [78,

72] However, no direct measurement has been previously presented to confirm this

assertion. Difficulty in pinpointing the mechanism has likely stemmed from the need for

high time resolution required to observe sub-100 fs dynamics, and the need for tunable

excitation in to order prepare initial states of slightly different energies. Furthermore,

TA results are complicated by the broad and overlapping spectral features of Zn-TPP.

This initial ultrafast decay process was first reported by Gustavson’s group

through a time resolved fluorescence study, and was assigned to vibrational relaxation

(IVR). [78] Zewail’s group later observed this fast time constant in transient absorption

measurements and assigned it to a distinct higher lying electronic state above the S2

energy surface. [76] Enescu et al. further confirmed the existence of fast dynamics in

or above the S2 state and assigned it to a relaxation of the coherently excited degen-

erate S2 state. [77] The Steer group has discussed both possibilities without giving an

unambiguous assignment. [79, 80] Apart from the fundamental aspect of expanding

the understanding of porphyrin photophysics, the identification of this process serves

as an important input for theoretical models which fail in many cases to accurately

predict the complex degeneracy of states in metalloporphyrins. [81, 82, 83, 84] Addi-

tionally, applications such solar energy conversion and photocatalysis rely on excited-

state processes occurring on the femtosecond timescale which may compete with the

intramolecular dynamics under investigation. [85] Focus in the following sections is

thus placed on unequivocal assignment of the initial relaxation dynamics of Zn-TPP.

Pump-degenerate four-wave mixing is used to study vibrational dynamics over the first

several hundred femtoseconds occurring after excitation.
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3.3 Steady State Results

Prior to performing ultrafast experiments, steady-state absorption and fluo-

rescence measurements were carried out to ensure the integrity of prepared Zn-TPP

solutions and verify that sample degradation or molecular aggregation did not influ-

ence the dynamics. It is known that the dynamics of porphyrin excited states are

particularly susceptible to aggregation induced complications, including π − π stack-

ing, metal ligation, and exciton coupling. [86, 87, 88, 89] A series of solutions was

therefore prepared in a wide range of concentrations to investigate possible changes

of the electronic spectrum of the sample. Solutions of Zn-TPP dissolved in tetrahy-

drofuran (THF) from 0.1 µM to 100 µM were analyzed using UV-Vis absorption and

fluorescence spectroscopy. This concentration range was chosen to span the range typ-

ically chosen for ultrafast measurements, and to reach relatively high and low values

between which J-aggregation would be expected to appear. [90] The concentrations

were also kept within the linear response range of the instrumentation used. Solutions

of 1 µM and below are thought to be below the threshold for molecular aggregation,

which is thoroughly encompassed by the range investigated. [91]

The normalized absorption spectra of the Soret band for Zn-TPP samples of

1 µM and above are shown in Figure 3.1. A 1 mm path length cuvette was used.

No broadening of the absorption profile or shifting of the peak was observed in the

overlayed spectra. No evidence of J-aggregation or other distortions of the electronic

spectrum was exhibited across this range of THF based solutions.

Fluorescence excitation-emission spectra are displayed in Figure 3.2. Solutions

were contained in a 10 mm square cuvette. The concentrations accessible extend one

order of magnitude below those in UV-Vis absorption. No change in the fluorescence

profiles was observed from 0.1 µM to 5 µM, providing further assurance of sample

purity. Since 0.1 µM solutions are well below the expected aggregation threshold, the

unchanging fluorescence matrices show that Zn-TPP exists primarily as a monomer at

concentrations up to 5 µM. The concentration range overlaps between the fluorescence
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Figure 3.1: The normalized Soret absorption profile of Zn-TPP in THF is unal-
tered over a broad range of concentrations. There is no signature of
J-aggregation at concentrations up to 100 µM.

and absorption measurements. Therefore the lack of aggregation signature in the flu-

orescence data is taken together with the unchanging absorption spectra in Figure 3.1

to conclude that no appreciable aggregation occurs in THF based Zn-TPP solutions up

to 100 µM. Zn-TPP has a relatively high solubility in THF, which helps mitigate ag-

gregation. [92] The spectral features of the Zn-TPP electronic structure are consistent

over the range of concentrations investigated, including the 50 µM and 100 µM con-

centrations used in the transient absorption and pump-DFWM experiments discussed

in sections 3.4 and 3.5.

To further check for sample purity and degradation, liquid injection field des-

orption ionization (LIFDI) mass spectrometry (MS) was carried out on the 100 µM

sample after optical measurements were performed. The results are presented in Fig-

ure 3.3. This soft ionization technique induces minimal fragmentation of the analyte

and signal is readily obtained from molecular ions. [93] No peaks were present in the
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Figure 3.2: The normalized fluorescence excitation-emission spectra of low concen-
tration Zn-TPP solutions in THF do not show signs of broadening in
either the Soret or Q bands over a 50 fold concentration change.

calculated m/z region for demetallated Zn-TPP, suggesting that the molecules in so-

lution did not suffer from loss of the central zinc atom to any significant degree. Only

one isotopic pattern was predominantly detected, which is attributed to the Zn-TPP

molecular ion, and no patterns from expected photoproducts or molecular substruc-

tures were found. These qualitative results provide evidence that the sample did not

undergo any appreciable chemical degradation which would influence measurements of

the dynamics.
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Figure 3.3: The LIFDI-MS spectrum of the sample shows that the isotopic pattern
obtained over the course of the measurement (a) was identical to the
calculated pattern for the Zn-TPP (b). Monitoring the field desorption
spectrum (c) for demetallated Zn-TPP as current was increased did not
produce any ion peaks (d).
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3.4 Transient Absorption Results

Two transient absorption experiments were performed on 50 µM Zn-TPP THF

solution, using the methodology described in section 2.4. One using a pump pulse cen-

tered at 420 nm, corresponding to excitation of on the high energy side of the ground-

state absorption maximum, and another using a pump pulse centered at 430 nm,

slightly lower energy than the Soret peak. The overlap of the excitation pulses spectra

with the Zn-TPP ground-state absorption spectrum is shown in Figure 3.4.

Figure 3.4: The overlap of normalized spectra of the pump pulses used in this chap-
ter with the absorption of Zn-TPP in THF illustrates the difference in
excitation towards the high or low energy side of the Soret band.

The transient absorption map recorded after 420 nm excitation is shown in Fig-

ure 3.5. This map of ultrafast dynamics in the first picosecond of relaxation reproduces

and confirms data presented previously in reference [72]. Across the visible spectrum,

broad excited-state absorption is observed as a positive signal. Negative contributions

from ground-state bleach of the Q band are observed in the regions around 560 nm

and 600 nm.

The kinetics were fit by the global fitting procedure described in section 2.4,

resulting in a rate model of five time constants as shown in Figure 3.6. The contributing
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Figure 3.5: The transient absorption map collected after 420 nm excitation shows
dynamic features throughout the visible spectrum within the first pi-
cosecond.
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processes are as follows: τ1= 70 fs, initial relaxation in or above S2; τ2= 1.8 ps, S2→S1

internal conversion (IC) predominantly around 650 nm; τ3= 10 ps and τ4= 100 ps,

vibrational relaxation in S1; τ5= 1.8 ns intersystem crossing to T1. These measurements

are in very good agreement with recent literature values, and individual kinetic traces

at representative wavelengths and fits of the contributions to the data are displayed in

Figure 3.7.

Figure 3.6: The relaxation path for Zn-TPP following excitation of the Soret band
involves multiple steps and electronic states. The initial component is
thought to be either IVR or conversion through a nearly degenerate dark
state. Internal conversion to S1 follows, wherein further IVR occurs in
two steps, before crossover to the long lived triplet state.

The fastest component, τ1, has been assigned based on order of magnitude argu-

ments only. [72] This component has been reported several times with time constants

of around 100 fs. It contributes to the dynamics broadly across the probe spectrum, as

seen in its species-associated difference spectrum shown in Figure 3.8. There are neg-

ative dips corresponding to regions of ground-state bleach in the transient absorption

spectra. The component was attributed to S2 population dynamics, because it was not

present after excitation the Q band and it was not observed in stimulated emission from

the Q band. Direct S2→S0 relaxation can also be ruled out for assignment, because

ground-state bleach recovery was not observed on this timescale.
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Figure 3.7: Selected kinetic traces from transient absorption at 420 nm are fit with
contributions from a minimum of six states. Each component contributes
to the signal across the spectrum to a varying degree, including a fast
70 fs relaxation from an unclear state.
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Figure 3.8: Species-associated decay shows the spectral distribution of the 70 fs τ1
contribution to the overall transient absorption dynamics that follow ex-
citation at 420 nm.

Because IC from S2 to S1 occurs on a 1 ps timescale, the positive signal between

500 nm and 540 nm in the first few hundred femtoseconds predominantly originates

from S2 absorption. Internal conversion from a dark S
′
2 state above S2, or relaxation

inside the S2 energy surface have consequently been discussed as possible explanations.

The latter explanation raises the question of how vibrational relaxation manifests as

a delayed rise time in the TA signal. It is not obvious why a cold S2 state should

have stronger excited-state absorption compared its vibrationally hot state. A peak

shift is generally a more expected observation for cooling dynamics. The fact that

the τ1 component is observed specifically as rise of the TA signal is often neglected.

Excitation on the low energy side of the absorption maximum can probe how the τ1

process depends on the presence of excess energy.

The transient absorption map resulting from 430 nm excitation is presented in

Figure 3.9. This map is very similar to the one in Figure 3.5, with the noticeable differ-

ences at very early delays. Fitting the data reveals that the signal rise is instantaneous

within the instrument response of 25 fs, in contrast to measurements at higher pump

energy. Comparison of kinetic traces and fits at representative wavelengths are shown
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Figure 3.9: The transient absorption map of the first picosecond of relaxation after
excitation at 430 nm contains positive and negative features across the
spectrum.

51



in Figure 3.10.

For further comparison, the transient absorption difference map that results

from subtracting measurement at 420 nm excitation from measurement at 430 nm

excitation is shown in Figure 3.11. The difference map results most noticeably in a

negative contribution across the majority of the probe spectrum from the missing 70 fs

component. A positive contribution on the same timescale is present in the region

where ground-state bleach spectrally overlaps with the τ1 rise.

This positive region could possibly be explained by the difference between a

vibrationally hot and cold S2 state. In that case, the excited-state absorption of the

hot S2 would be initially red-shifted, causing a positive signal at 570 nm missing from

the cold state. As vibrational cooling occurs, the signal would shift towards 550 nm

and both contributing maps would become identical, leading to zero in the difference.

This scenario of a red-shifted peak moving towards overlap of a cold state at a constant

wavelength is simulated in Figure 3.12.

Based on the simple simulation, IVR is predicted to be observed as a blue-

shifting crossing point at zero on the difference map. Unfortunately, the experimental

data is not conclusive in this regard. The negative contribution in the region of interest

does shift towards lower wavelengths, but the positive contribution on the other side

of the peak remains at a constant position. These dynamics are highlighted by the

dashed white lines in Figure 3.11. Instead of a cooling process, a static zero-crossing

line is indicative of a population between two states. This could be interpreted as an

isosbestic point between states S
′
2 at 570 nm and S2 at 550 nm. Furthermore, the true

dynamics of the possible spectral shift are not known, and are not necessarily linear.

The difference map is also built from two normalized transient absorption spectra,

which can introduce artifacts into the subtraction. Therefore, clear assignment of the

physical process responsible for τ1 is not possible from only these transient absorption

measurements.
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Figure 3.10: Normalized kinetic traces from the transient absorption maps and their
fits at selected wavelengths highlight the difference in early dynamics
from excitation at 430 nm (black) versus 420 nm (blue). A slower
rise is exhibited from higher energy excitation, while traces produced
using a lower photon energy pump rise within the instrument response
time. The data from 430 nm excitation can thus be fit with one fewer
components.
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Figure 3.11: The map produced by normalizing and subtracting the data in Figure 3.5
from the data in Figure 3.9 shows major differences within the earliest
dynamics. Dashed white lines highlight the region where positive crosses
over to negative and shifting between vibrational or electronic states
could be observed.
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Figure 3.12: Subtraction of a stationary peak from a peak that is blue-shifting to-
wards the same position produces a diagonal zero line. This simple
simulation is representative of the expected result for Figure 3.11 in the
event of vibrational relaxation, particularly at the area of its dashed
lines.

3.5 Pump-DFWM Results

Pump-DFWM is well suited to investigate the vibrational dynamics of Zn-TPP

on the timescale of the contentious time constant. Measurements were carried out

using the method described in section 2.5 on Zn-TPP dissolved in THF at 100 µM in

a 1 mm path length cuvette. The instrument depicted in Figure 2.8 was used. The

technique is sensitive to the vibrational modes coupled to electronic excitation, and

can identify the relaxation of individual modes of the molecular excited state. The

relaxation of modes coupled to the S0→S2 transition were examined by using the same

pump pulses as in section 3.4 and a degenerate probing pulse sequence energetically

resonant to the excited-state absorption of Zn-TPP at 510 nm. The overlap of the

DFWM pulses and the absorption from the Zn-TPP excited state are shown in Fig-

ure 3.13. The monochromator after the sample was set at 510 nm. Vibrational modes

specifically coupled to the S2 state were selectively measured by removing ground state

contributions through shot-to-shot subtraction, and by virtue of recording a time range

before S2→S1 internal conversion occurs. Pulse energies of 50 nJ were used, and pulse

lengths were measured to be 12 fs by autocorrelation. Optical alignment was performed
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to maximize the amplitude of the peak at 1352 cm−1 at an actinic pump delay of 1 ps.

Figure 3.13: The spectrum of the pulse centered at 510 nm used for the DFWM prob-
ing pulse sequence overlaps with the positive absorption in the Zn-TPP
excited state. This region is also far from the ground-state absorption
transition, allowing the excited state to be singled out for resonant en-
hancement.

The background-free nature of DFWM measurement in the time domain elimi-

nates the influence of fluorescence that typically obfuscates Raman spectra of solution-

phase Zn-TPP. Figure 3.14 presents a comparison between a ground-state spectrum vi-

brational spectrum collected on resonance with ground-state absorption and an excited-

state spectrum collected shortly after excitation of the Soret band at 420 nm. The

Raman active modes present in the ground state are in good agreement with published

results. [94, 95] Peaks attributable to Zn-TPP are observed at 195, 385, 629, 1001,

1078, 1236, 1352, 1492, and 1550 cm−1 in the DFWWM spectrum of the ground state.

An additional peak at 910 cm−1 is a vibrational mode of the THF solvent. [96] The

spectrum of the excited state exhibits two major vibrational modes at 385 cm−1 and

1352 cm−1, as well as the peak from THF, while the rest of the molecular modes are

no longer present. The two peaks preserved in the excited-state spectrum are therefore

coupled to the S2 state. These vibrational modes on photoexcited Zn-TPP correspond
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to a Zn-pyrrole stretch and a stretch of the interior porphyrin ring, as depicted in

Figure 3.15. [97, 98]

Figure 3.14: Excited-state resonant pump-DFWM spectra at T=500 fs (a) and
ground state resonant DFWM spectrum (b) show multiple peaks. Dom-
inant features are a 385 cm−1 metal-pyrrrole stretch, 1352 cm−1 inner
ring stretch, and a 910 cm cm−1 solvent mode denoted by an asterisk,
which are preserved after photoexcitation to S2.

Figure 3.15: The major vibrational modes appearing in the pump-DFWM spectra
are stretching of the Zn-N bond (a), which appears at 385 cm−1, and
stretching within the porphyrin interior across the meso carbon and
pyrrrole nitrogen atoms (b) that appears at 1352 cm−1.
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Figure 3.16 shows the vibrational spectrum produced by Fourier transformation

as a function of 420 nm actinic pump delay (T). On close inspection, the mode centered

around 1350 cm−1 shows a time-dependent shift towards higher vibrational frequencies,

while no shift is observed for the lower frequency mode at 385 cm−1. The solvent mode

at 910 cm−1 blue-shifts by 3 cm−1, which is just within the instrumental resolution.

The absence of a shift at 385 cm−1 rules out systematic error for this solvent peak

shift. Additionally, phase information from the purely time domain measurements

reveals that the two vibrational peaks of Zn-TPP are in phase with each other, while

the solvent peak is out of phase. The amplitude of the higher frequency peak rises over

time and the lower frequency peak does not exhibit any significant amplitude change.

The intensity of the peak maxima over the course of relaxation are shown in Figure 3.17

for the two prominent molecular vibrations. A magnification of the 1350 cm−1 region

is presented in Figure 3.18, where it can be seen that a frequency shift from 1340 to

1352 cm−1 occurs at a rate fit with an 85 fs time constant.
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Figure 3.16: The pump-DFWM map produced after excitation at 420 nm shows
three major peaks and their behavior over the first several hundred
femtoseconds following S2 activation. The peaks in the 1350 cm−1 and
380 cm−1 regions share the same phase, while the peak at 910 cm−1 was
found to have π phase difference.
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Figure 3.17: The magnitude of the two molecular vibrational modes detected after
420 nm excitation shows an increase of the higher frequency peak, and
an indiscernible change at the lower frequency over the first 600 fs of
dynamics.

Figure 3.18: The peak in the 1350 cm−1 region of the pump-DFWM map in Fig-
ure 3.16 increases in frequency by 13 cm−1 and magnitude over time. A
rate of 85 fs is fit to the frequency shift by tracking the position of the
maximum of the peak, which is displayed by the dashed line.
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The pump-DFWM map produced after 430 nm excitation is displayed in Fig-

ure 3.19. The same 430 nm centered actinic pump shown in Figure 3.4 was used. The

higher signal-to-noise is a result of increased excited state population at this excitation

energy. The same vibrational features exhibited in Figure 3.16 are present, including

the two major molecular modes at 1352 cm−1 and 385 cm−1 as well as the THF peak at

910 cm−1. However, the time-dependence of the peaks differs at this excitation energy.

The map retains its shape over the initial 600 fs of S2 relaxation, and no frequency

shifts are observed. Figure 3.20 shows a magnification of the 1350 cm−1 area. In con-

trast to Figure 3.18, there is no blue-shift of the high frequency Zn-TPP vibrational

mode.

Figure 3.19: The pump-DFWM map acquired after excitation at 430 nm shows nearly
identical features to Figure 3.16. Peaks at 1352, 910, and 385 cm−1 are
prominent, and features remain static over the time range measured.
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Figure 3.20: Magnification of the 1350 cm−1 region of Figure 3.19 shows an absence of
peak shifting. In contrast to Figure 3.18, this high frequency vibration
does not change over time when a 430 nm pump pulse is employed.
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3.6 Discussion

The smooth frequency shift evident in Figure 3.18 towards higher vibrational

energy can be explained by vibrational relaxation within an anharmonic energy surface

of S2. [99, 100, 101] The vibrational energy increases as the spacing of vibrational

energy levels increases towards the bottom of the potential, which is approached over

the course of relaxation. The frequency shift is best fit by a second-order polynomial

function, indicating a third-order perturbation to the harmonicity of the surface. [102]

A similar ring stretching mode in molecular benzene at 1494 cm−1 has an anharmonic

correction of 10 cm−1, which is on the same scale as the 13 cm−1 shift observed for the

1350 cm−1 stretch of Zn-TPP. [103] The timescale of the shift is consistent with the τ1

dynamics observed in transient absorption, and offers strong evidence that vibrational

relaxation in S2 is the mechanism responsible for the presence of the time constant.

The alternative explanation for the source of the rapid initial dynamics, IC from

a dark S
′
2 state to S2, would not produce the continuous shift in frequency observed.

Instead, the frequency would be expected to jump between values if each state is

coupled to distinct vibrational modes. [99, 104] The frequency peak could possibly stay

at one position over time if each state happens to couple to the same mode. In either

case the smooth shift that was measured would not result, offering strong evidence that

vibrational cooling in S2 is the source of τ1. The data in Figure 3.20 provides further

evidence for the IVR assignment. At the lower pump energy of 430 nm, the vibrational

ground state of S2 is prepared. In this case no vibrational cooling is expected within

the potential, and no frequency shift should be observed. The constant signal measured

offers just that.

The rise of the signal amplitude in Figure 3.17 is on the same timescale of a

rise in excited-state absorption of the transient absorption signal. [77, 72] The increase

in peak amplitude is attributed to relaxation into greater resonance with S2 excited-

state absorption, especially because this is the condition for which the instrument was

initially aligned.

The preservation of signal attribute to the solvent in the pump-DFWM spectra
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is unexpected, because contributions not induced by the actinic pump are subtracted

out of the measurement. Its presence could be attributed to energy transfer from the

Zn-TPP chromophore to its solvent shell. After the Zn-TPP molecule has been im-

bued with excess electronic and vibrational energy, it can be redistributed within a few

vibrational periods into the surrounding THF shell. This interpretation is supported

by the phase shift of π between vibrations on the chromophore compared to the sol-

vent associated peaks, as labeled in Figure 3.16. The large number of solvent species

relative to chromophores is responsible for the large change in polarizability evidenced

by the 910 cm−1 peak. The enhancement of Raman modes in solvating molecules has

been reported before. [105, 106] These results would thus indicate that a vibrational

wavepacket is prepared in the solvent coordinate in order to stabilize the redistributed

electron density of the photoexcited chromophore. Alternatively, the peak could be a

result from oversubtraction of the DFWM measurements before and after Soret excita-

tion due to the induced changes in sample absorbance. However, rescaling the intensity

of the time domain signal with pump pulse energy did not remove the THF peak or

affect the phase shift.

3.7 Conclusion

In summary, pump-DFWM and transient absorption results have elucidated the

origin of dynamics in Zn-TPP which have been reported in numerous studies with con-

tradicting assignments. Transient absorption maps produced with different excitation

energies showed that the roughly 100 fs rise time is due to some type of population shift

from 550 nm to 570 nm, but did not provide enough evidence to conclusively assign the

dynamics to vibrational relaxation or to IC through a dark state above S2. Additional

information available from Pump-DFWM results showed that two vibrational modes

predominately couple to S2 excitation. A stretch of the porphyrin ring was identified

to undergo a frequency increase on the 100 fs timescale. The smooth frequency shift

could not be readily explained by internal conversion, and is highly compatible with a

vibrational relaxation model in an anharmonic S2 potential. With all the results taken
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together, the physical process behind the fast dynamics could be definitively assigned

as IVR. These results are applicable to a broad class of metalloporphyrins which share

similarities in nuclear and electronic structure.
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Chapter 4

VIBRATIONAL DYNAMICS IN A HETEROGENEOUS ELECTRON
TRANSFER SYSTEM

4.1 Abstract

The focus of this chapter is placed on pump-DFWM data collected from zinc

porphyrin bound to a thin film of TiO2 nanoparticles. Electron transfer is induced by

a pump pulse, and the vibrational modes of the system are examined. This chapter is

a natural continuation of the work in Chapter 3, where the same ZnTPP chromophore

is now part of a more complex system. Vibrational spectra of the short lived molecular

cation are compared to the neutral porphyrin, and the dynamics after photoexcita-

tion are investigated. The fate of vibrational modes observed in the oxidized state

offers insight into the role of electronic-vibrational coupling and coherence in HET. A

major accomplishment of this chapter is the experimental achievement in measuring

the ultrafast vibrational dynamics of a complex heterogeneous solid-state system. The

work presented herein is adapted with permission from reference [107]. Copyright 2018

American Chemical Society.

4.2 Background and Motivation

Investigation of the dynamic response of solar energy conversion systems to

photoexcitation is necessary to fully understand their behavior and functionality. [108,

109, 110, 111, 112] However, important systems such as dye-sensitized films and per-

ovskites are complex and present experimental challenges in their study. [113, 114, 115]

Dye-sensitized films are of particular interest due to their importance for a multitude

of photo-driven applications, including photocatalysis, water purification, and solar
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energy conversion. [116, 117, 118, 119] The heterogeneity of dye-sensitized films com-

posed of colloidal semiconductor nanoparticles for instance offers increased difficulty of

study relative to homogenous solutions. Scattering of light off the colloid can lead to a

dramatic decrease in signal-to-noise ratios. [120] Additionally, electron transfer at the

interface is a critical process in the behavior of the system, and it typically occurs very

rapidly on a sub-picosecond timescale. [121, 122, 123, 124] Femtosecond time resolution

is therefore required. The system investigated in this chapter consists of a modified zinc

porphyrin, dubbed Zn-PE-(COOH)2, chemically bound to a thin film of colloidal TiO2

nanoparticles. Zn-PE-(COOH)2 offers typical porphyrin dynamics that can be repre-

sentative of similar systems, and the chromophore has been previously investigated in

Chapter 3. The TiO2 film can be specially prepared to minimize optical scattering.

[125] The functionalized porphyrin, depicted in Figure 4.1, acts as a light absorber,

which then transfers an electron into the TiO2 through the molecule-semiconductor

interface.

The effect of coupling between electronic and vibrational dynamics has recently

come to light as an important factor in many excited-state driven processes, and the role

of coherent nuclear motion is not currently well-understood. [20, 126, 127, 128, 129, 130]

Accordingly, several ultrafast nonlinear spectroscopic methods have been recently de-

veloped to attempt to address these issues. A comparison of the strengths and limi-

tations of several burgeoning spectroscopies that are sensitive to electronic-vibrational

effects has been summarized in reference [131]. Transient IR [132, 133, 134] and 2D-

IR [135, 136, 137] spectroscopy have been successfully employed as vibrational probes

of HET systems. However, IR-based methods are typically used to probe the broad

spectrum of the injected electron rather than the direct response of the dye molecule.

Femtosecond stimulated Raman scattering (FSRS) [138, 139] has been used to measure

dye-sensitized colloidal suspensions. Measurements in suspensions are complicated by

solvent effects and signal from unbound dye molecules in the solution. Scattering of

light off of nonuniform particles in suspension can lead to increased noise, and solvated

oxygen and water can lead to photodegradation or oxidation of the molecule at the
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Figure 4.1: The Zn-PE-(COOH)2 molecular structure contains of an alkyl bridge
terminating in two carboxylic acid linkers that facilitate binding to the
TiO2 surface. The porphyrin meso, α, and β carbons are labeled, as well
as the three phenyl bridging groups.

surface. Measurements on films in vacuum are more ideal. Solid-state systems un-

der vacuum have the advantage that they are more directly comparable to quantum

mechanical simulations that are mostly performed assuming a vacuum environment.

Quantum dynamics simulations that include effects of nuclear motion and coherence on

the dynamics of the electronic states involved in HET are currently being developed.

[140, 141, 142, 143] Pump-DFWM was implemented for this study to overcome these

issues.

One advantage of pump-DFWM is the ability to measure at resonance with

targeted transitions of the species of interest for signal enhancement. [144] In elec-

tron transfer systems, the DFWM probe pulses can be tuned to resonance with the

chromophore excited-state or cation absorption to selectively probe the vibrational
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dynamics of each. The time window measured is also fully adjustable down to the

femtosecond pulse duration, allowing selective measurement of the structural dynam-

ics before and after electron transfer occurs. In contrast, resonant FSRS experiments

introduce some issues. [100] The Raman pump used for FSRS requires a relatively

high pulse energy. When on resonance, this high intensity pulse stimulates multiple

nonlinear signals in the sample, complicating interpretation of the data. [145] The

resonant Raman pump is also more likely to photobleach the sample. This problem

is exacerbated in solid-state samples, because new chromophores are not constantly

flowing into the beam path.

Figure 4.2: The S2 electronic state of Zn-PE-(COOH)2 is impulsively populated by an
actinic pulse, preparing a vibrational wavepacket on the energy surface.
The fate of the wavepacket is probed after electron transfer by employing
a DFWM pulse sequence at an appropriate delay.

The spectroscopic scheme for the pump-DFWM experiments of this study is

illustrated in Figure 4.2. The actinic pump pulse promotes the dye molecule to an ex-

cited state, where HET is then energetically favorable. After electron transfer, DFWM

is used to probe the condition of the vibrational wavepacket in the potential energy

surface of the oxidized state. By restricting the DFWM acquisition to times after HET

has occurred, the vibrational modes on the cation can be isolated. Spectral tuning of

the probe pulses to the absorption of the cation further targets the post-HET species.
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This pump-DFWM experiment is summarized by the cartoon in Figure 4.3.

Figure 4.3: The experimental scheme involves Zn-TPP chromophore molecules modi-
fied with bridge groups attached to a film of TiO2 nanoparticles. Electron
transfer is induced from the chromophore by an actinic pump pulse and
occurs through the bridge group into the colloid. Vibrational dynamics
of the molecule are then probed by a DFWM sequence.
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4.3 Transient Absorption Results

Transient absorption spectra were collected using the method described in sec-

tion 2.4. A pump pulse centered at 420 nm was used to achieve resonance with ex-

citation in the porphyrin Soret band. Measurements were carried out on the Zn-PE-

(COOH)2 sensitized TiO2 film to characterize the electron injection time. The pump

and probe pulses had pulse energies of 300 nJ and 20 nJ respectively. The duration of

the pump pulse was determined to be 25 fs by cross-correlation. The spot sizes of the

pump and probe beams at the sample were 300 µm and 80 µm. The large area of the

pump beam reduces photodegradation and nonlinear signal contributions due to the

decreased fluence. The solid-state sample was kept under vacuum at 10−7 Pa.

Figure 4.4: The transient absorption map of Zn-PE-(COOH)2 bound to a colloidal
TiO2 film produced after 420 nm excitation to S2 exhibits both rapid and
slow dynamics throughout the probed spectral region.

The resulting transient absorption map is presented in Figure 4.4. The maxi-

mum excited-state absorption is found at 480 nm and rapidly decays as the excited state

is lost to HET. Ground-state bleach from the lowest singlet excited state dominates

the signal around 555 nm. The signal is otherwise positive with a decay toward zero
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across the visible spectrum. Global fitting produced three time constants for the dy-

namics. These are assigned to the lifetime of the Zn-PE-(COOH)2 excited state and of

the Zn-PE-(COOH)2
+ cation based on previous analysis documented in reference [85].

The lifetime of the excited state was found to be 85 fs as it undergoes HET. Contrary

to solution-phase measurements, the cation is the only absorbing species present on

the sample after HET. The transient absorption spectrum of the cation on the surface

is displayed in Figure 4.5 where the broad and overlapping peaks can be seen. The

generated Zn-PE-(COOH)2
+ cation exhibits a lifetime with two components, one of

3.1 ps and another of over 25 ps. Kinetic traces at selected wavelengths displayed in

Figure 4.6 show the fast electron injection time followed by the slower biexponential

decay of the oxidized state.

Figure 4.5: The transient absorption spectrum of Zn-PE-(COOH)2 chemisorbed to
TiO2 at a delay of 5 ps after excitation of the Soret band shows charac-
teristic broad porphyrin features across the visible region.
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Figure 4.6: Kinetic traces of Zn-PE-(COOH)2 bound to TiO2 following S2 excitation
are displayed. The traces are extracted from the data in Figure 4.4 at
representative wavelengths of 480 nm (a) and 690 nm (b). The 85 fs
injection time is evident as a rapid decay, followed by a slower decay of
the post-injection species.
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4.4 DFWM Results

DFWM measurements were performed on the solid-state system using the pro-

cedure described in section 2.5. The DFWM pulse sequence was centered at 580 nm,

and the duration of the pulses was determined to be 15 fs by autocorrelation. Careful

alignment of the beams in tandem with the pinhole placement was necessary to record

the first signal from a colloidal film. The sample was also translated around the focal

plane as part of the alignment procedure in order to find a spot with minimal scatter-

ing and maximal chromophore density. The unpumped ground-state DFWM spectrum

of a clean TiO2 thin film that was not sensitized with dye molecules is displayed in

Figure 4.7. A steady-state Raman spectrum of the same film is also shown for compar-

ison. All of the Raman-active vibrational modes of the film were successfully collected

through DFWM. The signature Raman peak structure of anatase TiO2 from 148 to

640 cm−1 was accurately reproduced by DFWM spectroscopy on the colloidal film in

both energies and intensities, confirming the efficacy of the technique for measuring

nanostructured solid-state samples.

Figure 4.7: The DFWM spectrum of a thin film of anatase TiO2 nanoparticles (a)
reproduces the features found in its steady-state Raman spectrum (b).
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The blank TiO2 spectrum can then be compared with ground-state DFWM

results from the film after it was sensitized with Zn-PE-(COOH)2. As described in

section 2.5, the periodic time domain signal is collected, and an exponential fit is then

subtracted to remove the population dynamics and isolate the oscillatory contribu-

tions before a Fourier transform is then performed. Figure 4.8(a) shows the resultant

ground-state DFWM spectrum of the dye-sensitized film. The intense 148 cm−1 peak

is still present from the TiO2. The rest of the features can be attributed to vibrations

within the porphyrin molecule. Figure 4.8(b) shows the DFWM spectrum of Zn-TPP

in THF for reference. All of the major features in the solution phase are present in the

vibrational spectrum of the bound molecule, albeit with a decreased signal to noise ra-

tio. Small peak shifts in the adsorbed molecule spectrum are attributed to the presence

of the anchor group for surface attachment and the lack of solvent environment.

Figure 4.8: The DFWM spectra of a colloidal TiO2 thin film features peaks at-
tributable to Zn-PE-(COOH)2 sensitization with the dye (a). The peak
at 148 cm−1 is from TiO2. The DFWM spectrum of Zn-TPP in THF
solution (b) displays similar peaks. The peak at 910 cm−1 is from the
solvent.
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4.5 Pump-DFWM Results

Pump-DFWM mearurements were performed using an 300 nJ actinic pump

pulse centered at 420 nm, with the same probing pulse sequence from section 4.4.

Pump-DFWM spectra of the Zn-PE-(COOH)2 sensitized film at delays of 5, 8, and

12 ps are presented in Figure 4.9. The peaks in Table 4.1 for the neutral and cation

form of the porphyrin have been assigned following Raman measurements of Zn-TPP

in methylene chloride solution at 80 K by Yamaguchi et al. and according to DFT

calculations performed. [146] The ground-state spectrum of Zn-PE-(COOH)2 on the

film was found to be very similar to that of the chromophore in solution. Our as-

signments agree well with Yamaguchi et al., and slight shifts can be attributed to the

different environment. Modes below 400 cm−1 can be assigned to wagging and bending

modes of the Zn-TPP macrocycle. [147] Interestingly, the cation spectrum on the film

is dominated by modes that can be attributed to the phenyl rings in the bridge, labeled

phb1-3 in Figure 4.1. Accordingly, these modes have not been observed by Yamaguchi

et al. in their measurements. The 1380 cm−1 mode of the Zn-PE-(COOH)2
+ cation

has been observed by Yamaguchi and can be assigned following DFT calculations to a

C–H bending mode at the β positions on the porphyrin ring. It is closely connected to

the 1347 cm−1 mode observed in the ground state that arises from ν(Cα-N), as well as

contributions from δ(Cβ-H) as labeled in Figure 4.1.

It should be noted that the measured signal is recorded as a shot-to-shot differ-

ence between measurements of the pumped and unpumped sample and the observed

bands in the cation are therefore restricted to those triggered by the optical excitation.

The molecular vibrations observed on the cation must either be initiated by or survive

the HET process. It is then expected that only selected bands relevant to the HET

should be observed in the pump-DFWM measurements. The dominant modes appear-

ing in the cation spectrum are modes between phenyl groups in the bridge and C–H

bending modes on the circumference of the macrocycle. DFT calculations performed

using the B3LYP functional and 6-31G* basis set confirm that the oxidized Zn-PE-

(COOH)2
+ should exhibit more intense vibrational modes in the region between 700
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Figure 4.9: Pump-DFWM spectra of Zn-PE-(COOH)2 chemisorbed to TiO2 shows
several consistent peaks, highlighted by dashed red lines. At delays of 5,
8, and 12 ps following excitation of S2 the cation is the primary species.
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Table 4.1: Table of Vibrational Mode Assignments for
Raman-Active Frequencies (cm−1) Observed
in Zn-PE-(COOH)2 and Zn-PE-(COOH)2

+

Bound to TiO2

Zn-PE-(COOH)2 Zn-PE-(COOH)2
+ Assignments†

1565 - ν(Cβ-Cβ ) + δ(Cβ-H)
- 1380 δ(Cβ-H)

1347 - ν(Cα-N) + δ(Cβ-H)
1235 - ν(Cm-Cφ)
1077 - δ(Cβ-H)
995 - Ph

- 953 ν(phb2-phb3)
- 885 phb1 wagging
- 765 phb2 twisting

† Ph, phb, ν, and δ are meso-phenyl modes, bridge-phenyl
modes, stretching modes, and bending modes, respectively.

and 1000 cm−1, which are assigned to the phenyl groups in the bridge and are not

observed in its neutrally charged form. The calculated Raman spectra for the ground

state and cation of Zn-PE-(COOH)2 are displayed in Figure 4.10. The calculated Zn-

PE-(COOH)2
+ spectrum can be compared to the pump-DFWM results, in which the

cation produced after HET was isolated. Because pump-DFWM only reports specifi-

cally on the Raman-active modes that are triggered by photoexcitation with the actinic

pump, not all calculated vibrational modes for the cation would be expected to appear

in the measurement. The evolution of the major peaks in the cation spectrum are

shown in Figure 4.11. However, because only three time points were recorded, the

significance of the decay of two of the bridge modes is not clear.
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Figure 4.10: DFT calculated Raman spectra of the neutral and oxidized form of
Zn-PE-(COOH)2 predict differences in the accessible vibrational modes.
The cation exhibits more modes of more even intensity below 1200 cm−1

Figure 4.11: Evolution of the amplitude of the four major vibrational peaks observed
in the cation at 765 cm−1, 885 cm−1, 953 cm−1, and 1380 cm−1 shows
a slight decay of two modes associated with the bridge groups.
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4.6 Discussion

It appears reasonable that the 1380 cm−1 vibrational mode is connected to the

π-excited state, while the vibrations in the bridge are connected to the electron trans-

fer process. This assignment is also supported by the pump-DFWM measurements in

Chapter 3 of the Zn-TPP chromophore in solution where a mode at 1352 cm−1 was

found to strongly couple to excitation in the S2 band. These measurements show the

potential of pump-DFWM for investigating HET systems. By following the evolution

of the Raman modes, crucial information about HET can be gained. For example,

pump-DFWM can allow through-bond and through-space HET to be distinguished.

In addition to following the dynamics of the bands, measurements with different ac-

tinic pump photon energies can give important information about the nature of the

HET process. In the event of adiabatic electron transfer from a vibrationally hot pre-

pared donor state, it could be expected for excess vibrational energy to flow coherently

into the oxidized acceptor state. [148] Alternatively, a nonadiabtic HET could induce

vibrations as a result of weakly coupled surface crossing leading to a hot state in the

cation. [24] The fact that in the present measurement Zn-PE-(COOH)2
+ was excited

at its absorption maximum to a Franck-Condon state preceding HET suggests that the

1380 cm−1 mode located on the chromophore is indeed triggered by the actinic pump

pulse and survives HET, while the lower-lying bridge modes are triggered by HET. Se-

lection of different dye molecules specifically designed for resonant enhancement could

lead to a factor of 104 increase in signal-to-noise for the experiment and offer more

information addressing these questions. [149]

4.7 Conclusion

Pump-DFWM has been successfully applied to nanostructured solid-state sam-

ples for the first time. This allows measurement of vibrational-electronic coupling and

coherence in HET systems. High-quality samples and minimized scattering were critical

experimental parameters to consider. Interfacial charge transfer was monitored on an

ultrafast time scale while identifying contributions from vibrational and electronic state
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dynamics. Vibrations have been observed on the molecular side of the post-injection

cation state directly following HET. The vibrational features observed in Chapter 3 are

not found to be the same predominant modes in the porphyrin after HET. Assignment

of the modes observed in the cation and comparison to measurements of the Zn-TPP

chromophore suggest that pump-DFWM can distinguish between vibrational modes

that are triggered by photoexcitation and those that are triggered by nonadiabatic

surface crossing in the HET process.
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Chapter 5

NICKEL PORPHYRIN EXCITED-STATE LIGATION

5.1 Abstract

This chapter describes the excited-state dynamics of a nickel metalloporphyrin.

The mechanism responsible for the dynamics is revealed by X-ray transient absorption

to be a ligation of solvent molecules to the central metal atom. Occupation of the

nickel 4pz orbital is specifically evidenced by a time-dependent change in its signature

X-ray absorption peak. Both association and dissociation of the solvent occurs in the

excited state, accompanied by a shift between square-planar and octahedral geometry

around the porphyrin center. These structural changes are observable as an additional

time constant in optical transient absorption dynamics in coordinating solvent. The

dynamics disappear accordingly in a non-coordinating environment. Structural dynam-

ics measured with atomic specificity are complementary to broader scale vibrational

modes of the molecule accessible by pump-DFWM. The understanding of optically-

induced ligation is important for the design of photocatalytic systems and light-driven

chemical reactions.

5.2 Background and Motivation

The electronic configuration of molecular excited states can provide information

about transient nuclear configurations. The orbital occupation of atoms can be probed

by X-ray pulses to inform on the structure of photo-activated species. The driving

force and the paths of chemical reactions can be understood by studying transient

structures and bond formation. For instance, the binding of ligands to the Fe atom in

heme porphyrins has been well studied and revealed multi-step reaction paths based

on varying ligation states of the metal atom, which dictated the function and efficacy
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of oxygen uptake. [150, 151, 152, 153, 154] Absorption of X-ray pulses by the metal

center of the porphyrin offers information on the occupancy of the orbitals and the

local bonding environment. [155, 156, 157] Nickel porphyrins have also been surmised

to undergo ligand association and dissociation in photoexcited states, as well as flexing

of the nonplanar porphyrin ring. [158, 159, 160, 161, 162] The 3d8 valence configuration

of Ni(II) makes it suitable for ligation if electron density is directed away from the metal

and into the conjugated π system. [163, 164] This condition can be satisfied in the

excited state of properly tailored molecules.

Figure 5.1: Ni-TPPF-Ac consists of a Ni-tetraphenylporphyrin substituted with fluo-
rine atoms across the phenyl moieties. A carboxylic acid group is present
to allow chemisorption to TiO2 for HET experiments.

The ultrafast dynamics are challenging to understand through optical transient

absorption, as the electronic structure is not clearly defined from information gained by

probing molecular orbitals. For porphyrins especially the optical spectra are compli-

cated by multiple overlapping features. While this property makes them desirable for

many light-driven applications, it complicates understanding of the specific processes

and dynamics that underlie their excited-state functionality. Furthermore, optically

dark states that arise from metal-centered transitions cannot be easily accessed. X-

ray transient absorption can directly probe the status of the atomic orbitals of nickel.
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Transient orbital configurations can be observed through changes in the absorption of

the metal atom. The time resolution in XTA is limited by electron bunching in the

synchrotron storage ring, and the measurements are thus restricted to the picosecond

regime. Optical studies can be used to complement X-ray results and access femtosec-

ond dynamics. Pump-DFWM can address vibrational modes that can be confirmed

by XTA to play a role in chemical reaction coordinates. The metalloporphyrin studied

in this chapter, designated Ni-TPPF-Ac is depicted in Figure 5.1. The addition of

fluorinated phenyl rings provides broader visible absorption and electron withdrawal

into the π system. [165, 166, 167] A carboxylic acid group is also present to facilitate

binding to TiO2, a vestige of attempted HET experiments.

DFT calculations were performed at the camb3lyp-631d level using Gaussian

09 software to confirm the involvement of the nickel atom in the excited states and

the transitions involved in excitation. The calculated molecular orbitals are shown

in Figure 5.2 to illustrate the engagement of the metal. XTA on Ni-TPPF-Ac in

solution can investigate possible changes in the ligation state of the molecule and

deviations from the ground-state structure. Direct probing of the nickel atom provides

evidence of its orbital occupancy status and elucidates transient structural states much

more clearly than optical transient absorption. Understanding these molecular changes

can inform control of chemical reactions that are thermodynamically or kinetically

driven by photoexcited states. Measuring the XTA dynamics in a solvent capable

of coordination to the metal can monitor its ligation or deligation. Bond making or

breaking in the excited state is at the heart of photochemistry, which can be probed

at the nickel center of Ni-TPPF-Ac through XTA.
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Figure 5.2: The DFT calculated major molecular orbitals involved in transition to the
excited state of Ni-TPPF-Ac show inclusion of the central nickel atom.
Compared to the HOMO of the ground state, electron density increases
at the metal in the LUMO and LUMO+1 states that are populated after
photoexcitation.
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5.3 Optical Results

The ground-state absorption spectrum of Ni-TPPF-Ac is presented in Fig-

ure 5.3. A 15 µM concentration in ethanol was used in a 1 mm path length quartz

cuvette. An intense Soret band is centered at 400 nm. A dual-peaked Q band is

found with maxima at 520 and 555 nm. The spectral shape is typical for a Ni-

tetraphenylporphyrin. [168] The excitation laser pulse used for time-resolved mea-

surements is set at 400 nm to overlap with the Soret absorption peak and maximize

the excited state population. Optical transient absorption was performed as described

in section 2.4, and the resulting map is displayed in Figure 5.4. A double pass delay

line was used to measure dynamics on a longer timescale. The Ni-TPPF-Ac in ethanol

was diluted until the OD was 1 at the Soret maximum. The pump pulse was kept at

150 nJ. The map exhibits long-lived features centralized in the 500 to 550 nm region.

Alternating peaks of positive and negative intensity survive for several nanoseconds.

The nanosecond-scale lifetime of Ni-TPPF-Ac confirms its suitability for XTA mea-

surements, where the probe pulse length is around 150 ps.

Traces of the transient absorption spectra are displayed in Figure 5.5. The

observed features are assigned to a single excited state absorption band that directly

overlaps with negative GSB dips from the Q band in the 500 nm area. There is a shift

of the peaks at 1 ns after excitation relative to 100 ps. This shift hints at the presence

of two distinct excited states with slightly different excited-state absorption energies

that are populated at different times. At 1 ns the excited-absorption at 440 nm has

fully relaxed. Global fitting of the kinetics confirms multiple relaxation steps, and

S2→S1 internal conversion is assigned as the source of the shift.

Kinetic traces of the dynamics at two representative wavelengths are presented

in Figure 5.6. Slower dynamics are observed at 530 nm, and a rapid decay component is

apparent at 560 nm. Three time constants produced from global fitting are adequate

to reproduce the dynamics. The fastest process, τ1= 22 ps, is assigned to internal

conversion to S1 from S2. Intersystem crossing to T1 is assigned to τ2= 612 ps. The

triplet lifetime of τ3= 2.7 ns is responsible for the slowest dynamics. The fast decay of
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Figure 5.3: The ground-state absorption spectrum of Ni-TPPF-Ac shows an intense
Soret peak and a split Q band at lower energy (inset). Pump-probe
measurements are performed with a pump pulse centered at 400 nm to
achieve S2 excitation.

transient absorption at 560 nm is matched by a rise at 530 nm at the same rate, which

confirms the assignment of internal conversion for τ1. Excited-state absorption from

S1 is more prominent at 530 nm, while S2 absorption is observed as a decay at higher

energies.

The transient absorption dynamics were measured in different solvents. Ethanol

and toluene solution environments produced different dynamics at early times, as shown

in Figure 5.7. The rise time at 530 nm is slowed in ethanol compared to toluene.

Additional dynamics are therefore indicated in the more polar solution. Fitting of the

dynamics from toluene measurements results in a near-instantaneous time constant for

τ1. The dissapearance of the fast component is further investigated by XTA.
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Figure 5.4: The optical transient absorption map produced after 400 nm excitation
exhibits centralized features in the 500 nm region. Ground-state bleach
overlaps with excited-state absorption that persists for several nanosec-
onds.
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Figure 5.5: Alternating positive and negative peaks are observed in the optical tran-
sient absorption spectrum of Ni-TPPF-Ac. Excited-state absorption
overlaps with bleach from the Q band. A slight red-shift of the peaks
occurs over the course of excited-state relaxation.

Figure 5.6: Kinetic traces at 530 nm and 560 nm show differing dynamics. Three
time constants fit both signals. The initial rise at 530 nm is matched by
the fast decay at 560 nm.
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Figure 5.7: The rise of the Ni-TPPF-Ac optical transient absorption signal at 530 nm
is affected by solvent. An additional time constant is observed in toluene
relative to ethanol based experiments.

90



5.4 X-Ray Transient Absorption Results

Figure 5.8: X-ray absorption spectra of Ni-TPPF-Ac were collected for the ground
state and at two time points after laser excitation. Slight differences are
noticeable in the EXAFS, XANES, and pre-edge regions.

The X-ray absorption signals collected at three different time delays are dis-

played in Figure 5.8. Data collection is performed as described in section 2.6. The

laser pump power was 518mW with a 1 kHz repetition rate. EXAFS spectra are a

result of 32 averaged scans at each time delay. The EXAFS spectra show a peak at the

nickel K-edge of 8.35 keV. A pre-edge feature is observed around 8.34 kEV. Differences

between the X-ray absorption are observed across the EXAFS spectrum at different

times, and are apparent in the pre-edge region, as shown in Figure 5.9. Measurements

at 120 ps serve to probe as near to time-zero as possible, limited by the duration of

the probe pulse.

This pre-edge peak is known to be due to absorption at the 1s→4p transition for

nickel(II). [169] The pre-edge is shifted to higher energies and decreases in the excited
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Figure 5.9: A peak in the pre-edge absorption region decreases in magnitude and
blue-shifts after photoexcitation.

state measurements. As the molecule relaxes, the peak moves back towards its ground-

state position, away from its initial perturbed energy. Assuming that the red-shifted

pre-edge peak is a pure ground-state feature, it can be carefully subtracted to produce

excited-state EXAFS curves. The resulting subtraction is presented in Figure 5.10. The

pre-edge region produced for the 120 ps and 1 ns excited state contributions appear

similar. Only a loss of intensity occurs as Ni-TPPF-Ac relaxes back to the ground

state.

After subtraction of the ground-state contribution, the EXAFS curves are put

through a Fourier transform to produce Figure 5.11. A Hanning window was used

and set to an appropriate width to envelop the primary oscillatory features of the

EXAFS signal. The R-space plot informs on the differences in bond lengths and X-ray

scattering paths between the time-dependent measurements. From FEFF analysis, the

peak at 1.3 Å is assigned to scattering from the four Ni–N bonds. Scattering at 2.5 Å is

attributed to the α-carbons, and contributions from meso- and β-carbons contribute to
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Figure 5.10: Subtraction of the ground state spectrum from the excited-state spectra
is performed after rescaling to the pre-edge peak absorption in order to
isolate absorption features induced by optical excitation. The pre-edge
absorption peak is due to a 1s→4p transition.
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the peak at 3.6 Å. It can be seen that the porphyrin ring slightly expands in the excited

state based on the increased radial distances of the carbon atoms away from the nickel

center. After 1 ns, the molecule appears to recover close to its initial ground-state

configuration.

Figure 5.11: The Fourier transform of the data in Figure 5.10 shows slight differences
in X-ray scattering paths of the atoms at different following photoexci-
tation. The large deviation at 120 ps returns towards the ground state
structure by 1 ns.

The transient X-ray absorption difference signal is shown in Figure 5.12. These

EXAFS spectra are the result of pump-on minus pump-off recordings and isolate the

difference in X-ray absorption when the molecule has been photoexcited. Difference

spectra recorded at 120 ps and 1 ns show that there is a significant change in the

photoexcited Ni-TPPF-Ac relative to its ground state.

Magnification of the K-edge region shows large differences in the XTA signal

at different times in the relaxation process. The pre-edge difference appears initially

blue-shifted, and then moves to higher energy after 1 ns. The XANES region takes
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Figure 5.12: EXAFS difference spectra at pump delays of 120 ps and 1 ns display a
change in the Ni absorption after photoexcitation. The magnitude of
the XTA signal decreases as the ground state recovers.

on a different shape at different delay times, hinting that two distinct structural con-

formations may be contributing to the signal. To attempt to confirm this assignment,

kinetic measurements were performed at the two energies indicated by dashed blue

lines. In the event of a difference in structures, the two energies would be expected

to present different dynamics since the XANES and pre-edge regions probe different

inner-shell atomic transitions. [170] The resulting kinetic scans are displayed in Fig-

ure 5.13. Both energies relax towards zero, albeit with from opposite directions, on

a nanosecond timescale. Biexponential relaxation dynamics are observed at both en-

ergies monitored. For comparison of the dynamics, the traces are normalized and

overlayed in Figure 5.14. The normalized dynamics are identical within experimental

error. Multiple transient structures are thus not confirmed, although kinetic scans at

other energies may reveal more information. The long measurement time required for

collection of each trace prohibited further time scans in the present study. Fitting of

the kinetic scans the τ1 and τ2 time constants collected from optical measurements
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produces a good fit. This indicates that the dynamics measured in optical transient

absorption can be attributed to the same physical phenomena responsible for the XTA

dynamics.

Figure 5.13: The XANES region of Ni-TPPF-Ac is altered after photoexcitation.
There is a significant change in the structure of the pre-edge peak and
broad XANES absorption. Blue dashed lines indicate energy positions
where kinetic scans are performed.

Comparison of the ground-state EXAFS signal from the initial and final scans

indicates that the sample did not undergo any significant degradation. Identical struc-

tures are produced, shown in Figure 5.16. This signal preservation discounts contribu-

tions from irreversible damaging processes to the transient signals such as interactions

with solvated electrons or demetallation of the porphyrin that might be expected. [171]

A shift in the baseline fit by the automated software is observed, likely due to a slight

bleach in the sample and reduction in overall intensity.
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Figure 5.14: The raw XTA kinetics recorded at the pre-edge and XANES peak regions
show similar biexponential relaxation dynamics and opposite signs.

Figure 5.15: Normalization of the XTA kinetics highlights the similar dynamics at
both energies monitored.
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Figure 5.16: Identical X-ray absorption signals recorded before and after hours of
irradiation verify the integrity of the sample throughout data collection.
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5.5 Discussion

The X-ray absorption results point towards occupation of the 4pz orbital of the

porphyrin’s nickel center. The negative change in absorption at the pre-edge peak indi-

cates a loss in the 3d→4p transition. The pz orbital is vacant in the ground state, but

can experience occupancy by ligation of the metal. Coordination of solvent molecules

along the axial plane is the strongest possibility of bonding orbital occupation offered.

As this axial p orbital decreases in vacancy, absorption to that state is diminished. Fur-

thermore, an increase in the transition energy is expected as the molecule goes from a

square planar towards octahedral geometry, which was also observed. This 4pz occupa-

tion was observed as a time-dependent feature. Therefore solvent binding can be taken

to occur as a light-driven process. In the excited state, the coordinating ethanol can

ligate to the sterically accessible pz orbital, as illustrated in Figure 5.17. This ligation

is facilitated by a shift in electron density from anti-bonding to bonding orbitals in the

excited state. This interpretation is supported by similar results reported by Chen et

al. [172, 173] As the excited state evolves, the pre-edge feature returns towards the

ground state location. This can be understood by loss of the ligation as triplet state

relaxes and the ground-state nuclear configuration is recovered.

The changes in nuclear geometry local to the nickel atom are also reported in

the Fourier transform spectra shown in Figure 5.11. The immediate π → π∗ transition

achieved by the optical pump pulse results in an expansion of the conjugated porphyrin

ring. This is evidenced by the decrease in distance of the innermost nitrogen atoms

and an increase in distance of the outer carbon atoms from the nickel center in the

excited state.

In the optical transient absorption spectra, solvent dependent dynamics can

then be understood more clearly based on the XTA results. The same dynamics were

observed in the optical and X-ray transient absorption kinetics in ethanol-based solu-

tions. Since the physical process responsible for the time constant can be assigned as

axial solvent ligation from XTA results, the same time constant measured in optical
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Figure 5.17: After photoexcitation, the axial 4pz orbital of Ni(II) is occupied by
coordinating solvent molecule ligands.

spectra can also be attributed to the same phenomenon. The optically recorded dynam-

ics shown in Figure 5.7 provide further evidence for excited-state solvent coordination.

Measurements in non-coordinating toluene did not exhibit the same dynamics. There-

fore the ligation mechanism responsible for the observed time constant does not occur

in those conditions, as would be expected. Further optical measurements can clarify

if ligation occurs singly, doubly, or sequentially. Kinetic measurements at additional

X-ray absorption energies may also reveal different states of ligation. Limitations in

measurement time for XTA experiments restricted solvent-dependent measurements.

5.6 Conclusions

X-ray transient absorption spectra have elucidated excited-state dynamics of

Ni-TPPF-Ac in solution. The central nickel atom of the porphyrin was probed by

picosecond X-ray pulses after visible excitation to show that axial ligation of the solvent

occurs in the excited state. Transient occupation of the 4pz orbital was observed by

XTA. The same dynamics present in optical transient absorption measurements show

a disappearance of the ligation time kinetics when a non-coordinating solvent is used.
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The clarification of the mechanism responsible for optical transient absorption results

is demonstrated as structural and geometric reorganization of the porphyrin. This

optically-induced ligation process can be used to drive photo-catalysis reactions, where

the excited metalloporphyrin can react with desired reactants tailored for the bond-

making process.

101



Chapter 6

CHARACTERIZATION OF AN INHERENT TRANSIENT
ABSORPTION ARTIFACT

6.1 Abstract

This chapter details an experimental artifact that can emerge in transient ab-

sorption measurements performed with femtosecond pulses. The effect was observed

over the course of experiments described in previous chapters, and necessitated further

investigation to fully understand some anomalous results. It was found that absorption

of the excitation pulse by the sample can severely alter the spectrum and consequently

the temporal pulse shape. This spectral self-filtering effect from the interaction of the

sample with the pulse can lead to systematic errors and misinterpretation of data, most

notably in concentration dependent measurements. Alterations of dynamics data can

be misattributed to intermolecular interactions rather than an experimental artifact.

The combination of narrow absorption peaks in the sample with broadband transform-

limited excitation pulses is especially prone to this effect. The effect is characterized

here by analyzing sample-induced changes in pulse spectra and resulting changes in

pulse durations and transient absorption kinetics. The work presented is adapted with

permission from reference [174]. Copyright 2017 Elsevier.

6.2 Background and Motivation

The increasing availability of commercial femtosecond laser systems has made

transient absorption spectroscopy accessible to researchers with a wide variety of back-

grounds other than nonlinear optics. The technique has been established as a use-

ful research tool by thousands of scientists from almost all fields of natural sciences.

[175, 176, 177, 178, 179, 180, 181, 182, 183] Techniques using ultrashort laser pulses
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range from pH perturbations to rapid-release RNA delivery. [184, 185, 186] Using

non-collinear parametric amplifiers, time resolution below 30 fs can be achieved with

standard Ti:Sapphire based setups. This high time resolution requires sufficient band-

width in the excitation (pump) pulse. For transient absorption spectroscopy, the pump

pulse is typically tuned to overlap with the ground-state absorption spectrum of the

sample. If the absorbance peak is narrow compared to the pulse spectrum, then spectral

components will be removed from the pulse non-uniformly and the frequency spectrum

will be altered. Absorption spectra with narrow lines are found in many bio-molecular

systems; for example in proteins like rhodopsin that are responsible for vision processes,

and in porphyrins involved in photosynthesis. [187, 188] Narrow absorption features

are also common in photochemical systems like transition metal complexes used for

photocatalysis and solar cells, [189, 190, 191, 192, 193] and have been reported for semi-

conductor bulk materials and nanostructures as well. [194, 195, 196, 197] Transient

absorption measurements on semiconductors at the band edge are another example

affected, since partial pulse overlap with a sharp absorption edge will lead to a similar

effect. A series of controlled measurements can demonstrate that the combination of

a broadband pump pulse with a narrow ground-state absorption band in the sample

can lead to strong distortions in the pump pulse spectrum and alter its time profile.

This can lead to systematic errors and misinterpretation of experimental data. Consid-

eration of this effect becomes increasingly important as near-transform-limited pulses

on the ten femtosecond timescale with appropriately broad spectra become ever more

accessible. Transient absorption experiments dependent on sample concentration or

thickness thickness are especially prone to this effect. Because the time profile of the

pulse will depend on the optical density (concentration or thickness), measurements

on different samples cannot easily be compared to each other.

The “spectral self-filtering” effect was initially observed for a set of transient

absorption measurements that were performed on solutions of increasing concentration

of Zn-TPP in tetrahydrofuran. Zn-TPP is a prototypical chromophore that has been

used in numerous studies ranging from medicinal chemistry [198] to materials science,
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[199] and serves as a representative sample for typical transient absorption studies.

Measurements performed have showed an apparent concentration dependence of the

excited-state relaxation dynamics in the first 100 fs. In the study discussed in Chapter 3

a rise time of the transient absorption signal at 520 nm of 120 ±10 fs after excitation

with a pump pulse centered at 420 nm was scrutinized. This process was assigned to

relaxation in the S2 state. [70, 72] However, The rise of the signal appeared to slow

down by nearly a factor of two as the concentration was increased by two orders of

magnitude. After verifying that concentrations as high as 100 µM were below the point

of aggregation of Zn-TPP in THF [200] and that neither demetallated porphyrin nor

any other impurities were responsible for the ostensible concentration dependence, it

was concluded that the effect must be attributed to a change in the instrument response

function, warranting a controlled study. The temporal stretching of a broadband laser

pulse as it travels through absorptive media is depicted by the cartoon in Figure 6.1.

Figure 6.1: A near-transform-limited femtosecond laser pulse is stretched in time
after losing spectral components due to nonuniform absorption in the
sample. Zn-TPP solution absorbs the middle portion of the pulse spec-
trum, causing a decrease in the spectral components of the pulse in the
sample. The initial transform limit is no longer achieved, resulting in an
inconspicuous loss of experimental time resolution.
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6.3 Experimental Design

The transient absorption setup described in section 2.4 was used to investigate

the effect of sample concentration on pulse width and observed signal dynamics. A

NOPA output in the near-IR was frequency doubled, resulting in a pump pulse centered

at 422 nm with a FWHM of 13 nm. The spectrum of the pulse overlaps almost

completely with the Soret absorption band of Zn-TPP, as shown in Figure 6.5. The

white light supercontinuum probe was compressed to a minimum using a pair of BK7

prisms and not adjusted throughout the experiment. The 520 nm component was

isolated by a monochromator before detection to analyze the kinetics measured at a

single representative wavelength for all measurements. This wavelength provides a

strong excited-state absorption signal for Zn-TPP, as shown in Figure 3.13, and it is a

bright and stable portion of the supercontinuum as can be seen in Figure 2.5. Pump

and probe beams were focused to 300 µm and 100 µm diameters respectively at their

intersection. The relative polarization was set at magic angle. The pulse energy of the

pump is 200 nJ before incidence on the sample, corresponding to an energy regime in

which the sample exhibits a linear transient absorption response. 1 mm path length

quartz cuvettes were used for transient absorption measurements. Cross-correlation

measurements were performed using type-I SHG in a 200 µm thick BBO crystal. To

facilitate a well defined change in concentration, careful optical alignment of the setup

was performed such that the path length of the pump pulse inside the cuvette was

minimized before overlapping with the probe pulse. The angle between the pump and

probe pulse was set to 15◦ and their focal points were set at the very front of a 1 mm

cuvette filled with 17 µM Zn-TPP solution in THF, possessing an optical density of 1

at 422 nm. Finally, an additional 1 mm cuvette was placed in the path of the pump

beam path before the first cuvette and filled with varying concentrations of Zn-TPP

solution.
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6.4 Time-Domain Results

The transient absorption signal of the measured Zn-TPP dynamics are displayed

in Figure 6.2 for the time zero region. The rising edge of the signal for Zn-TPP con-

centrations ranging from 0 µM to 25 µM can be compared in these kinetic traces. The

slope of the recorded signal noticeably decreases with increasing analyte concentra-

tion. The decrease of the signal-to-noise ratio is due to an overall reduction of the

signal caused by the decrease in pump energy.

Figure 6.2: Kinetic traces of Zn-TPP transient absorption signals at 520 nm show
apparent concentration-dependent dynamics when normalized and over-
layed. The excitation pulse travels through solutions of increasing con-
centration before interacting with probe pulse.

Fitting of the data shows an apparent increase of the rate constant by a factor

of two. The fitted rise times corresponding to each sample concentration are presented

in Table 6.1. Global fitting at each probe wavelength employed the sequential-state

rate model that has been described in section 2.4. The resulting fit lines for each

concentration are displayed over the experimental data in Figure 6.3. Each data set

contains 400 points. The fit was allowed to converge by allowing only the rise time to

change, while holding all other dynamics constant at known values, along with a fixed
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pulse length. The plots have been normalized for ease of comparison. The apparent

rise time of the transient absorption signal is given by a convolution of the initial

excited-state absorption dynamics with the Gaussian IRF, which is dependent on the

durations of the pulses used in the experiment. These measurements were performed

under realistic experimental conditions with a moderately short IRF of 40 fs, and the

IRF used for fitting was fixed to 40 fs for all measurements in Fig. 6.2 to demonstrate

how spectral filtering can lead to misinterpretation of data. The apparent increase in

rise time can be shown to be caused by an increase of the IRF due to spectral self-

filtering rather than any physical changes in dynamics of the sample by monitoring

accompanying increases in pulse durations.
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Figure 6.3: The lines of best fit generated by a global fitting routine, from which the
rise times reported in Table 6.1 were extracted, are displayed. Transient
absorption at 520 nm is delayed as the concentration of Zn-TPP in the
path of the pump beam increases from 0 to 25 µM. The observed slope
of the blue fit lines decreases as the optical density increases.
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6.5 Frequency-Domain Results

To further investigate the effect of analyte-induced spectral filtering, the cuvette

where the pump and probe beams interacted was replaced with a BBO crystal in order

to measure the cross-correlation between the 422 nm pump and the 520 nm portion

of the supercontinuum. The cuvette containing the concentration dependent Zn-TPP

solution was kept in the path of the excitation beam before the nonlinear crystal. By

changing the Zn-TPP concentration in the second cuvette, the effect of spectral filtering

on the cross-correlation was measured. The results displayed in Figure 6.4 reveal that as

the concentration of the analyte was increased, the measured cross-correlation increased

as well. The cross-correlation trace is strongly distorted and quickly loses its Gaussian

shape. The FWHM reported in Table 6.1 assumes a Gaussian pulse shape and should

be taken with care at concentrations higher than 5 µM.

Figure 6.4: The SHG cross-correlation of the pump and probe pulses shows a distor-
tion and increase in temporal width as the pump passes through Zn-TPP
solutions of increasing concentration.

The distortion of the pulse shape in time should be reflected in the spectrum

of the pulse. Figure 6.5 shows the spectrum of the 422 nm pump pulse after passing

through the cuvette with Zn-TPP solutions of increasing concentrations together with

109



the spectrum of the Soret band absorption spectrum of Zn-TPP. It can be seen how

the sample alters the spectrum by predominantly reducing the intensity at the center

wavelength to the point were the central region is completely absorbed. The pulse

spectrum shows two peaks in the most egregious case at 25 µM concentration. Recon-

struction of the cross-corrrelation by Fourier transformation of the measured spectrum

and subsequent convolution with a 20 fs FWHM Gaussian pulse to account for the

probe pulse results in a temporal profile that resembles the width and the structure of

the measured cross-correlation, as displayed in Figure 6.6.

Figure 6.5: The spectrum of the pump pulse is altered in shape after passing through
a cuvette of Zn-TPP solution. Distortions are more pronounced at higher
concentration. The bandwidth of the excitation pulse slightly exceeds
the Soret absorption peak width of the porphyrin, indicated by the red
dashed curve.

110



Figure 6.6: A measured cross-correlation from Figure 6.4, in blue, can be qualita-
tively reproduced based on the spectrum of the pump pulse contributing
to it. Converting the spectral measurement to the frequency domain
and then performing a convolution with a 20 fs assumed Gaussian pulse
representing the probe contribution produces the red curve.
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6.6 Discussion

Taking the results from sections 6.4 and 6.5 together, the relation between dis-

tortion in pulse spectra and time-domain measurements becomes evident. Furthermore,

the combined measurements show that the sample itself is a source of spectral distor-

tion of the pump pulse. This is problematic since the pump pulse is typically tuned

to spectrally overlap with an absorption peak in the system under study in order to

efficiently access excited states. However, the magnitude of the self-filtering effect can

be reduced in a measurement by using thin samples and by placing the region where

pump and probe pulse overlap as close to the front surface of the sample as possible.

Doing so minimizes absorption of the pump pulse as it travels through the sample prior

to the region of spatial overlap with the probe pulse. In addition, a large crossing angle

between pump and probe pulse is desirable in reducing the amount of sample penetra-

tion prior to their overlap. Using a sample with thickness approaching the order of the

interaction volume would be advantageous, such as the thin film produced by a flowing

liquid jet. [201, 202]

The effect of filtering within the sample can be reduced by more than a factor

of ten in the setup used in this study through careful adjustment of the experiment.

Table 6.1: FWHM of Cross-Correlations and Transient Absorption Rise
Times at Different Concentrations.

Zn-TPP Cross Rise
Concentration -Correlation Time

(µM) FWHM (fs) τrise (fs)
0 40.8 108
1 41.2 113

2.5 42.1 132
5 44.1 151

7.5 44.3 162
10 51.9 186
15 70.3 211
25 73.5 243
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Figure 6.7 shows transient absorption measurements on Zn-TPP with increasing an-

alyte concentration taken after meticulous beam alignment on the sample cell. The

effect of spectral filtering was minimized after deliberate effort to overlap the pump

and probe beams in an optimal position. It is therefore demonstrated possible to take

measurements with high time resolution, even at high optical densities. The extreme

case of a 500 M solution corresponds to a calculated absorbance of 28.5 through a

1 mm cuvette, although the pulse interaction region was placed only a fraction of that

distance into the sample. However, dependence on the alignment makes it difficult to

quantify the effect in a real experiment where the exact amount of spectral filtering at

the interaction region is unknown and challenging to measure. The effect is therefore

difficult to correct mathematically post hoc. These results also suggest that the common

practice of deconvoluting time-dependent measurements with a previously measured

cross-correlation is not necessarily accurate, as the actual IRF can considerably differ

from the cross-correlation measured without the sample.

Figure 6.7: Transient absorption kinetic traces on high concentration samples, when
recorded after deliberate optical alignment, exhibit minimal distortion of
the initial dynamics by spectral filtering.
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6.7 Conclusions

The contribution of a spectral self-filtering effect to the pump pulse within the

sample in transient absorption measurements has been investigated. The effect is most

pronounced in systems where the pump pulse is non-uniformly absorbed by the analyte.

Spectral self-filtering was found to alter the temporal profile of the pulse, leading to a

reduction in time resolution and thus provides the risk of systematic errors and data

misinterpretation. An unaccounted for decrease in the IRF as a result of differences

in sample absorbance can easily allow variations in results to be misattributed to

changes in excited-state dynamics. Experiments focused on concentration dependence

are particularly vulnerable to this inconspicuous pulse distortion between samples.

Furthermore, a dependence on pulse interaction region indicates that comparison of

measurements between different samples requires meticulous alignment and should

be taken with care. Recognition of this measurement artifact becomes increasingly

relevant as femtosecond transient absorption experiments with resolution limited by

pulse bandwidth reach widespread availability.
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Chapter 7

SUMMARY

The structural dynamics of metalloporphyrin systems were successfully mea-

sured using transient absorption, pump-DFWM, and XTA spectroscopies on the ultra-

fast timescale. Pump-DFWM methods in particular were extended to allow the first

measurements on a heterogeneous colloidal sample. Successful pump-DFWM measure-

ments in solution and solid-state samples have helped to establish the technique as a

powerful tool for ultrafast vibrational spectroscopy.

Pump-DFWM allowed recording of the vibrational dynamics over 1 ps of relax-

ation following independent excitation to a vibrationally hot and cold singlet excited

state of Zn-TPP in THF solution. The role of vibrational relaxation along a spe-

cific 1350 cm−1 ring stretching mode was elucidated in the excited-state dynamics of

Zn-TPP. The vibrational frequency was found to increase by 13 cm−1 within 400 fs, in-

dicating the relaxation of the vibrational mode within an anharmonic potential energy

surface. This clarified a longstanding question regarding the overall relaxation dynam-

ics. Another mode at 350 cm−1 was also identified to couple to electronic excitation,

attributed to stretching at the Zn-N bonds. Transient absorption measurements alone

were not sufficient to isolate the mechanism responsible for the observed dynamics.

Additionally, vibrational interaction with the surrounding solvent was observed in the

photoexcited metalloporphyrin. This interaction was evidenced as an intense peak in

the photoinduced vibrational spectrum. It was further indicated by a phase-shift of the

solvent frequency relative to the metalloporphyrin, accessible in this pure time-domain

measurement.
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When Zn-TPP was modified with a bridging linker group and bound to TiO2,

similar ground state vibrational features were measured as in solution. After photoexci-

tation though, the spectrum differed significantly. HET from the Zn-TPP chromophore

into the semiconductor was found to induce multiple new vibrational modes in the ox-

idized product state of the molecule. The electron transfer time was identified with

transient absorption at 85 fs. Pump-DFWM spectra produced after that time showed

enhanced peaks at vibrational modes assigned to the bridge group through which elec-

tron transfer occurred. The HET induced peaks decayed on a different timescale than

vibrations induced on the chromophore by the pump pulse. The triggered bridge

group vibrations of the cation indicate that HET from the metalloporphyrin occurs as

a largely nonadiabatic process, with vibrational excitation of the product state gener-

ated by Franck-Condon factors at the surface crossing.

The metalloporphyrin had its metal substituted from Zn(II) to Ni(II) to accom-

modate XTA measurements. Rather than measure distributed vibrational features of

the molecule, XTA directly reported on the local structure around the metal center

and its dynamics. Following photoexcitation, the porphyrin ring was found to ex-

pand. Significant changes were observed across the transient X-ray absorption due to

photoexcitation. A 0.6 Å increase in the Ni-Cα distance was found from analysis of

the EXAFS signal at 120 ps, the earliest available time point. This complemented

the vibrational data from pump-DFWM measurements on Zn-TPP, where ring expan-

sion was a dominant mode coupled to the excited state transition. Furthermore, the

XTA data showed a transient occupancy of the Ni 4pz orbital, strongly indicating ax-

ial ligation of solvent molecules triggered by photoexcitation. This data supplements

the photoinduced vibrational interaction of Zn-TPP with solvent observed through

pump-DFWM. The clear excited state ligation of the Ni atom has implications for

photoinduced chemical reactivity involving porphyrins. The dynamics attributed to

solvent ligation were observed in optical transient absorption, and disappeared when a

non-coordinating solvent was used. Assignment of the dynamics to structural reorgani-

zation due to solvent attachment is not possible solely through optical measurements,
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but was informed by direct XTA measurements. Optical experiments can more easily

investigate ligation parameters and conditions.

When different concentration samples were used, transient absorption measure-

ments showed changes in the dynamics of Zn-TPP at early times. The dynamics

were assigned by pump-DFWM and XTA to vibrational relaxation in the exterior ring

stretch. These dynamics were initially perplexing. Intermolecular interactions be-

tween metalloporphyrins was thought to be the cause, but this could not be confirmed

by steady-state optical measurements. A series of carefully prepared measurements

revealed the apparent dynamics to be an experimental artifact. Absorption from the

sample distorted the spectral properties of the pump pulse, and therefore its time dura-

tion. The smeared time resolution causes a change in the instrument response function

that must be accounted for. This effect is inherent to any concentration-dependent fem-

tosecond transient absorption measurement. The effect was characterized, and careful

optical alignment minimized the contribution to further measurements. Awareness

of the effect is important to not misattribute a shifting time resolution to a physical

molecular response, such as intermolecular interactions.

Future work involving combined pump-DFWM and XTA measurements on more

similar systems could fully characterize structural effects in molecular excited states,

as evidenced by these early results. Selection of materials for HET studies that are

both suitable for pump-DFWM and can survive intense X-ray irradiation would offer

unprecedented insight into the role of coherent nuclear motion and transient states in

interfacial electron transfer.
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Figure A.1: Copyright permission for Figure 1.1
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Figure A.2: Copyright permission for Figure 2.11
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Figure A.3: Copyright permission for Figure 2.12
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Figure A.4: Copyright permission for material in Chapter 3
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Figure A.5: Copyright permission for material in Chapter 4
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Figure A.6: Copyright permission for material in Chapter 6
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